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ABSTRACT

Rotational X-ray coronary angiography is a medical imaging technique safe and effective in identifying of the
luminal disease, which considers a significant reduction in radiation exposure and contrast medium volume
compared to conventional angiography. The main objective of this research is to propose a computational
approach to automatically extract a description of the morphopatological shape of the left coronary artery
by means the centerlines of this vessel. The proposal is based on a sequential design which involves image
enhancement, identification of all the types of vascular points belonging to the vascular system, construction
of the coronary tree and tracking of the centerlines along the rotational angiography sequence. Some results
obtained after applying this method to monoplane rotational X—ray image sequences are presented.
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1. INTRODUCTION

Coronary angiography has been used for assessing coronary arterial obstructions responsible for the morbidity
and mortality caused by ischemic heart disease.! The morphology of the coronary arterial tree can be visualized
in great detail by means of X-rays coronary angiography images.? Coronary assessment by means a X-ray con-
ventional mono—plane angiography system requires multiple acquisitions at several viewing angles, and multiple
injections of contrast product for defining the anatomy of the explored artery.

The estimation of artery stenosis grade from bidimensional (2-D) angiography projections, leading in some
cases to the underestimation of the obstruction size because the shortening and overlapping of the cardiac
structures evidenced in the projections introduce substantial error. In addition, the coronary obstructions do
not have a circular luminal cross section, in consequence, lesions are only visible from certain views. Nonetheless,
multiple angiography projections (a minimum of two) are required for major coronary arteries studies.

The X-ray systems based on biplane angiography technology allow to acquire two orthogonal angiographies
planes simultaneously with a single injection of contrast.* Therefore, the angiography explorations using a biplane
system in comparison with a single—plane system are becoming faster, the contrast load is significantly reduced,
however, the biplane angiography systems deliver a significantly greater radiation dose.>® The technique is useful
for patients with need for reduced contrast load as patients with renal failure and the pediatric population.”
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Rotational angiography (RA) systems allow to acquire a sequence of images while the imaging gantry rotates
continuously around the patient. The acquisition is rather fast, so the complete angiography sequence can be
obtained within a single injection of contrast agent. As a result, the RA provides a complete range of projections,
giving an excellent mental three—dimensional (3-D) representation of vascular structures, using less contrast agent
than one single-angle angiogram sequence. This angiography technique was proposed around 1972.%

The clinical use of X-ray rotational angiography has been reported since 1983.2 Rotational digital subtraction
angiography was reported in 19899 and the 3-D reconstruction of RA sequences has been reported since 1997.11
Although the three-dimensional rotational angiography has mainly been used in neuroradiology,'? this technique
is now used in cardiac applications for the analysis of coronary vessels, quantitative coronary angiography and
the realization of interventional procedures.'® 15

Some important works developed for assessing coronary heart disease from multiple projections of X-ray
angiography have been reported. A system for coronary artery motion estimation in digital subtraction biplane
angiography is reported in order to define and describe the motion features.'® The 3-D vessels reconstruction
used to extract the dynamic features is performed from the main left coronary artery centerlines and then the
motion features are evaluated along the sequence. The obtained results are consistent with artery dynamic.

An approach to coronary space-time reconstruction using RA is also reported.!” The coronary tree is recon-
structed using arteries centerlines extracted from projections at the same instant of the cardiac cycle. Static 3-D
reconstruction and a motion model are fused for correcting respiratory motion. The reconstructed centerlines and
the respiratory motion compensation model are used to estimate the global motion. This research demonstrates
the feasibility of the 3-D quantitative coronary analysis from angiography projections.

Three-dimensional LV reconstruction from RA projections is also a problem of interest. Kehl et al.'® have
proposed a method for LV reconstruction from biplane RA sequences. The method is based on a backprojection
method used in computerized tomography to reconstruct the LV cavity from rotational projections acquired
during the same cardiac phase. The method works directly in 3-D space and does not require a segmentation
stage. However, clinical validation and quantitative results are not provided.

