
Received December 30, 2019, accepted January 10, 2020, date of publication January 20, 2020, date of current version January 28, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2968123

Open Curvature Scale Space Matching for
Coronary Artery Identification in X-Ray
Angiographic Images
RUOXIU XIAO 1, JIAYU WANG 1, XIAOYU GUO 1, CHENG CHEN 1, KANGNENG ZHOU 1,
XINTONG WU 1, PING LIANG 3, AND JIAN YANG 2
1School of Computer and Communication Engineering, University of Science and Technology Beijing, Beijing 100083, China
2Beijing Engineering Research Center of Mixed Reality and Advanced Display, School of Optics and Electronics, Beijing Institute of Technology, Beijing
100811, China
3Department of Interventional Ultrasound, Chinese PLA General Hospital, Beijing 100039, China

Corresponding author: Jian Yang (jyang@bit.edu.cn)

This work was supported in part by the National Key Research and Development Program of China under Grant 2017YFC0112000, in part
by the National Science and Technology Major Project of China under Grant 2018ZX10723-204-008, in part by the National Science
Foundation Program of China under Grant 61672099, Grant 61701022, Grant 81627803, and Grant 61771056, in part by the Beijing
Science and Technology Program under Grant Z181100001018017, and in part by the Fundamental Research Funds for the Central
Universities under Grant FRF-TP-19-015A2.

ABSTRACT Identification of the coronary artery in sequence angiograms is an important issue in the
analysis and treatment of coronary angiography data, due to the ambiguities in the coronary vessels resulting
from cardiac motion and the differences in the projection angles in angiograms. In this paper, we propose
a novel coronary artery identification method based on curvature scale space image matching. First, points
on the centerline of each coronary artery branch are convolved with Gaussian kernel functions of different
scales to obtain the corresponding curvature scale space (CSS) image during the curve evolution. Then,
a CSS image matching method for open curves, which uses a combination of open feature vectors and closed
feature vectors, is proposed. Finally, curve matching transitivity is used to solve the problem of the inability
to recognize the coronary artery when the difference in the imaging angles is too large. The experimental
results demonstrate that the proposed method can recognize every coronary artery in different views, even
when the difference in the imaging angles is 29.8◦.

INDEX TERMS Angiographic image, coronary artery identification, curvature scale space, identification
degree.

I. INTRODUCTION
In the past thirty years, the computer-aided diagnosis
and treatment of cardiovascular diseases based on X-ray
angiograms have received extensive attention and become an
important topic in the field of biomedical engineering [1], [2].
Through the accurate extraction of the coronary structures
from angiographic images, the coronary artery diameter,
length, and bifurcation points and other structural information
can be obtained, which can provide a basis for the quanti-
tative analysis of vascular lesions and the optimization of
surgical operations [3]–[6]. The identification and match-
ing of coronary branch structures in angiography images is
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the basis of their three-dimensional reconstruction [7]–[9].
The three-dimensional reconstruction of coronary arteries
can provide information on the coronary artery spatial struc-
ture, quantitative analysis of the ratio of blood vessel cov-
erage and projection shortening [10]–[12], information on
stenotic lesions [13]–[16], etc. In addition, the identification
and matching of coronary structures are the foundation for
coronary dynamic remodeling [17]–[19] and hemodynamic
calculations [20]–[21] in the cardiac cycle.

An important premise of the three-dimensional reconstruc-
tion of coronary arteries is that it is necessary to determine
which branches of the coronary arteries are in one-to-one cor-
respondence at different viewing angles, which corresponds
to the identification of the branches of the coronary artery
of the same patient at different times and at different angles.
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This identification problem is also known as the labeling
problem of coronary branches. To solve this problem, many
scholars and researchers have conducted studies using vari-
ous methods. For example, Tsuji and Nakano [22] proposed a
branch recognition method based on a priori knowledge. This
method identifies the coronary arteries in the angiograms
by introducing the continuity, width, length, direction, and
other information about the branches. Dumay et al. [23], [24]
identified the branches of the coronary arteries by estab-
lishing an attribute matching graph. The first step of this
method is to extract the coronary vasculature in the angio-
graphic images and establish the relative relationship dia-
gram of each branch. The next step is to create a match
cost function between the matches. Finally, the recognition
result is obtained by finding the lowest matching cost method.
Yanagihara et al. [25] proposed a method for recognizing
and reconstructing simultaneously. This method uses the con-
tinuity of blood vessel angles, widths, and grayscales for
the identification of the left anterior descending and left
circumflex branches of the coronary arteries. The method
then uses the direction and position of the blood vessels
from the left anterior descending and left circumflex branches
to identify the other branches. Thus, the three-dimensional
reconstruction of the coronary artery structure is achieved.

