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ABSTRACT Aiming at the problem that the traditional coronary artery centerline extraction method is
computationally intensive and requires a large number of manual interventions, a fully automatic coronary
artery centerline tracking extraction method is proposed. First, adaptive adaptation of coronary vessels
was performed based on different Fresenius norms designed for coronary scale. A multi-scale differential
operator is constructed based on the vascular gray-scale distribution to establish a discriminant function,
thereby obtaining the initial position and tracking direction of the seed point. Then, the new ridge point and
tracking direction are optimally detected within the local arc length of the initial direction to ensure that
the correct ridge position can still be obtained with large error interference. Finally, the pseudo vascular
centerline is removed using the vascular topology feature detection method. The experimental results show
that the method can accurately extract the blood vessel center line, direction vector and other information
in the coronary angiography image without manual intervention, and can be used in the computer-assisted

diagnosis and treatment process of clinical cardiovascular disease.

INDEX TERMS Extraction method, coronary artery blood, vessel Centerline, CT coronary angiography.

I. INTRODUCTION

CT coronary angiography is a new minimally invasive
angiography technique that combines spiral CT scanning
with computerized three-dimensional imaging reconstruction
techniques [1], [2]. With the development and improvement
of CT equipment, its scanning speed and spatial resolution
have been greatly improved, thereby improving image qual-
ity. In addition, reports on the use of coronary CTA in the clin-
ical diagnosis of cardiovascular and cerebrovascular diseases
are increasing. Detection, segmentation, and visualization of
blood vessels in coronary CTA images can be of great help
to physicians in diagnosing cardiovascular and cerebrovascu-
lar diseases. According to the latest domestic survey report,
3 million of the deaths in China each year have died of
cardiovascular and cerebrovascular diseases, accounting for
about 40% of all deaths of the national population. It is the
number one killer of Chinese residents [3]. Therefore, early
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quantitative diagnosis and risk assessment of cardiovascular
and cerebrovascular diseases is very important to prolong
human life expectancy and improve the quality of life of
human beings. In clinical diagnosis and treatment, doctors
often need to analyze and judge the angiographic image of
the patient [4]. Among them, the central line extraction of
coronary artery is the most important and most important part
of blood vessel segmentation [5].

Coronary angiography is an important means of clin-
ical diagnosis. Quantitative analysis of coronary arteries
has important practical significance. Compared with tradi-
tional qualitative diagnosis methods, it overcomes the sub-
jective randomness of doctors’ judgment and provides a
more objective and accurate diagnosis basis. Automated
extraction of coronary artery contours and centerline is a
prerequisite for quantitative analysis of coronary arteries.
In coronary angiography images, coronary artery vascular
extraction can be based on region or edge based image
segmentation techniques. Robertson er al. [6] pointed out
that the grayscale distribution of coronary artery vessels is

VOLUME 7, 2019


https://orcid.org/0000-0002-2897-9068
https://orcid.org/0000-0001-8468-8380
https://orcid.org/0000-0002-3810-7909
https://orcid.org/0000-0002-2621-7940
https://orcid.org/0000-0003-1938-2304
https://orcid.org/0000-0003-4940-0585
https://orcid.org/0000-0003-2177-2512
https://orcid.org/0000-0002-7140-1130

X. Sheng et al.: Extraction Method of Coronary Artery Blood Vessel Centerline in CT Coronary Angiography

IEEE Access

approximately Gaussian, so the two-dimensional Gaussian
template is used to extract coronary artery vessels, but this
method is time consuming. Tagliari et al. [7] replaced the
two-dimensional Gaussian template with a one-dimensional
rotating Gaussian template, which reduced the complexity
of the algorithm. However, from the perspective of accurate
analysis, accurate extraction of coronary artery vascular mar-
gins in coronary artery vascular analysis is a better choice.
In many existing coronary artery contour extraction algo-
rithms, the detection of coronary artery centerline is the most
critical and difficult step. The easiest way is to draw [8] by
hand, but this method is time-consuming and laborious and
has poor repeatability, so it is gradually replaced by a semi-
automatic method of human-computer interaction. In these
interactive methods, the operator only needs to specify the
starting point and ending point of the coronary artery segment
to be analyzed, and the center line between the two points can
be automatically obtained [9].