In this paper, the enhancement and extraction of the left coronary artery tree from a non—subtracted RA is
considered. The overall aim of this project is modeling (2-D + time) artery behavior by extracting the centerlines
of the artery from the X-ray angiography projections. The proposed computational approach is fully automatic
and it is based on a thorough analysis of the image intensities associated with left coronary artery on a local
neighborhood in a complete sequence of rotational angiography projections.

2. METHOD
2.1 X-ray rotational angiography data

The AXIOM Artis Siemens rotational system is used to acquire the X-ray projections of left coronary artery.
The acquisition protocol considers that the C—arm rotates from -30° right anterior oblique (RAO) angle to +90°
left anterior oblique (LAO) angle to cover a range of 120°. The acquisition speed is 33.33 frames/s with a rotation
speed of 40 degrees/s. Each rotational projection has a spatial resolution of 1024x1024 pixels and a pixel size
of (0.1389 x 0.1389) mm. Each pixel is represented by 12 bits.

2.2 Image enhancement

The X-rays source of the AXIOM Artis system produces a not constant radiation during an acquisition. This
variation produces changes in images brightness and in consequence, the background is not homogeneous for all
images in the RA sequence. Figure 1 shows the histogram for an X-rays RA image sequence. The RA sequence,
in this example, includes a total of 80 images. From the Figure the brightness variations in the sequence can
be basically observed because there are projections containing more higher frequency information than others.
Moreover, the distribution of the histogram between rotational projections is different.

An additional problem in rotational angiography is the fact that logarithmic subtraction techniques cannot
be readily applied. The difficulty is related to the lack of synchronization between the acquisition of the mask
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Figure 1. Rotational images histogram.

and the contrasted sequence. This synchronization is necessary for performing an accurate subtraction of images
during the cardiac cycle.

An image smoothing approach is required to improve the left coronary artery information with respect to
non-homogeneous background. The anisotropic diffusion filter is used for improving the vessel information,
attenuating noise and reducing of the image artifacts impact. This filtering method is based on transforming the
image to a function of its derivatives in a higher dimensional space. This higher dimensional function represents
the heat diffusion equation solution 1.

dI(z,y;t)

x -V C(z,y)VI(z,y;1) (1)

with the initial state I(x,y;0) = original image, (z,y) € R?, t denotes time, and C represents the conductance.

Anisotropic diffusion methods are formulated for attenuating noise (or information non—desired) while pre-
serving specific features in the images.'® The standard isotropic diffusion methods, like the Gaussian filter, are
used to blur borders between the object and background while allowing changes in position of edges present
in the image.?? In contrast, the anisotropic diffusion methods are formulated to preserve edges. Anisotropic
diffusion methods can be regarded as tools to obtain multi-resolution descriptions of images.?!

2.3 Identification of centerlines points

The proposed computational approach considers the analysis of certain regions of the images instead of the total
analysis of them, since the computational cost that represents any type of analysis on the whole image is high due
to its size. For this purpose, it is proposed to analyze a series of profiles selected and extracted dynamically from
the initial angiography projection of the rotational sequence processed by the anisotropic diffusion filter. Each
profile represents a set of intensities of the image projection associated with pixels located along a horizontal
line segment whose size is the width of the filtered image.

The angiography projection is split into three regions. The idea is that there is a greater number of profiles
in the region located in the upper part of the image while in the other two regions the number of profiles is
smaller. The 50% of the total profiles are located in the region of the upper part of the image, 30% in the second
region and 20% of the total profiles in the last region. The Figure 2 shows the profiles distributed according to
established criteria.

For each selected profile, a gradient-based difference operator defined as the magnitude of difference between
two values of the intensities of current profile in an established spatial window, (equation 2).

Vip = lip(i) —ip(i + w)| (2)
where ip(7) is a gray value in the current profile, n is the size of the profile and w is the width of the window.

From the new profile obtained by applying the gradient-based difference operator, the mean square deviation
is determined. This statistic represents the dispersion of the intensities of the new profile (Vip) with respect its
average value, according to equation (3).



Figure 2. A distribution of the profiles.
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where Vip is the mean of intensities in the profile and n the profile size.