In addition, many scholars have established anatomi-
cal models of the coronary artery based on prior anatom-
ical knowledge, and they have compared and identified
coronary arteries using the established model. For exam-
ple, Chaplopin et al. [26] established a three-dimensional
anatomical model of the coronary artery that was projected
to produce 98 reference images based on prior anatomical
knowledge. The best recognition results were obtained by
matching the left coronary artery and right coronary artery.
In addition, there have been many studies based on the
characteristics of the blood vessel direction, width, length
and bifurcation structure that establish the attribute graph
for describing coronary branches. These studies identified
the coronary branches using graph matching methods [27],
[28]. For example, Harris et al. [27] established an attribute
association graph by detecting the bifurcation points and the
centerline. Through optimization, this study found the max-
imum weight coefficient of a given model set and identified
the blood vessel structure in the angiogram.

However, the model-based method for identifying coro-
nary artery branches is restricted in several ways: First,
when generating angiograms, a change in the imaging angle
brings about a large difference in the projection distribution
of the coronary structure. Therefore, to obtain a full range
of matching templates, intensive sampling of the projection
angles is required. Second, prebuilt three-dimensionalmodels
of the coronary arteries are often static, and the beats and
breaths in the real angiograms often introduce local nonlinear
differences. Third, the model matching method often fails to
use the correlation relationship between the adjacent frames
of sequence angiograms. Additionally, there are many redun-
dant calculations in the identification of coronary structures

in sequence angiograms. Therefore, how to use the similarity
and correlation of the blood vessels between sequence images
to achieve the automatic recognition of the coronary struc-
tures is an important issue that will be solved in this paper.

This paper proposes a method of coronary artery structure
recognition based on the curvature scale space. This method
can be used to identify coronary structures between arbitrary
views in angiographic images. The main principle is based
on the similarity of the shape of the coronary artery between
adjacent frames of the sequence angiogram. By improving
the curvature scale space image matching method of the open
curve, the coronary artery recognition problem is transformed
into the overall matching problem of the coronary branch on
the curvature scale space. The specific process is as follows:
First, the points on each coronary centerline are convolved
with Gaussian kernel functions at different scales to calculate
the locus of zero-curvature points during the evolution of the
curve and to generate a curvature scale space image corre-
sponding to the blood vessel. Second, the distances between
the different views of the coronary arteries on the curvature
scale space image are calculated. Finally, according to the
concept of coronary branch identification degree proposed in
this paper, the maximum degree of recognition of the coro-
nary branches corresponding to different views is computed.
Thus, we can establish a one-to-one correspondence between
the coronary arteries in different views.

II. CSS AND CSS IMAGE
This paper introduces the curvature scale space method,
which is used in the field of computer vision, as a way to
match the coronary artery structures in different perspec-
tives. As an effective shape description method for curves,
the Curvature Scale Space (CSS) image was first proposed
by Mokhtarian and Mackworth [29] in 1986, and it was
developed and improved in the following years [30]–[33].
The basic principle is to obtain the curvature scale space of the
curve by convolving the points on the curve with the Gaussian
function and arrange them in the order of standard deviation
from smallest to largest. Then, the continuous zero-curvature
points in the space are extracted to form a CSS image.
Because the CSS is invariant to the translation, rotation, and
scaling of the target contour curve and is also robust to noise,
it has been widely used in the field of target recognition and
image retrieval [34], [35].

The curvature scale space generation of a curve can be
described as follows. Suppose a normalized initial curve on a
plane can be expressed as:

C0(u) = C0(x0(u), y0(u)) (1)

where u ∈ [0, 1] is the arc length parameter of the curve.
In the curve evolution process, the curvature k(u, σ ) of

point (x(u), y(u)) at curve cluster C(u, t) can be calculated
as follows:

k(u, σ ) =
xu(u, σ )yuu(u, σ )− yu(u, σ )xuu(u, σ )

((xu(u, σ ))2 + (yu(u, σ ))2)
3
2

(2)

16990 VOLUME 8, 2020



R. Xiao et al.: Open CSS Matching for Coronary Artery Identification in X-Ray Angiographic Images

FIGURE 1. The evolution of the coronary centerline and the changes in the zero-curvature points with
increasing scale. (a) The original curve. (b) to (h) The evolution shape of the curve at the scale
σ = 1,6,11,16,21,26,31 and the positions of the zero-curvature points on the curve.

where

xu(u, σ ) =
∂

∂u
(x (u, σ )⊗ g (u, σ ) = x(u, σ )⊗ gu (u, σ )

(3)

xuu(u, σ )=
∂2

∂u2
(x (u, σ )⊗ g (u, σ )=x(u, σ )⊗ guu (u, σ )

(4)

yu (u, σ ) = y (u, σ )⊗ g (u, σ ) (5)

yuu (u, σ ) = y (u, σ )⊗ guu (u, σ ) (6)

Here, g (u, σ ) is the Gaussian function, and σ is the stan-
dard deviation of g (u, σ ).
The scale space generated by the evolution of the curve is

called the curvature scale space (CSS), and curves of different
scales can be represented by Cσ (x, y).