The existing centerline extraction algorithms are mostly
based on dynamic programming methods, and the search
time is long, which is difficult to meet the requirements of
clinical real-time. Due to the complex structure of coronary
arteries, and the influence of contrast agent on imaging,
the gray scale distribution of images tends to be uneven,
which makes it difficult to extract the centerline of coronary
artery vessels [10], [11]. Coronary artery the centerline of the
vessel appears as a ridgeline composed of a series of ridge
points. The ridge point is the local extremum of the image
brightness in a certain direction, and it appears as the gray
extreme value of the vertical blood vessel in the coronary
artery image. Pudov and Dragoshanskii [12] used the gradient
of the image and the Hessian matrix to give the defini-
tion of the ridge point. Breitenreicher er al. [13] listed the
expressions of Hessian matrices at ridge points under three
ideal vascular model conditions. In the actual medical images
obtained, due to the influence of the dose and distribution of
the contrast agent, the gray distribution characteristics of the
blood vessels cannot fully conform to the above characteris-
tics, so the centerline of the blood vessels cannot be described
by the nature of the ridge points. Bayat er al. [14] used
Hessian matrix to analyze the characteristics of blood vessels,
established a series of vascular discriminant criteria, and
formed a discriminant function by discriminant criteria, and
obtained a multiscale vessel enhancement filtering (MVEF).
The MVEF can be effectively enhanced along the centerline
of the blood vessel, and the closer to the centerline, the more
enhanced it is, highlighting the characteristics of the ridgeline
of the vessel centerline. However, in the process of extracting
the ridge points of the image, it was found that when the
blood vessel was enhanced by MVEF, the large-sized blood
vessel portion was enhanced, and the ridge point was easily
extracted. However, the effect of small-sized blood vessels
is not obvious, and it is not easy to extract the ridge points.
Cao et al. [15] needed to initiate vascular tracking by labeling
some of the seed points in the blood vessel. When using the
snake algorithm for image segmentation, it is also necessary
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to set the seed point to iteratively extract the boundary. How-
ever, this way of manually extracting seed points seriously
affects the consistency of the algorithm, and brings uncertain
human factors to the extracted results. Shrichandran et al. [16]
summarized a multi-scale vascular ridge point discriminant
function by analyzing three basic vascular models, and found
the position of the ridge point when the function obtained
the extremum. Rajan and Kavitha [17] designed a multi-
scale ridge determination function based on the angular rela-
tionship between the characteristic direction of the Hessian
matrix at the pixel and the pixel gradient, and realized the
extraction of the coronary artery centerline in the fundus
retina image. Alam et al. [18] extracted the centerline of the
coronary artery by tracking the ridge point in the multi-scale
space of the image by defining the initial seed point. However,
the choice of scale is a problem. If the sampling interval of
the scale is too large, the result cannot be accurately obtained;
on the contrary, a large number of complicated convolution
calculations are added, which seriously affects the efficiency
of the algorithm.

This paper designs a method for tracking ridge points for
extracting the centerline of coronary arteries. First, adaptive
adaptation of coronary vessels was performed based on dif-
ferent Fresenius norms designed for coronary scale. A multi-
scale differential operator is constructed based on the vascular
gray-scale distribution to establish a discriminant function,
thereby obtaining the initial position and tracking direction
of the seed point. Then, the new ridge point and tracking
direction are optimally detected within the local arc length of
the initial direction to ensure that the correct ridge position
can still be obtained with large error interference. Finally,
the pseudo vascular centerline is removed using the vascular
topology feature detection method.

The rest of our paper was organized as follows. Related
basic knowledge was introduced in Section. II. Extraction
of coronary artery centerline was introduced in Section. III.
Experimental results and analysis were discussed in detail
in Section. IV. Finally, Section. V concluded the whole

paper.

Il. RELATED BASIC KNOWLEDGE

A. CORONARY ANGIOGRAPHY

With the development of modern technology, it has been
known that radiation is not easily transmitted through a con-
trast agent containing a high concentration of iodine solution.
The contrast agent is injected into the blood vessels of the
heart through a special catheter with a high-pressure syringe.
When the contrast agent passes through the heart or blood
vessels with the blood, a series of angiograms are taken with
a fast camera, and the cardiovascular internal structure and
blood can be directly obtained. Information on flow condi-
tions, this is ray coronary angiography [19].

Angiography can be divided into conventional angiogra-
phy and selective angiography. For example, the left ventricle
and the right ventricle and the aorta belong to the former, and
coronary angiography belongs to the latter.
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1) CONVENTIONAL ANGIOGRAPHY

Right ventricular angiography is a right ventricular intubation
through the femoral vein, rapid injection of contrast agents,
showing the right heart chamber and pulmonary vessels for
the observation of right heart, pulmonary blood vessels, and
congenital heart disease.

Left ventricular angiography is the insertion of a catheter
through the peripheral artery into the left ventricle followed
by injection of a contrast agent. For mitral insufficiency,
aortic stenosis, ventricular septal defect, permanent compart-
ment common and left ventricular lesions.

Aortography is the insertion of the catheter through the
percutaneous artery. The tip of the catheter is usually placed
on the aortic valve, and the upper part of the ascending
aorta, aortic arch and descending aorta can be developed.
Suitable for showing lesions in the aorta itself, aortic insuf-
ficiency, abnormal communication between the aorta and the
pulmonary artery or the aorta and the right heart.

2) SELECTIVE ANGIOGRAPHY

Selective angiography is the direct and rapid injection of
contrast agent into the selected cardiac cavity or great vessels
with the aid of catheter, so that the highest concentration
can be achieved quickly and the lesions in the region can be
clearly demonstrated. At present, it has become one of the
commonly used methods of diagnosis of vascular diseases,
especially for complicated cardiovascular malformations
and coronary artery bypass surgery diagnosis is essential.
Selective right heart angiography, left heart angiography,
pulmonary artery angiography, aortic angiography, coronary
angiography and hepatic artery, renal artery, cerebrovascular,
celiac artery, mesenteric artery angiography are commonly
used.

Coronary angiography began in 1933 [20]. Currently, spe-
cial cardiac catheters with curved tips can be used to enter the
left and right coronary orifice respectively and inject contrast
agent to develop the left and right coronary arteries sepa-
rately. In clinical application, multiple injection and multi-
angle projection are allowed, which can obviously improve
the diagnostic effect.

Digital subtraction angiography (DCG) is a computer-
assisted angiography method, also known as digital angiogra-
phy. It is a new radiographic technique applied in clinic since
last century. It is to use the computer to improve the blood
vessel image with low iodine concentration to the level visible
to the naked eye, and eliminate the tissue image other than
angiographic vessels, so as to facilitate the study of vascular
diseases or other diseases caused by abnormalities.