The mean square deviation is considered a threshold value, used to define the pixel on the profile processed
with the gradient—based difference operator in which an edge of an artery is verified. Due to the shape of the
vessels in the angiographies projection, each candidate can be defined by two edges on the profile. The first edge
of a candidate of an artery is checked in the pixel where the variation of the intensity of the profile processed
with gradient—based difference operator changes from greater to less than the threshold. While the second edge
is identified in the pixel with an intensity that exceeds the pre—established threshold. All structures verified with
this procedure are considered candidates for arteries except those with thickness greater than 6 mm (45 pixels).

Since the coronary arteries have a certain maximum thickness (< 6 mm), those structures that do not meet
this criterion are processed as follows: the segment greater than 6 mm is divided into 4 subsegments and then
three vertical profiles, with a size of 4 times the maximum thickness of an artery, are established. After, these
vertical profiles are analyzed with the gradient operator and the criteria based on the mean square deviation.

In this stage, in which the possible points belonging to the edges of coronary arteries have already been
obtained in the first projection, and then the points of the centerline of the artery is established as the midpoint
of the edge points, it is necessary to perform a debugging in order to discard points that are part of the
background. To achieve this, a criterion based on a threshold is applied. For each of the three regions in which
the filtered image has been divided, the mean is calculated and then considered as the threshold value. It is
analyzed if the gray value of the current point is lower than the threshold of the region in which the point is
located, if this is fulfilled, the point is discarded as a point on the centerline of the artery.

A method proposed to capture the common properties shared by polar neighborhood intensity profiles for
all the types of vascular points belonging to the vascular system?? is used in this research for validating that
the candidates points really belong to the centerline of the artery. Moreover, the method is used to identify the
vessel end points, the points around the vessel center, the branching points and the crossing points.

2.4 Left coronary tree construction

The left coronary tree is built from the concatenation of the previously detected branches. The procedure for
branch detection begins with the location of the branching points, basically because the dichotomous property
of the arteries establishes that an artery always divides into two branches. Therefore, it is considered that for
each branching point there must be three branches as shown in the Figure 3 and each branch has a series of
points associated.

Two points belonging to the same branch must have a similar slope to it must meet the condition (4), in
which mg is the slope of the line between the last two points of each branch and m is the slope between the last
point of the branch and the point that will be analyzed.

T T
mofggmgm(ﬁrg. (4)
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Figure 3. Branches at the branching point.

For each of the branches in a branching point, a search of nearby points previously classified as points around
the vessel center is performed. Once the respective branches are obtained for each branching point, the distances
between points around the vessel center and the slopes of the line that would join them are compared with the
aim of joining such points. The process of joining the points starts from the end point of a branch to the end
point of each of the other bifurcations as shown in Figure 4. As expected, in some cases the process ends when
a vessel end point is found.

Figure 4. Comparison of distances between ends of branches.

Finally, when all the branches joined, the left coronary tree is represented by the set of lines defined in the
process of joining the points. The morphology of the left coronary artery presents certain curved regions which
are not modeled correctly with the use of straight lines. In this sense, a b-spline procedure?? is used to estimate
a better model of the vessel tree from the points that defines the straight lines.

2.5 Vessel centerline tracking

The algorithm proposed for the estimation of the optical flow that takes into account the deviations both for the
assumption of the brightness invariability and for the softness of the motion field,?* and subsequently modified
by incorporating a heuristic scheme based on weighted median filtering,?® is used to track the points of the left
coronary centerline in the rotational angiography projections sequence.

3. RESULTS

The left coronary angiograms acquired using the rotational mode is used to evaluate the proposed method. The
enhancement procedure described in section 2.2 is applied to the rotational projections sequence. The diffusion
filtering procedure is implanted considering a constant conductance (C'). Several values of conductance are
applied in equation 1 to obtain a solution to the heat equation. A value of 2.5 is empirically selected. The
Insight ToolKit (ITK) is used for implementing the anisotropic diffusion based enhancement. The ITK is a
toolkit which includes several image processing algorithms. These tools have been widely used for teaching and
development of medical image processing systems.?® Results are shown in Figure 5. It can be observed that
the background looks more homogeneous while associated arteries information is enhanced. Additionally, in the
profiles shown the noise reduction and vessel information enhancement can be observed.
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Figure 5. Left coronary images. Original images in the first column and enhancement images in the second column.
Original and smoothed image profiles.