During the evolution of the curve, as the scale increases,
the curve becomes more smooth, and the two zero-curvature
points corresponding to the two sides of the concave part
of the entire closed curve continuously approach until the
concave part is completely filled. The points of zero curvature
merges into one point and eventually disappear. Therefore,
the locus of zero-curvature points can be expressed as the
characteristic of the local curve to realize the characteris-
tic description of the whole curve. To abstract this feature,
all the zero curvature points in the evolution of the curve
are recorded to generate a binarized Curvature Scale Space
Image (CSSI) corresponding to the curve. The definition can
be expressed as:

CSSI := {(u, σ ) : k(u, σ ) = 0} (7)

The local maxima points on the CSS contour are filled
during the curve evolution process, and the merging and dis-
appearance of the zero-curvature points are an important fea-
ture in the CSS image. Mokhtarian and Bober [36] obtained
the feature vector of the CSS image by extracting the local
maxima points of the CSS image to match different shapes
by their different corresponding CSS images.

Traditional CSS images are utilized to express closed
curves, whose contours are closed. However, coronary
branches in X-ray angiograms are all open curves. Although
the evolution of the open curve is consistent with the closed
curve, the nature of the zero-curvature point in the CSS on the
open curve is not the same as that of the closed curve [37].

As shown in Fig. 1(a), a centerline is extracted from the
coronary angiogram image from the original data of the
evolution of curve. The evolution of centerline corresponding
to the scale σ = 1, 6, 11, 16, 21, 26, 31 is shown in
Figs. 1(b) to 1(h), respectively, to represent the shape of the
curve and the positions of the points of zero-curvature on
the curve. As shown in the figure, during the evolution of
the open curve, the zero-curvature points on the curve behave
as follows:

(1) As the depression on the curve is filled, the points of
zero-curvature decrease until they disappear.

(2) An isolated zero-curvature point appears on the open
curve. The zero-curvature points on the open curve do not
necessarily appear or disappear in pairs.

(3) The number of zero-curvature points on the curve may
be odd.

Fig. 2 demonstrates the locus of the zero-curvature points
during the evolution of the curve shown in the CSS image
in Fig. 1 (the sampling density of the scale is 0.1). As shown
in the figure, as the scale increases to a certain degree, some
zero-curvature points on the open curve disappear when they
are not merged with the other zero-curvature points; thus,
the zero-curvature points are isolated. Reflected on its corre-
sponding CSS image, the CSS image outline corresponding
to the zero-curvature point is open (the part indicated by the
arrow in the figure).

III. CORONARY MATCHING BASED ON CSS
The properties of CSS and CSS images with open curves
are analyzed above. The open-curve CSS images are
used to match coronary branches in two angiograms.
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FIGURE 2. The CSS image corresponding to the centerlines of the
coronary artery in Fig. 1 (a) (the part indicated by the arrow is an open
outline). The abscissa is the arc length parameter of the curve, and the
ordinate is the scale parameter.

Figs. 3(a), (b), and (c) show the coronary centerlines extracted
from the angiography images. The coronary centerline in
image (a) and that in (b) are the same branch of the coro-
nary artery at different imaging angles. The centerline of
the coronary artery in image (b) and that in (c) are dif-
ferent branches of the coronary artery at the same angle.
The left anterior oblique (LAO) and cranial (CRA) angles
of (a) are RAO = 0.6◦ and CRA = 82.4◦, and the imag-
ing angles of (b) and (c) are both the same: LAO = 5.4◦

and CRA = 82.4◦.
Fig. 4 shows the CSS image corresponding to the center-

lines of the coronary artery shown in Figs. 3(a), (b) and (c).
Since the coronary centerline shapes shown in Figs. 3(a)
and (b) are relatively close to each other, their contour shapes
are also very close, and the shapes between the larger con-
tours are closer in their corresponding CSS images (i.e.,
Figs. 4(a) and (b)). However, the shapes of the centerlines of
the coronary arteries in Figs. 3(a) and (c) are quite different.
Therefore, when the contours are reflected in their corre-
sponding CSS images, as in Figs. 4(a) and (c), their shapes are
different. In addition, the open contour and closed contour of
Fig. 4(a) substantially coincide with those of Fig. 4(b). These
contours differ from the open and closed contours of Fig. 4(c)
in both number and shape.

To quantitatively describe the similarities between vascular
CSS images, the concept of matching distances between CSS
images will be defined and used to identify individual coro-
nary branches at different imaging angles. First, all the local
maxima points are extracted in the CSS image to construct
the feature vector of the CSS image. As shown in Fig. 5,
the boxes in Figs. 5(a), (b) and (c) represent the local maxima
points of the corresponding contours detected within the CSS
images shown in Fig. 4. To distinguish the local maxima
points corresponding to the open contour and closed contour,
the local maxima points of the open contour are represented

in green, and the local maxima points of the closed contour
are represented in blue.