Figure 1 shows the basic structure of the traditional c-arm
radiographic contrast machine. During the operation, film
and TV images are used for dynamic observation, and video
is obtained by tape recording device, which is repeatedly
played on the monitor screen to assist the doctor in diagnosis
of the disease. Nowadays, image digitization has become
an important part of medical modernization. Digital images
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FIGURE 1. Schematic diagram of coronary angiography equipment.

can be obtained by adding TV camera system and module
conversion system after traditional X-ray machine.

Coronary angiography system can be divided into two
types: double-sided angiography system and single-sided
angiography system. The duplex imaging system has two
sets of X-ray imaging devices that simultaneously image the
coronary arteries from two different angles to obtain two still
coronary angiogram images or image sequences. A monan-
giography system consists of only one set of X-ray imaging
devices that, at one point in time, take an image of a coronary
artery from an angle, producing a still image or sequence of
images.

As can be seen from the working process of the double-
sided contrast angiography system and the single-sided con-
trast angiography system, the biggest difference between the
two systems is that the former can obtain the contrast angiog-
raphy images from two different angles at one time while
the latter can only obtain the contrast angiography images
from one angle at one time. Although double-sided imaging
system for 3D reconstruction of coronary artery has brought
great convenience, but at present, the clinical application
of double coronary angiography system is not too much,
the reason mainly has the following two aspects: one is the
double imaging system restricts the medical staff of space
operation, clinical operation is not very convenient second,
double-sided imaging system’s cost is relatively high. From
the perspective of application prospect, it is of better research
value and clinical significance to choose two different angles
of single-sided coronary angiography images to reconstruct
three-dimensional coronary arteries.

B. CHARACTERISTICS OF CORONARY ANGIOGRAPHY

In order to reduce the harm of X-ray to patients and doctors,
only 25 angiograms are taken in one cardiac cycle. During
angiography, patients were asked to hold their breath to
reduce the impact of respiratory movement. Electrocardio-
gram signals were recorded synchronously. Then, according
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X - ray tube anode target

FIGURE 2. A conical projection of an X-ray.

to the electrocardiogram signals, angiogram images were
selected at the same time in the cardiac cycle.

The X-ray source of the imaging system is a source close to
the point but with a certain area. A cone-shaped ray beam is
emitted by the X-ray source to make a cone-shaped projection
on the target object, so the image is amplified to a certain
extent and shadow is generated, as shown in Figure 2, which
reduces the sharpness of the image. In addition, the coni-
cal projection of X-ray may also lead to image distortion.
As shown in Figure 3, the same size sphere was projected
on the central axis and edge of the X-ray beam, respectively,
resulting in projected images S1 and S2. Obviously, both of
them were amplified, but the image S2 was distorted due to
oblique projection. Therefore, the edge of the contrast image
not only has shadowing and poor sharpness, but also has
geometric distortion caused by the oblique projection of X-
ray [21].

Three-dimensional human tissue structures were accumu-
lated along the direction of the ray and superimposed on the
imaging image plane to obtain a two-dimensional projection.
Radiographic images typically contain structures such as
blood vessels, soft tissues and bones, but in the diagnosis of
vascular disease it is desirable to highlight the structures of
blood vessels and remove images of surrounding tissue. Due
to the uneven distribution of contrast agent and projection of
spine and other tissues, the image contrast is poor and the
gray distribution is uneven, which increases the difficulty of
clinical observation and treatment.

Coronary angiography images are strong noise images
with low signal-to-noise ratio, mainly including salt, and
pepper noise, random noise, and structural noise [22]. Noise
pollution sources mainly include the following aspects:

(1) The non-uniformity of X-ray exposure will introduce
some noise and reduce the image contrast.
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FIGURE 3. Image distortion caused by X-ray conical projection.

(2) The gray value of angiographic images not only
changes along different locations of blood vessels, but also
is related to the distance of X-ray sources and the density of
contrast agents. Gray values of the same blood vessel can also
change in different images.

(3) The projection of human soft tissues and bones may
also change the background structure of vascular projection
area, for example, the projection of ribs will reduce the con-
trast of some areas of the image.

(4) Some tissues, such as the shape of the catheter used
for angiography, are similar to the blood vessel, forming
structural noise, which increases the difficulty of automatic
identification of blood vessel.

C. CLASSIFICATION OF CORONARY ARTERY

CENTERLINE EXTRACTION METHODS

So far, many methods have been proposed for coronary
artery centerline extraction. The simplest centerline extrac-
tion method is the manual extraction method, which is
to manually mark the location of the center points along
the coronary arteries in a monolayer or three-dimensional
image and finally connect these center points. Although
the method is accurate, it is time-consuming and laborious.
Therefore, automatic or semi-automatic extraction method is
necessary. Automatic or semi-automatic centerline extraction
methods can be classified into five categories: topology-
based refinement, range-based transformation, path-based
planning, track-based and various other centerline extraction
methods.

1) METHOD BASED ON TOPOLOGY REFINEMENT
The method based on topological refinement [23], [24] is
to continuously remove the outer layer of coronary artery
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vessels by using morphological decay candle operation until
only the skeleton of the vessel is left. To prevent excessive
refinement of blood vessels, deletion of vascular endpoints
should be avoided. Only boundary voxels that do not affect
connectivity and topology after deletion can be deleted. There
are many three-dimensional refinement methods that only
extract the axial surface of coronary arteries and then use
other algorithms to obtain the center curve from the axial
surface.

A centerline extracted based on a refinement method may
contain incorrect branching, so the method typically involves
two steps. First, the coronary arteries are refined, resulting
in a rough centerline with a unit-element width. Then, cross
the centerline to remove the wrong loops, branches, and
gaps, ensuring that there is only a single, complete centerline
between the starting point and the end point.