Figure 6 shows the three regions in which the angiographic projection is split, and the horizontal lines that
will define the image profiles to be analyzed.

Figure 6. Profiles in the regions of the angiographic projection.

The procedure to analyze the selected profiles of the angiographic projection is graphically shown in the Fig-
ure 7. This Figure shown, a region—of-interest that contains one profile, the information of gray level intensities,
and the result obtained when applying the gradient—based difference operator to image intensities in this profile.
For the gradient—based difference operator, w is set to 8 because the pixel size is 0.1389 x 0.1389 mm in the
rotational angiography projections and this value is considered as the minimum diameter of a coronary artery
(~1 mm).

Figure 8.a shows all the points associated with the artery edges located with the profile analysis procedure,
and Figure 8.b shows the final edge points after debugging performed to discard points that are part of the
background, the points discarded are tagged with black.

The stages of the method to identify the types of vessel points is graphically described in Figure 9. In the first
column of the Figure 9 the radial profiles with center in the point to analyze are shown for the vessel end points,
the points around the vessel center, the branching points and the crossing points. The information associated
with the radial profiles is represented in rectangular coordinates as shown in the second column of Figure 9. Each
column of the rectangular image is resampled every 3 positions. The gray values obtained from this resampling
are used to estimate the gray level behavior in the polar neighborhood (third column of Figure 9). In the fourth
column of Figure 9, the identified point is tagged by a green circle.
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Figure 8. Estimated edges of the left coronay artery.
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Figure 9. Types of vessel points.

Validation of the artery points identification method is performed by quantifying the absolute error (in mm)
between the estimated points location with respect to the points located by a cardiologist. The average error
obtained (mean + standard deviation) for the points in the initial angiography projection is 1.94 £+ 1.1 mm, with



a maximum value of 3.27 mm and a minimum value of 0.93 mm. The maximum error represented 24 pixels.

The left coronary tree represented by the set of straight lines is shown in Figure 10.a, meanwhile the left
coronary tree represented by the set of b—spline curves is shown in Figure 10.b. The catheter is labeled as an
isolated branch of the coronary tree.

Figure 10. Left coronary tree built.

The application of the algorithm for the estimation of the optical flow at the points of the artery centerline,
allows to track these points along to rotational angiography sequence. As can be seen from the Figure 11,
the tracking of the centerlines points along the rotational sequence is lost, basically because the contrast agent
injected into the coronary artery decreases as the sequence progresses. Additionally, the crossing of two branches
of the artery during rotation also causes the follow-up to be lost.

Figure 11. Results of the tracking process of the left coronary artery centerlines.

4. CONCLUSION

An automatic computational approach for extracting the left coronary artery centerlines has been presented. This
approach has been applied to un—subtracted angiograms of left coronary vessel acquired on a RA equipment. The
technique requires only the minimum size of the coronary vessels as prior knowledge. The approach identifies
successfully the vessel end points, the points around the vessel center, the branching points and the crossing
points.

The effectiveness of the centerlines extraction method relies on the homogeneity obtained by using an
anisotropic diffusion method. The anisotropic diffusion filtering enables attenuation of image noise. Neverthe-
less, the changes in image brightness remain along the rotational sequences. Consequently, the non-homogenous



structures in the projections could induce losing track of the centerlines points along the sequence. This prob-
lem could be solved by applying an adaptive diffusion filtering technique. The idea would be to consider a
conductance parameter estimated as a function of the space and time instant.

The method should incorporate more complex motion analysis techniques in order to improve the tracking
process of the left coronary artery centerlines on the rotational sequence.

As a further research, the application of this approach for performing the detection of centerlines of right
coronary artery in images acquired according to the rotational angiography mode is proposed. A more complete
validation is also necessary, including control subjects as well as cardiac patients. The validation stage could
also include a comparison of estimated parameters describing the cardiac motion.
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