Let F = {fi} be the feature vector of a CSS image,
where f1 = f1(u, σ ) are the local maxima points on the
outline of the CSS image, u is the arc length parameter
coordinate of the local extreme point, i.e., the abscissa on
the CSS image, and σ is the scale parameter coordinates of
the local extreme point, which is the ordinate on the CSS
image.

To eliminate noise interference in the matching process
of the CSS images, the low level noise in the CSS image
are filtered first. Here, the local maxima of small ampli-
tude in the feature vector can be controlled by a threshold
value:

σi > ε · σmax, i = 1, 2, 3, . . .N (8)

where σmax is the scale of the global maxima points
on the outline of the CSS image and ε is the control
coefficient.

In contrast to the methods in the literature [30]–[33], [37],
this paper classifies local maxima points into two groups
corresponding to open contours and closed contours. Thus,
the feature vectors are divided into:

F = {A,B} (9)

The open contour corresponds to the local maximum point
set A = {ai}, where ai = ai(u, σ ), and the closed contour
corresponds to the local maximum point set B = {bi}, where
bi = bi(u, σ ). Thus, A is the green line segment perpendicular
to the horizontal axis in Fig. 5, and B is the blue line in Fig. 5.
A is the set of open feature vectors of the CSS image, and B
is the set of closed feature vectors of the CSS image.

To measure two different sets of feature vectors,
we give the definition of the relative distance. Let A1 =
(a11, a12, a13 . . . , a1N ) and A2 = (a21, a22, a23 . . . , a2M ) be
the open feature vectors corresponding to two CSS images.
As shown in Fig. 6, we define the matching distanceD(A1→
A2) from A1 to A2 as follows:

D(A1→ A2)

=

N∑
i=1

φ(a1i, a1j) (10)

φ
(
a1i, a2j

)
=

{
min

{∣∣a1i − a2j∣∣} , when a2j ∈ [a1i − δ, a1i + δ]
a2j, otherwise

(11)

where δ is the distance threshold that controls whether a2j
falls within the neighborhood of a1i.
Therefore, D(A1 → A2) can represent the accumulation

of a corresponding difference of the projection of A1 into A2
space, where D(A2 → A1) is very small, i.e., the difference
betweenA1 andA2 is very small inA2 space. Similarly, we can
define the matching distance D(A2 → A1) from A2 to A1 as
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FIGURE 3. The results of the coronary centerline extraction from angiographic images at different viewing
angles. Branches (a) and (b) are the same coronary branches at different imaging angles, and (b) and (c) are
different coronary branches at the same imaging angle. The imaging angles of (a) are RAO = 0.6◦ and CRA =
82.4◦. The imaging angles of (b) and (c) are LAO = 5.4◦ and CRA = 82.4◦.

FIGURE 4. The CSS image corresponding to the coronary branches. The abscissa is the arc length parameter of curve, and the ordinate is the
scale parameter. The labels (a), (b), and (c) correspond to the coronary branches shown in Fig. 3 (a), (b), and (c), respectively.

FIGURE 5. Local maxima points and their feature vectors extracted from the CSS image shown in Fig. 4. The abscissa is
the arc length parameter of the curve, the ordinate is the scale parameter, the green line is the open feature vector, and
the blue line is the closed feature vector. The labels (a), (b), and (c) correspond to the CSS images shown in Fig. 2(a), (b),
and (c), respectively.

follows:

D (A2→ A1)

=

M∑
i=1

φ
(
a2i, a1j

)
(12)

φ
(
a2i, a1j

)
=

{
min

{∣∣a2i − a1j∣∣}, when a1j ∈ [a2i − δ, a2i + δ]
a1j, otherwise

(13)

D(A2→ A1) represents the sum of the corresponding com-
ponent differences when A2 is projected into A1 space. At this
point, the matching distance D (A1,A2) between two CSS
images corresponding to the feature vectors A1 and A2 can be
expressed as:

D (A1,A2) = D (A1→ A2)+ D (A2→ A1) (14)

Similarly, the matching distance D (B1,B2) between two
CSS images corresponding to closed feature vectors B1 and
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FIGURE 6. The matching distance from A1 to A2.

B2 can be expressed as:

D (B1,B2) = D (B1→ B2)+ D (B2→ B1) (15)

where

D (B1→ B2)

=

N∑
i=1

ϕ
(
b1i, b2j

)
(16)

φ
(
b1i, b2j

)
=

{
min

{∣∣b1i − b2j∣∣} , when b2j ∈ [b1i − δ, b1i + δ]
b2j, otherwise

(17)

D (B2→ B1)

=

N∑
i=1

ϕ
(
b2i, b1j

)
(18)

ϕ
(
b2i, b1j

)
=

{
min

{∣∣b2i − b1j∣∣} , when b1j ∈ [b2i − δ, b2i + δ]
b1j, otherwise

(19)

Finally, the matching distance D (F1,F2) between two
CSS images can be obtained by the following equation:

D (F1,F2) = D (A1,A2)+ D (B1,B2) (20)

In this work, the cost of the coronary branch matching is
obtained by matching the distances in any two views based
on the CSS images. To realize the recognition of different
coronary branches at different imaging angles, the concept
of coronary branch recognition is used here to distinguish
whether coronary branches are the same branch at different
viewing angles.