The method based on refinement has two kinds of algo-
rithms: serial computation and parallel computation. Serial
computation can delete only one point in each iteration, while
parallel computation can delete several points at the same
time. Topological refinement method can well maintain the
topological structure and connectivity of coronary arteries
and has a high accuracy. However, as it is an iterative process,
it is time-consuming and more susceptible to image quality.

2) METHOD BASED ON DISTANCE TRANSFORMATION
Distance transformation based method [25], [26] is a popular
method to extract the center line. This method determines the
centerline by locating the group of points farthest from the
coronary artery boundary. Approximate Euclidean distance
is usually used in the discrete domain. The distance trans-
formation of voxel points with respect to the boundary was
used to determine the maximum endovascular sphere of the
coronary artery. The largest endovascular sphere is a sphere
with the largest radius inside the coronary artery composed
of a series of connected voxels. The sphere is completely
contained within the coronary artery, but is not contained
within the sphere of any other coronary artery. The center
of this series of largest incised spheres forms the centerline
of the coronary artery. The distance-graph-based approach
specifies that each point inside the coronary artery has a
distance value that is the minimum distance from the point
to the boundary. The centerline of the coronary artery is then
obtained by connecting the local maximum in the distance
diagram.

Among the many centerline extraction methods based on
distance transformation, the method proposed by Jang and
Hong [27] is one of the most representative. This method
uses two kinds of distance transformation simultaneously,
one is the traditional distance transformation based on bound-
ary, and the other is the distance transformation based on
seed points. The seed point distance transformation is used
to determine the equidistant line relative to the seed point
and to determine the end points of each branch based on
this information. Then a preliminary centerline is obtained
by sequentially connecting the maximum boundary distance
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points of each isometric line. Finally, the accurate centerline
is obtained through post-processing steps.

3) PATH PLANNING-BASED APPROACH

Path planning-based method [28], [29] is another kind of cen-
terline extraction technology. The main idea of this method
is to first select an initial path along the blood vessel that
connects two given points. The pathway is then adjusted until
itis in the center of the blood vessel. When a blood vessel has
multiple branches, a reference point is usually selected and
the endpoints of each branch are connected to the reference
point to obtain the initial path, which is usually determined
according to the shortest path principle.

4) TRACEABILITY BASED METHOD

The tracing method [30], [31] obtained the approximate
center-line trend of the current position by judging the local
direction of coronary arteries, and obtained the center point of
the cross section of coronary arteries at the current position by
combining the local information of the vessels in the image.
Then, according to the obtained center point, the direction
of the center line was corrected, and the above calculation
process of local center point was repeated until the end of the
coronary artery was traced. The method based on tracking is
simple to implement, short time, and can solve the continuity
problem of center line. However, because this method is
based on the local method and global information is not
considered in the tracking process, sometimes the obtained
centerline will be incomplete. Moreover, because this method
is not sensitive to the overall topological structure of coronary
arteries, it is easy to make mistakes in the extraction of
centerline when the curvature changes greatly or branches are
more.

In this paper, with the help of the above references, image
preprocessing, seed point selection and tracking direction of
vessel centerline were improved, and a method of tracking
ridge points was designed to extract the centerline of coronary
artery, realizing the automatic acquisition of vessel centerline.

Ill. EXTRACTION METHOD OF CORONARY ARTERY
CENTERLINE
A. ADAPTIVE VASCULAR ENHANCEMENT
In the process of using ridge points to extract the centerline
of blood vessels, it is necessary to ensure that the centerline
of blood vessels is the brightest or darkest curve in the image.
However, the actual image of the blood vessels is often unable
to meet this condition. Therefore, it is necessary to strengthen
the blood vessels so that the characteristics of the enhanced
blood vessels along the central line are more obvious.
MVEEF designed a multi-scale response function V based
on the characteristics of vascular tubular shape and the eigen-
values of Hessian matrix. Through the filter, the image is
enhanced to make the tubular object in the image have the
highest gray level along the center line and the gray level
is weakened towards the edge, but the non-tubular object
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FIGURE 4. Comparison of vascular enhancement effect.

is darkened. The expression of V is shown in equation (1)
and equation (2).

0, M >0
ViE)=1 =& s ()
e 22(1—e 2%), else
V= max V() )
Smin <S=Smax
Ry = A2/ 3)

S =Hllp =/’ +23 )

In the process of using MVEF to enhance vascular images,
it was found that the enhancement effect of large-size ves-
sels was good, and the original structural information was
basically not lost. However, the enhancement effect of small-
sized vessels is poor, and some vascular structures have been
blurred, as shown in Figure 4(b).

In the definition of MVEEF, the variable « is the parameter
that controls Ry, and the variable beta is the parameter that
controls S. In general, « = 0.5. Variable beta is the maximum
Fresenius norm of Hessian matrix of all pixels in the image,
namely equation (5).

B = Hllnwx = max [0 +33y) )

In the blood vessels, the effect of MVEF enhancement
was not significant when the « changes were large. However,
when the  changes, the enhanced effect changes relatively
greatly, and the comparison results are shown in Figure 4(b)
and Figure 4(c). It has been observed by observation that
when g is decreased, the small-sized blood vessel enhance-
ment effect is better. However, large-sized blood vessels are
over-extended, which is not conducive to extracting infor-
mation from the centerline. Therefore, consideration should
be given to how to enhance the enhancement of small-sized
blood vessels under conditions that ensure that large-sized
blood vessels are not excessively enhanced.