Assume
{
C1,i

}N
i=1 to be the set of all the centerlines of

the identified coronary branches extracted in View 1 and{
C2,i

}N
i=1 to be the set of the centerlines of unidentified

coronary branches detected in View 2. Then,
{
F1,i

}N
i=1 is

the corresponding CSS image feature vector set of
{
C1,i

}N
i=1,{

F2,i
}N
i=1 is the corresponding CSS image feature vector set

of
{
C2,i

}N
i=1, and D

(
F1,i,F2,j

)
is the calculated matching

distance between F1,i and F2,i . For ease of description,

D(C1,i,C2,j) is used as the matching distance between F1,i
and F2,j. If C1,i and C2,i are the images of the same coronary
branch in different views, then, according to the definition
of the matching distance, when View 2 and View 1 are
coincident, the following relation holds:

D
(
C1,i,C2,ji

)
= 0 (21)

and we have:

min
j6=ji

{
D
(
C1,i,C2,j

)}
D
(
C1,i,C2,ji

) = +∞ (22)

As the imaging angle between View 2 and View 1
increases, D

(
C1,i,C2,j

)
begins to increase continuously,

while
min
j6=ji
{D(C1,i,C2,j)}

D
(
C1,i,C2,ji

) decreases continuously.

When
min
j6=ji
{D(C1,i,C2,j)}

D
(
C1,i,C2,ji

) decreases to 1, C1,i is considered

to be unrecognizable in View 2. Therefore, we define the
identification degree (ID) of C1,i as:

ID
(
C1,i,C2,ji

)
=

min
j6=ji

{
D
(
C1,i,C2,j

)}
D
(
C1,i,C2,ji

) (23)

When ID
(
C1,i,C2,ji

)
> 1, then C1,i is identifiable in

View 2 and can be identified as the same branch asC2,i. When
the imaging angle difference between View 2 and View 1 is
smaller, the coronary branches in the view are more easily
identified, andwhen the imaging angle difference is increased
to a certain degree, the coronary artery branches cannot be
identified.

IV. CORONARY IDENTIFICATION BASED ON CURVE
MATCHING TRANSITIVITY
In a rotational sequence angiogram, the structure of the coro-
nary arteries changes as the rotation angle changes. There-
fore, the coronary branch recognition becomes more difficult
with the large range of angles. Therefore, this paper proposes
a CSS image matching method based on curve matching tran-
sitivity to solve the problem of identifying coronary branches
when the angular difference is too large.
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Assume {{C1,i}
N
i=1, {C2,i}

N
i=1, · · · {Cj,i}

N
i=1, · · · , {Cn,i}

N
i=1}

to be the sets of centerlines of all the coronary branches
extracted from a selected sequence angiogram. If

{
C1,i

}N
i=1

is the set of labeled coronary branches in View 1, to iden-
tify coronary branch

{
Cn,i

}N
i=1 in View n, m middle Views{{

Ck,i
}N
i=1

}m
k=1

among View 1 and View n are selected to
participate in the matching of View 1 to View 2, and the
degree of recognition of the coronary branch in View 1 and
coronary branch C1,i in View n is expressed as:

ID
(
C1,i,Cn,i

)
=min

{
ID
(
C1,i,Ck,i

)
, ID

(
Ck,i,Ck+1,i

)
,

· · · , ID
(
Cm,i,Cn,i

)}
(24)

Through the transmission of this curve matching, the frame
can bematched as a ‘bridge’ when the imaging angle between
the two views is very different and the shape of the coronary
artery is mutated, making the matching in each delivery
process stable and correct. The specific segmentation of the
rotational sequence angiogram are discussed along with the
experiment.

V. EXPERIMENTAL RESULTS AND DISCUSSION
To quantitatively evaluate the algorithm proposed in this
paper, a quantitative analysis of the proposed coronary branch
identification method using simulated data was first per-
formed. In the experiment, a simulated rotational X-ray
angiography system was used to project the true three-
dimensional CTA coronary artery centerline and generate
sequence views of the coronary branch centerline set by
changing the Left Anterior Oblique (LAO) and cranial (CRA)
angles. Since the true vessel-vessel correspondence was
known, the simulation data were used to examine the changes
in the coronary branch recognition caused by changes in the
difference angles, and it was possible to judge whether the
proposed method gave correct results. Thus, the real rotation
angiography sequence image was used to verify the effective-
ness and reliability of the algorithm when coronary motion
occurs.

A. CORONARY ARTERY IDENTIFICATION BASED
ON SIMULATED DATA
In the simulation of the coronary structure of the XRA
sequence angiograms, three calibrated CTA left coronary
artery centerlines datasets provided by the 12th International
Conference on Medical Imaging and Computer Assisted
Intervention (MICCAI) [38] were used as the known con-
ditions to simulate the projection of the three-dimensional
centerline with the X-ray angiography system to obtain
two-dimensional coronary branch images with a resolution
of 512×512. In the simulation process, the source to intensi-
fier distance (SID) and the source to object distance (SOD)
of the simulated angiography system parameters were set
to 800 mm and 540 mm, and the cranial angle (CRA)
was set to 0.

During the test of the simulated coronary artery
data, the following two aspects of the experiment were

TABLE 1. Matching distance and identification degree (ID) between every
pair of branches in the identification of coronary arteries using the
Mokhtarian algorithm and the proposed algorithm.

investigated. First, the improvement of the coronary recogni-
tion in the open-curve CSS imagematching distance (referred
as the ‘Proposed algorithm’) were verified. In this process,
the traditional CSS image matching distance (referred to as
the ‘Mokhtarian algorithm’) proposed by Mokhtarian and
Bober [36] was used to test the same data, and the results of
the two were compared and analyzed. Then, the difference
between the method of directly identifying the coronary
arteries and the method of using curve matching transitivity
was determined as the imaging angle between the two views
increased.

Table 1 lists the matching distances and calculated identi-
fication degrees of the region between the centerlines of each
coronary artery when the difference between the two imaging
angles was 30◦. The three coronary artery centerlines used in
the test were denoted as I1-1, I1-2, and I1-3 in View 1 and
I2-1, I2-2, and I2-3 in View 2.
As shown in Table 1, although the matching distances

between I1-1, I1-2, I1-3 and I2-1, and I2-2 and I2-3 calculated
based on the Mokhtarian algorithm were the smallest of the
possible correspondences (99.1, 188.5, and 123.7, respec-
tively), their identification degrees were not high (2.1, 1.1,
and 2.8, respectively) when the imaging angle difference
was 30◦. The improved CSS matching distance method pro-
posed in this paper reduced the matching distance between
the correct matching correspondences (10, 106, and 35,
respectively) while maintaining the other matching distances,
and it improves the identification degree to some extent
(2.1->16.1, 1.1->1.6, and 1.8-4.2, respectively) during the
coronary matching. Therefore, the improvement of the tra-
ditional CSS matching distance method described in this
paper was effective in enabling the identification of coronary
branches in angiographic images.

Some popular curve similarity calculation methods were
compared with the proposed algorithm, and their correspond-
ing IDs were calculated by (23) and listed in Table 2. Here,
Partial Curve Mapping (PCM) [39], Discrete Fréchet Dis-
tance (DFD) [40], Curve Length (CL) [41], Dynamic Time
Warping (DTW) [42], Symmetrized Segment-Path Distance
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TABLE 2. Comparison of the identification degrees (ID) Calculated by
partial curve mapping (PCM), discrete Fréchet distance (DFD), Curve
length (CL), dynamic time warping (DTW), Symmetrized segment-path
distance(SSPD), Hausdorff Distance(HD) and the proposed method.

TABLE 3. Results of identifying individual coronary arteries using the
direct method and the proposed method with increasing imaging angle
difference.

(SSPD) [43], Hausdorff Distance (HD) [44] were utilized to
test the same simulated data. As shown in Table 2, the mean
ID computed by the proposedmethodwas 7.3. This value was
much higher than those of the compared algorithms, which
means that the ability of the proposed method to recognize
vessels in different views was better than that of others.

Moreover, we tested the ability of the direct CSS matching
method (referred as the ‘Direct method’) and the CSS match-
ing method based on curve matching transitivity (referred
as the ‘Proposed method’ in Table 2) to identify coronary
arteries when the imaging angle difference increased from
15◦ to 90◦ (as shown in Table 2). In the test of the Pro-
posed method, intermediate images were inserted every 5◦ to
increase the identification degree of the coronary artery. The
three coronary arteries tested in this experiment were denoted
as V1, V2 and V3.

As shown in Table 3, for these two methods, the overall
trend of identification degree of the coronary artery decreased
as the angle difference increasing. As the angle difference
increasing, the average of the identification degree obtained
by the Direct method was not only smaller than that obtained
by the Proposed method but also decreased more quickly.
When the difference in the angles was increased to 45◦,
the identification degree of V2 calculated by the Direct

FIGURE 7. The relationship between the identification degree of the
coronary artery and the number of inserted intermediate images. In this
figure, the abscissa indicates the number of inserted intermediate
images, and the ordinate indicates the identification degree of each
coronary artery.

method was close to the unidentifiable level (the value of the
identification degree equal to 1). For the Proposed method,
when the angle difference was increased to 90◦, the minimum
value of the identification degree of three coronary arteries
was still 1.5, whichwas corresponding to an identifiable state.