In the image, the two eigenvalues A1(x, y) and A>(x, y) of
the Hessian matrix reflect the maximum and minimum of the
second-order differential in the spatial direction at the (x, y)
point [32]. And the relationship between the two is shown in
equation (6).

[A10e, Y[ = |A2(x, y)I 6)

Compared with large-sized blood vessels, the gray scale
change of small-sized blood vessels is more obvious, so the
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Fresenius norm ||H || = ./ k% + )»% of the Hessian matrix of
the pixel on the small blood vessels is larger than that of the
large blood vessels. Therefore, it is not reasonable for MVEF
to use an unchanging 8 value to construct an enhancement
filter suitable for blood vessels of different sizes.

In this paper, the adaptive improvement of MVEF (here-
inafter referred to as AMVEF) is based on MVEEF, and the
values of different sizes are taken for different sizes of blood
vessels. The specific method is to adjust the size of 8 through
||H||F of the pixel, that is, the equation (7).

Huax/2, H > Hpax/2

Hinax, else

ﬁ=f(||H||)={ O

Through this improvement, the enhancement effect of the
small-sized blood vessel is remarkably improved, and the
enhancement effect of the large-sized blood vessel is main-
tained, that is, the structure of the small blood vessel branch
is more prominent, as shown in Figure 4(d).

B. TRACKING INITIAL CONDITION

In order to be able to obtain the centerline of the blood
vessel by tracking the ridge point, it is necessary to determine
the initial position (seed point) for tracking and the initial
direction.

1) AUTOMATIC ACQUISITION OF SEED POINTS

In the process of automatically obtaining seed points, based
on the enhanced image gray distribution characteristics,
the first-order differential information (gradient) and second-
order differential information (Hessian matrix) of the image
are used to automatically obtain a large number of seeds that
can be used for tracking. The main steps are as follows:

Stepl. The point of local maximum intensity (PLMI) is
detected by combining first-order differential information
and second-order differential information near the center line
of the blood vessel of the image.

Step2. Finding the seed points on the center line of the cor-
responding adjacent blood vessels in the direction determined
by the first-order differential and the second-order differential
at these points, and using these seed points as the initial
positions of the tracking.

After the enhancement of blood vessels, the gray level of
the pixels along the center line of the blood vessel is locally
maximal. According to the definition of spatial extreme
points [33], in the gray space of the image, if the pixel
point (X, y) is the gray maximum point, then there should
be (x, y) = 0, and its Hessian matrix is negative. However,
since the points satisfying the above two conditions are not
necessarily at the integer coordinate points, a fully automatic
PLMI detection method is designed in this paper.

For any pixel point (x, y) and its neighboring pixel points
x+1Ly,xy+1), x4+ 1,y + 1);if there is a point
E, nNx<&<x+1,y<n<y+1),suchthat (§,n) =0,
A (E,1n) < O0and Ay (§,n) < 0. The bilinear interpolation
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FIGURE 5. Acquisition of PLMI adjacent ridge points.

equation is as shown in equation (8).

fE N=x+1-Ex—£]
ol SW fG,y+1) |[|y+1-n ®)
Sa+1,y) f+Ly+D][y—n

According to the bilinear interpolation equation (8),
the necessary and sufficient condition for a point (&, n) is a
PLMI on the image is solved by equation (9).

Em=[k+1-§x—¢&] )

. (e, ),y + 1) y+1—n]zo
_(x+1,y)(x+l,y+1)_ | y—n
Lig,m) = [x+1-Ex—§]
e prite,y+ 1) | [y+1-9

. <0(i=1,2)
A1 A1, y+1) | | y—=n }
)

At this time, the solution (&, n) of equation (9) is a PLMI
on the image.

This paper chooses (x, y) instead of (¢, 7). On the one hand,
precision is not required here, as long as it is inside the blood
vessel. On the other hand, the information at (§, 1) needs to be
interpolated from the information of the neighborhood, thus
avoiding unnecessary calculations.

After obtaining a large amount of PLMI, it is necessary to
find the nearest ridge point on the center line of the blood
vessel as the initial position of the tracking. In this process,
the paper searches in the direction determined by the first-
order differential and the second-order differential (the gra-
dient direction of the image and the feature direction of the
Hessian matrix), so that the search process is twice as shown
in Figure 5 through the blood vessel center line, ensuring the
correctness of the results.

Let (x0, y0) be a PLMI coordinate obtained by the previous
process, (x0, y0) be the normalized gradient at (x0, y0), and
gl and g2 are the two components of (x0, y0), respectively.
First, look for the gamma maximum point in the (x0, y0)
gradient direction, the range is set to d1, and the obtained
luminance maximum point is (x1, yl), as shown in the
equation (10).

I(x1,y1) = max (I(xo+gi1ed,yo+g2ed) (10)
0<d<d,
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FIGURE 6. Pointing of adjacent ridge points.

Then, in the feature direction corresponding to the eigen-
value with a large absolute value of the Hessian matrix of
(x1, y1), the gray maximum point is found, the range is set
to d2, and the obtained gray maximum point is (X2, y2),
as shown in equation (11).

I(x2,y2) = o Max. U(x1 +vired,y1 +vized)) (11)
=ad=ap

Let Hessian matrix eigenvalues of (x1, y1) be A1 and A2,
and |A1| > |X2|, and the corresponding eigenvectors are
v1, v2. The variable v11 and the variable v12 are the two
components of v1. At this point, (x2, y2) is a seed point.

2) CALCULATION OF INITIAL DIRECTION

The previous analysis in this paper has pointed out that
although the characteristic direction of the Hessian matrix
can theoretically be used to describe the course of the vessel
centerline, there must be errors in the available ridge points
and the true ridge points, even if the error is very small, but
for the Hessian matrix. The direction of the feature is also
very large. Therefore, the direction of the ridge point cannot
be simply described by the feature direction of the Hessian
matrix.