This paper also examined the effect of increasing the
number N of intermediate images inserted during the iden-
tification of the coronary arteries when the difference in
the imaging angles between the two images was fixed.
Fig. 7 shows the change in the identification degree of V1,
V2 and V3 when the number of inserted intermediate images
N = 0, 1, 2, 3, 4, 5, 9, 14, 29, 59. The difference in the two
imaging angles was 60◦. As shown in the figure, when N was
equal to 0, that is, the two images at the head and the tail need
to be directly identified, the identification degrees of V1, V2,
and V3 were all minimized. Among these coronary arteries,
the identification degree of V2 was close to 1 and it was
almost unrecognizable. As N increasing, the identification
degrees of V1, V2, and V3 increased. The identification
degrees of V1 and V3 exceeded to 14 when N was equal to
29, and they were easily identified. The identification degree
of V2 was 3 when N equals 29. Thus, this coronary artery was
also easily identified.

B. CORONARY ARTERY IDENTIFICATION BASED
ON CLINICAL ANGIOGRAMS
To verify the reliability and feasibility of the coronary artery
identification algorithm proposed in this study, sequence
angiographic data obtained from the GE Innova 2000 coro-
nary angiography imaging system at BeijingAnzhenHospital
was used for testing. The following parameters remained
unchanged during the imaging: SID = 1103 mm and
SOD = 707 mm.
Fig. 8 shows image I1 used for the test, in which the

system imaging angles were as follows: LAO = 8.3◦ and
CRA = 82.4◦. Because the coronary artery imaging in this
image was not clear enough and the occlusion is serious,
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FIGURE 8. Angiogram I1 for the clinical test. At the top of the figure, five centerlines of
coronary arteries are marked, and at the bottom of the figure, their corresponding CSS
images are given. In the CSS images, the green lines represent the open feature vectors,
and the blue lines are the closed feature vectors.

FIGURE 9. Angiogram I2 for the clinical test. At the top of the figure, five centerlines of
coronary arteries are marked, and at the bottom of the figure, their corresponding CSS
images are given. In the CSS images, the green lines represent the open feature vector,
and the blue lines are the closed feature vectors.

to exclude the influence of the error in the identification
algorithm in the automatic coronary artery extraction process,
five coronary branches in the image were manually labeled
as ‘I1-1’, ‘I1-2’, ‘I1-3’, ‘I1-4’, and ‘I1-5’. The corresponding
CSS images are shown at the bottom of Fig. 8. In addition,
the feature vectors were given in the CSS images. In the
figure, the green lines represent open feature vectors, and the
blue lines are closed feature vectors.

Fig. 9 shows image I2, also used for the test, and its system
imaging angles were as follows: LAO = 38.1◦ and CRA =
82.4◦. In this figure, ‘I2-1’, ‘I2-2’, ‘I2-3’, ‘I2-4’, and ‘I2-5’
are used to indicate the extracted coronary artery centerlines,
and they are the same centerlines as I1 in the difference view.
The corresponding CSS image are shown at the bottom of
Fig. 8, and all the open feature vectors and closed feature
vectors aremarked. Since the difference in the imaging angles
between I2 and I1 is 38.1◦-8.3◦ = 29.8◦, which is close to
30◦, a comparison of Fig. 8 and Fig. 9 shows that not only
does the shape of the coronary arteries significantly change
but their corresponding CSS images greatly change also.

Table 4 lists the CSS matching distances between every
pair of coronary arteries in I1 and I2 and the identifica-
tion degree (ID) of each branch. As shown in the table,
for the first coronary artery, the matching distance between

TABLE 4. Matching distance and identification degree of css images
between every pair of coronary branches in I1 and I2.

I1-1 and I2-1 is 99.1, which is the smallest matching dis-
tances among I1-1 and the other branches. According to
the identification degree formula, the corresponding iden-
tification degree is the ratio of the second minimum value
(147.2) and the minimum value (99.1) of all the other
matching distances, which is 1.49, greater than 1. There-
fore, I1-1 is identifiable in I2. Similarly, I1-2 and I1-4 are
also identifiable in I2. However, since the matching distance
between I1-3 and I2-3 is 267, which is greater than the min-
imum value (219.6) of the matching distance between I1-3
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FIGURE 10. Intermediate image IM for the clinical test. At the top of the figure, five centerlines
of coronary arteries are marked, and at the bottom of the figure, their corresponding CSS
images are given. In the CSS images, the green lines represent the open feature vector, and the
blue lines are the closed feature vectors.

FIGURE 11. Another group of tested clinical data. Centerlines (a1) - (b1) are the five centerlines
extracted in I1, and (b1) - (b5) are their corresponding CSS images. Centerlines (c1) - (c5) are the
same five centerlines extracted in I2, and (d1) - (d5) are their corresponding CSS images.

and the other branches, the identification degree is 0.82,
which is less than 1. Therefore, I1-3 is not identifiable in
I2. In addition, the identification degree of I1-5 is 0.81, which
is less than 1 and also unrecognizable in I2. Thus, due to the
large angle difference, some branches cannot be identified.