In Figure 6, if pl, p2 are two adjacent ridge points on
the center line. The symbol 1 is the tangent of the blood
vessel centerline at pl, then, according to the definition of
the tangent, and [ = pzlgr}i p1p2- When pl is close enough to

1

p2, consider using p1 to point p2 in the direction p1p2 instead
of tangential 1 at p1. It is worth noting that, in general, the cur-
vature of the center line of the blood vessel is small, and when
the length of p1p2 is small, p1p2 can be approximately equal
to 1. In addition, the method used to track the ridge points in
this paper does not depend entirely on the tracking direction.
When there is a small deviation in the tracking direction,
the ridge point can still be accurately detected.

According to the above analysis, the method used to deter-
mine the initial direction is as follows: first, two adjacent
ridge points near the seed point are detected according to
the characteristics of the gray scale distribution on the center
line of the blood vessel; and then, based on the three points,
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FIGURE 7. Ridge forward and backward initial tracking direction.

the calculation is used for the initial direction of tracking
forward and backward.

For any seed point p(6s), if it’s coordinate (xg,, yg,)s
as shown in Figure 7, a circle with radius r is made with p(6p)
as the center. Thus, the coordinates p(6) on the circle can be
expressed as equation (12) using the parametric equation.

X = Xxg, +r ecos(0)

. 0<86=<m (12)
Yy =Yg, +r esin(®),

Since the circle and the blood vessel centerline necessarily
intersects at two points p(6_1) and p(6;). Point p(6_;) and
point p(#1) are two ridge points adjacent to p(6p). Moreover,
the brightness on the center line of the blood vessel is higher
than that on the non-center line. Therefore, by analyzing the
brightness values of all the points on the circle, the coordi-
nates of p(6_1) and p,(#1) can be obtained, that is, the posi-
tions of the adjacent two ridge points.

First, the maximum value of the gray level of all the
points on the circle is obtained, and the coordinates of the
corresponding point p(fmax) of the maximum value can be
obtained, as shown in the equation (13).

1(p(Omax)) = 1(p(0)),

Obviously, p(fmax) is a point in p(6—1) and p(61). On the
opposite direction 2w — 6Omax Of Omax, look for another
grayscale maximum point p(6;,,,) on the local arc length

127 —6Bmax — AO, 21 —Omax+ AH), as shown in equation (14).

Vo € [0, 27) (13)

1(p(0),,. ) =1 (P(0)), VY0 €127 —Opmax —AO, 27T —Omax +A0)
(14)

Obviously, p(6},,,) is another point in p(6_1) and p(6;)
except p(Omax), Omax and O) . are the initial directions of
forward or backward tracking.

Here, it is stipulated here that if cos(fmax) = 0, Omax 1s the
direction in which pg is tracked forward (to the right), and
0;.ax is the direction in which py is tracked backward (to the
left). Conversely, Omax is the direction in which py is tracked
backwards (to the left), and 6/, . is the direction in which the

forward (rightward) is tracked.
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FIGURE 8. Center line tracing is formed.

C. CENTERLINE TRACKING PROCESS

In the process of tracking the ridge point, it is necessary
to judge the position of the next ridge point and tracking
direction according to the position and direction of the current
ridge point.

The tracking method proposed in this paper can be
described as follows: it is known that the current ridge posi-
tion is p; and the tracking direction is ;. Set the search angle
to 2A6 and find the gamma maximum value p, on the arc
length (61 — AB, 61 + A6) as shown in equation (15).

I(p2) = 1(p),

The variable py is the next ridge point obtained by the
tracking. The variable 6, is the tracking direction used for
the next tracking process. In order to track the centerline of
the blood vessel, it is necessary to use the initial ridge point
for forward and backward tracking.

In Figure 8, the ridge sequence pi, p2, p3, - .. is obtained
by tracking forward according to a certain initial ridge point
po, and the ridge sequence p_1,p—_2,p—3, ... is obtained
by backward tracking. Connecting these ridge sequence
sequences ultimately constitutes the vascular centerline
structure.

There are three conditions for tracking termination during
the tracking of the centerline:

1) When the detected ridge point position is outside the
range of the image.

2) When the detected gradation gray level is less than a
prescribed threshold.

3) When the detected ridge point and the formed center line
distance are less than the specified threshold.

Vp el — AO,0, + AO)  (15)

D. PUNCTURE OF PSEUDO VASCULAR CENTERLINE

In the process of vascular enhancement, not only the vascular
portion is enhanced, but all tubular objects in the image
are enhanced. After undergoing automatic tracking of the
extraction centerline, the extracted centerline is not only the
actual blood vessel centerline, but also the centerline of other
non-vascular tubular targets, which is referred to herein as
the pseudo vascular centerline. In order to get the true blood
vessel centerline, these pseudo vascular centerlines need to
be removed.

In human tissue, the blood vessels have a tree-like struc-
ture, and blood can reach any branch through the blood ves-
sels, and reflected on the image, the blood vessel branches are
connected. Therefore, in all the centerline sets extracted, the
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vessel centerline is the largest connected branch. The center
line of the blood vessel can be obtained by finding the largest
connected branch, thereby eliminating other results.