To improve the recognition of the coronary branches, using
our proposed recognition method based on curve matching
transitivity, we inserted an intermediate image IM between
I1 and I2. As shown in Fig. 10, the imaging angles of this
intermediate image are as follows: LAO= 23.2◦ and CRA=
82.4◦. In this figure, ‘IM-1’, ‘IM-2’, ‘IM-3’, ‘IM-4’, and ‘IM-5’
are used to represent five extracted coronary artery center-
lines, which are the same centerlines shown in Fig. 8 and
Fig. 9. Here, their corresponding CSS images are shown in
the bottom of the figure, and all the open feature vectors and

closed feature vectors are marked in green and blue. Since
the angle difference is halved (14.9◦), the differences in the
shapes between every branch in the different views is smaller,
and similar to the same changes in CSS images, they aremuch
more easily identified.

Table 5 shows the identification degree of each coronary
branch of I1 identified in IM, each coronary branch of IM
identified in I2, and each coronary branch of I1 identified in I2
based on the proposed curve matching transitivity. As shown
in the table, the identification degree of I1-1 in IM is 2.29,
while the identification degree of IM-1 in I2 is 1.67. Accord-
ing to (24), the identification degree of I1-1 in I2 is 1.67.
Compared with the Direct method, this value is only 1.49.
The recognition degree of this branch improves by 12.1%
through our method. In addition, the identification degree of
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TABLE 5. The statistics of the identification of every pair of branches of
the coronary arteries after adding the intermediate image IM.

TABLE 6. Matching distance and identification degree of the CSS images
between every pair of coronary branches of the second data tested.

branches 2, 3, 4, and 5 are increased by 26.7%, 32.9%, 10.4%,
and 92.6%, respectively. More importantly, the branches of
I1-3 and I1-5 that were originally unidentifiable in I2 can also
been identified.

In this group of clinical data experiments, the average
identification degree of the coronary arteries is 1.08 when
the imaging angle is sampled at an interval of 29.8◦ and
the intermediate image is not used. When one intermediate
image is used, the sampling interval of the imaging angle
between adjacent images is 14.9◦, and the average identifi-
cation degree of the coronary artery is 1.40, which is a 29.7%
increase. Because the clinical rotation sequence angiographic
angle interval can be controlled below 1.5◦, the feasibil-
ity of using our proposed method to identify the coronary
artery between any two frames in sequence angiograms is
ensured, and the method provides an important basis for
dual-view coronary artery matching and three-dimensional
reconstruction.

Fig. 11 shows another group of clinical data used for
the test: (a1) - (a5) are five centerlines extracted in I1, and
(b1) - (b5) are their corresponding CSS images. Centerlines
(c1) - (c5) are the same five centerlines extracted in I2,
and (d1) - (d5) are their corresponding CSS images. For
these data, SID = 940 mm, SOD = 540 mm, and they
are unchanged during the imaging. The imaging ages are
LAO= -56.8◦ and CRA= 0.2◦ for I1 and LAO= -79.1◦ and
CRA = 0.2◦ for I2.
Table 6 shows the identification results of each coronary

branch of I1 identified in I2. As shown in Table 6, all the ID
values of each coronary branch are larger than 1, and themean
ID is 1.75. Thus, these five vessels can be identified in this
group of the data by our proposed method.

VI. CONCLUSION
In the process of coronary artery structure matching and
three-dimensional reconstruction, the identification of coro-
nary branches is a vital and unavoidable problem. Due to the
changes in the imaging angle and the presence of motion
in the imaging process, it is difficult to identify the same
branch structure in any two views. The traditional coronary
recognition method based on model matching relies on the
establishment of an accurate model and the sampling of dense
projection angles. When the extracted coronary structure dif-
fers from the standard model, the accuracy of recognition is
greatly affected.

In this paper, we identify the coronary artery by mapping
its shape onto the curvature scale space, which not only
solves the problem of noise in the process of coronary artery
extraction but also overcomes the problem of coronary artery
deformation under certain angle changes in the imaging pro-
cess. In contrast to that of the traditional target recognition
method, the centerline of the coronary artery is a kind of
open curve structure. In this paper, we propose a CSS image
matchingmethod based on open curves, which can effectively
improve the recognition of coronary arteries. To overcome the
problem of unrecognized coronary arteries in two views due
to excessive imaging angle differences, this paper proposes
a recognition method based on curve matching transitivity,
which inserts some intermediate images between two views
and constructs thematching relationship between the first and
last views. The experimental results show that the proposed
method can identify coronary arteries between two views in
the rotational sequence angiograms, even when the difference
in their imaging angle is 29.8◦.
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