Let {li}?]: | be all N centerlines extracted and tracked in
the text. The distance d(l;, /;) between the two centerlines
is represented by the shortest distance of the upper point as
shown in equation (16).

d(l,’, lj) = min

d(p;, pi 16
piclopel (pi P/) (16)

In order to merge the connected centerlines, it is stipulated
that if the distance between the two centerlines is sufficiently
small, the two centerlines are considered as different branches
on the same centerline. According to this principle, all center-
lines are merged, and the N centerlines of {li}ﬁvz | are reduced
to the N* centerline in {l;“}f.\]: -

In {l,-}?;l, if [[IF]] > ||lj?"||, Vlj?“ € {l;*}?’:l ,J # i, and where
||12¥|| is the number of ridge points on the connected branch
li*, then ll* is the largest connected branch, that is, the obtained
true blood vessel center line.

IV. EXPERIMENTS AND RESULTS
A. DATA SET DESCRIPTION
In order to test the feasibility of the method of automatically
extracting the center line of the blood vessel in the angio-
graphic image, this paper will select the clinically acquired
coronary angiography image to test it, and require the blood
vessels in the image to be not only uneven in thickness, com-
plicated in branch structure, but also in the background. There
are many noises similar to the grayscale of blood vessels.
This paper collected eight sets of data for centerline extrac-
tion. Among them, the image quality of the eight sets of data
sets and the number of images are shown in Table 1.

TABLE 1. Image quality of dataset.

. Number of data . Numbe.tr of
Image Quality images in the
sets
dataset
Poor 2 4000
Medium 3 6000
Good 3 6000

Each set of data was extracted from the center line of
the right coronary artery (RCA), and three experiments were
repeated, each using a different initial point. The original size
of the data is 512 x 512 x 512, and the resolution is about
0.3~ 0.6 mm >.

B. ALGORITHM ROBUSTNESS TO NOISE

In order to verify the robustness of the proposed vascular
centerline extraction algorithm to noise, the following exper-
iment was performed. Three different quality angiographic
images were selected. 2000 images were selected with poor
image quality. The image quality is medium and 2,000 images
are selected. Select 2000 images with high image quality.
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~ (c) 0=0.02 (d) 0=0.03

FIGURE 9. Image with noise.

Then, by adding different degrees of noise to check the sen-
sitivity of the algorithm to noise, the added noise is Gaussian
white noise, the mean is 0, and the variances are: 0.01, 0.02,
and 0.03. Figure 9 shows the image after noise is added.
Table 2 records the number of successful executions of the
algorithm and the ratio of the total number of images in
different situations.

TABLE 2. Results of algorithm execution under different noise conditions.

Image Poor | Medium | Good Total | Percent
Quality
o2=0 | 1656 | 1721 | 1798 | 5175 | 0.863
2 __
o =001} 1601 | 1676 | 1693 | 4970 | 0.828
2 _,
0°=0.02 | 1578 | ysg1 | 1538 | 4697 | 0.783
2 _,
o' =003 | 1557 | 1567 | 1512 | 4636 | 0772

It can be seen from Table 2 that, in the absence of super-
imposed noise, the average success rate of the execution of
the different quality image algorithms reaches 0.863, and the
maximum error of the average success rate of the algorithm
after the addition of noise is only 0.91. It can be concluded
that the effect of noise on the result is not large, indicating that
the algorithm has certain adaptability to images of different
quality and is robust to noise.

This paper also tests the influence of the centerline
extraction results when adding different intensity noises.
Figure 10 shows the variation of the average error of the
centerline extracted by the method under the condition of
increasing the standard deviation of Gaussian noise. It can
be seen from Figure 10 that as the noise intensity increases,
the average error of the extracted center line will increase
continuously to a certain extent, but both are less than 1 pixel.

C. CONTRAST IMAGE TEST RESULTS AND ALGORITHM
FEASIBILITY ANALYSIS

In Figure 4, a clinical angiography image for algorithm test-
ing has been given and the enhancement effect of the contrast
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FIGURE 10. Relation between centerline extraction error and noise

intensity.

FIGURE 11. A partial enlarged view of the seed point detected in the
image.

image is shown. After the image is adaptively enhanced,
the centerline extraction process of the blood vessel will be
performed in the enhanced image as shown in Figure 4(d).
In order to facilitate the contrast observation, the results will
be marked in the original image.

Figure 11 shows a partial enlarged view of the detected
seed points for tracking. It is not difficult to find through
visual observation that the method can detect a large number
of seed points, and most of them are located near the center
line of blood vessels.

Figure 12(a) is a partial enlarged view showing the ini-
tial tracking directions of forward and backward at all seed
points. Figure 12 (b) shows the two characteristic directions
of the Hessian matrix at the seed point in the corresponding
region. Through visual observation, it is not difficult to find
that the method can describe the direction of the blood vessel
more accurately than the method of describing the direction
of the ridge point by using the characteristic direction of the
Hessian matrix.

In order to compare and analyze MVEF and AMVEEF,
the same centerline tracking extraction and comparison are
carried out for the several enhancement effects involved
in Figures 4(b) ~ 4(d), and are shown in Figure 13
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(a) Local enlargement of the initial tracking direction

(b) The eigenvectors of the Hessian matrix

FIGURE 12. Detection results of initial tracking direction.

(a) Center line (=15) (b) Center line (B=8) (c) Center line (AMVEF)

FIGURE 13. All target centerlines extracted from the enhanced image in
Figure 4.

respectively. By comparison, it is found that the effect of
Figure 13(c) is obviously better than that of Figure 13(a)
and Figure 13(b), which not only proves the feasibility of
the centerline tracking extraction method, but also shows the
AMVEEF relative to the superiority of MVEF.

Figure 14 is a graph showing the results of Figure 13 after
rejection of the pseudo vascular centerline. Obviously,
the effect of Figure 13(c) is the best. Therefore, it can
be concluded that the proposed method for extracting the
vascular centerline, including adaptive vascular enhance-
ment, seed point generation, centerline tracking extraction
and pseudo-vessel centerline rejection, can be fully auto-
mated in angiographic images to extract the centerline of the
blood vessel.
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(a) Center line (=15) (b) Center line (B=8) (c) Center line (AMVEF)

FIGURE 14. Vascular centerline results after removal of pseudo vascular
centerline.

D. ALGORITHM RESULTS AND QUANTITATIVE ANALYSIS
This paper refers to several indicators that are most widely
used in vascular segmentation [34] to evaluate the method,
including the accuracy and efficiency of centerline extraction
in the presence of bifurcation, overlap, and noise. The specific
indicators are:

(1) Overlap rate, that is, the detection rate of blood vessels,
refers to the ratio of the detected centerline of the blood vessel
covering the true centerline.

(2) The extraction error of the centerline can be extracted
by the average error of centerline (AEC).

(3) The ratio of error of centerline extraction less than 1
pixel (REC<1) is expressed by the ratio of error of centerline
extraction less than 1 pixel.

(4) The extraction amount and time of the center line.

(5) Number of seed points (NSP).

(6) Number of ridge points (NRP).

(7) Time of generation in seed points (GSP), generation of
initial direction (GID), and tracking of centerline (TC).

Table 3 shows the data of the method in the quantitative
analysis. It can be seen that when testing various types of
images, the method can extract most of the vascular structures
with coverage of overlap >0.973, and the average error distri-
bution is about 0.5 pixels and is concentrated within 1 pixel.

E. PERFORMANCE COMPARISON WITH DIFFERENT
ALGORITHMS
In order to verify the accuracy and robustness of the proposed
algorithm, the experiments were compared in the litera-
ture [15], the literature [16], the literature [17], the litera-
ture [18], and the methods in this paper. Select three different
image quality data sets. 2000 images were selected with
poor image quality. The image quality is medium and 2,000
images are selected. Select 2000 images with high image
quality. Figure 15 is a graph of experimental results for image
quality of three different data sets. In this experiment, cover-
age was used as an evaluation index, and the results of 50
cycles were passed through five cross-validation methods.

It can be seen from the experimental data in Figure 15 that
both the literature [16] and the literature [17] have certain
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FIGURE 15. Algorithm performance comparison of data sets for different
image quality.

TABLE 3. Summary of quantitative data.

Image Quality Poor Medium Good

Extracting NSP 125.25 97.5 120.5
effect NRP 1152 906.25 1164.25

Overlap 0.986 0.989 0.973

AEC 0.445 0.461 0.585

REC<1 0.974 0.967 0.923

GSP 1.561 1.576 1.529

Time GID 0.436 0.391 0.406

consuming TC 2.746 1.825 2.777

Total 4.742 3.791 4.712

limitations on the automatic extraction of the coronary cen-
terline. Although the centerline extraction method of the
literature [18] can provide complete topology information of
blood vessels, it cannot automatically connect the parts of the
blood vessel that are broken. Although the method of direc-
tion tracking in [19] can automatically connect the vascular
disconnected parts, it cannot take into account the topological
information of the whole blood vessel. Compared with the
algorithm proposed in this paper, the literature [15], the lit-
erature [16], the literature [17] and the literature [18] are not
robust when extracting the coronary artery centerline. This
paper starts from the structural characteristics of coronary
vessels. Automatic extraction of the center line of the blood
vessel, the correct rate is as high as 0.989.

V. CONCLUSION

Computed tomography of coronary arteries is an important
means of clinical detection of cardiovascular diseases such
as coronary heart disease, and the extraction of coronary
centerline is the premise of automatic analysis and detec-
tion of cardiovascular diseases. The structural extraction of
blood vessels has important reference value for the diagnosis
and treatment of clinical cardiovascular diseases, but the
traditional extraction method requires a lot of manual inter-
vention, which is not only time-consuming and laborious,
but also brings uncertain human factors to the extraction
results. In this paper, a fully automatic vascular centerline
tracking extraction method is designed, including adaptive
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blood vessel enhancement, initial tracking condition acqui-
sition, automatic tracking of the centerline and rejection of
the pseudo vascular centerline. In the pre-processing stage of
the image, adaptive vascular enhancement of the image can
highlight the structure of small-sized blood vessels and facil-
itate the extraction of the centerline of small branch vessels.
In the extraction method of seed points, this paper performs
automatic seed point detection by first-order differential and
second-order differential information of images, and quickly
extracts a large number of seed points located near the center
line of blood vessels in the original image. When describing
the tracking direction, using the zero-order information of the
ridge point to replace the traditional method using the Hessian
matrix eigenvector can effectively offset the error interference
and be more robust. Finally, according to the connectivity
characteristics of blood vessels, the blood vessel branches are
combined and combined, and the largest connected branch is
extracted in the result, and the pseudo-vessel center line is
eliminated, and the automatic acquisition of the blood vessel
center line is realized.

In addition, the method of this paper is not only suitable
for two-dimensional extraction of blood vessel centerline,
but also for other uses. The automatic acquisition method of
tracking seed points as proposed in the paper can be used
for other segmentation methods that need to set initial seed
points, such as segmentation methods for region growth.
If the method is extended, the conditions on the line, face,
and circle are extended to the conditions of face, body, and
ball respectively, and the expansion from 2D to 3D can be
completed to realize the automatic tracking and extraction of
the three-dimensional blood vessel center line.
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