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ABSTRACT Cardiovascular disease has seriously affected the lives of modern people. One of the most com-
monly used imaging methods for diagnosing cardiovascular disease is computed tomography angiography
(CTA). To generate a diagnosis report for doctors, every coronary artery needs to be identified and segmented,
including the right coronary artery (RCA), the posterior descending artery (PDA), the posterior lateral
branch (PLB), the left circumflex (LCx), the left anterior descending branch (LAD), the ramus intermedius
(RI), the obtuse marginal branches (OM1, OM2), and the diagonal branches (D1, D2). In this paper,
we proposed a coronary artery automatic identification algorithm, which performs better in terms of accuracy
than other similar algorithms and works efficiently. Normally, each Coronary Computed Tomographic
Angiography (CCTA) dataset can be completed within seconds. This algorithm fully complies with the
coronary label standard established by the Society of Cardiovascular Computed Tomography (SCCT). This
algorithm has been put into operation in more than 100 hospitals for over one year. According to all previous
tests, the labels obtained from the algorithm were compared with results manually corrected by several

experts. Among 892 CCTA datasets, 95.96% of the labels obtained from the algorithms were correct.

INDEX TERMS Automatic identification, computed tomography angiography, coronary artery.

I. INTRODUCTION

Coronary computed tomographic angiography (CCTA) is a
non-invasive imaging modality that can visualize the heart
as well as the coronary arteries and has become the main
method for diagnosing coronary artery disease [1], [2]. It can
provide not only anatomical information on coronary arteries
but also pathological information such as the presence and
extent of calcifications and stenosis, which are useful in the
diagnosis and treatment of coronary artery disease [3], [4].
Due to the fact that CCTA datasets are composed of a series
of 2D images, doctors have to manually complete the post-
processing work on a CT workstation and then, on the basis
of the postprocessed images, complete the diagnosis report,
which can be quite time-consuming [5]-[9]. The automatic
postprocessing and diagnosis of CCTAs can significantly
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reduce doctors’ workloads as well as the time spent on com-
pleting diagnostic reports [10]-[12]. In this sense, a cardiac
coronary artery automatic identification algorithm is essential
since all this diagnostic work is based on the accurate identi-
fication of coronary arteries.

A standard diagnostic report must clearly indicate the
labels and locations of the coronary arteries in which a
lesion occurred [13], [14]. To generate the automatic diag-
nostic report efficiently and accurately, the identification of
coronary arteries should be in strict accordance with the
CCTA standards [14], [15]. According to the CCTA stan-
dards, coronary arteries are divided into eighteen segments
[12]-[16].

In the past few years, some researchers have studied related
issues. Yang, Guanyu, et al. designed a two-step method
implemented by means of a statistical coronary tree model
to identify the optimal labeling result of a coronary artery
tree [12]. In the first step, it identifies the four main arteries,
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including the RCA, LM, LCx and LAD, and then based on
the first step, the method identifies all the side branches.
The overall accuracy of the method is approximately 92.94%.
Cao, Qing, et al. proposed a method that extracts the
centerlines from coronary computed tomography angiogra-
phy (CCTA) images, determining their labels by establishing
three-dimensional (3D) models for both right-dominant (RD)
and left-dominant (LD) coronary circulations [17]. Wu, Dan,
et al. proposed a method based on long short-term memory
(LSTM). The method establishes a TreeLab-Net combin-
ing a multilayer perceptron (MLP) encoder network and a
bidirectional tree-structural long short-term memory [18].
The net uses the spatial locations and directions of arter-
ies as features and performs an evaluation by a tenfold
cross-validation.

Generally, all these methods enjoy a relatively high accu-
racy. However, the performances of all these methods are not
very stable; they may perform well on the four main arteries,
such as the RCA, LAD, LCx and LM, but their accuracy is rel-
atively low on the side branches, such as the Right Posterior
Descending Artery (R-PDA), Right Posterior Lateral Branch
(R-PLB), D1 and D2. However, the importance of the side
branches should not be ignored, as they may represent the
only source of blood supply to the myocardium, which has
very little redundant blood supply. In clinical practice, it is
quite common to find examiners whose side branches (such as
large diagonal arteries or large marginal arteries) are respon-
sible for a large proportion of the myocardium blood supply.
In addition to this, once these side branches have lesions and
stenosis that cause hemodynamic changes, the myocardium
that relies on the blood supply from these side branches will
inevitably be injured. Moreover, the conduction system of the
heart also receives blood from the side branches. Therefore,
a lesion on the side branches can not only cause myocardial
ischemia and myocardial necrosis but also lead to vascular
occlusion and a variety of arrhythmia.

The main advantage of the method proposed in the paper
is that it enjoys an overall accuracy of 95.96% and its per-
formance on the four main arteries is almost 100%. At the
same time, high accuracy is achieved on the side branches.
In addition, this method enjoys a higher efficiency, normally
processing each CCTA dataset within seconds.

In this paper, we propose an automatic coronary artery
identification algorithm that can automatically output the
identification of coronary arteries efficiently. It is fair to
say that this algorithm is an important prerequisite for the
automatic generation of coronary diagnostic reports. At the
same time, the accuracy of the algorithm can be up to
95.96%, which is much higher than that of other CT worksta-
tions. This work does not try to identify L-PLB and L-PDA
because most diagnosis processes do not consider these two
arteries [13], [14].

Il. DATA ANALYSIS AND METHODS
This algorithm has been put into operation in more than
100 hospitals for over one year and has processed the data
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FIGURE 1. Extraction of the artery centerlines of a 3D image of a coronary
artery.

of thousands of patients. In this research, we collected
892 CCTA datasets from different hospitals. According to
the processing pipeline, our research can be divided into
several successive steps: centerline extraction, artery branch
segmentation and naming. These steps are described in the
following paragraphs.

A. CENTERLINE OF THE CORONARY ARTERY
This algorithm relies on the centerline of the coronary arteries
in the heart [19]-[22]. The heart coronary artery centerline
can be generated as presented below, and the process is
demonstrated in Fig. 1.

« Obtain CT images of the coronary arteries.

« Reconstruct 3D models of the coronary arteries from the

CT images.

« Extract the artery centerlines of the 3D coronary artery

models.

The centerlines are saved in different VTK-formatted files,
which preserve the three-dimensional coordinates of each
point of the centerlines [23]-[26]. The x-axis of the coor-
dinates is the right-to-left shoulder direction of a person,
and the direction toward the left shoulder is the positive
direction. The y-axis direction is perpendicular to the chest,
and the forebreast is the positive direction of the y-axis.
Downward along the body, the direction that is perpendicular
to the XY plane and pointed toward the feet is the posi-
tive direction of the z-axis. The coronary arteries can be
structurally considered as two tree-like structures [27], and
Fig. 2 shows the extraction of the original coronary vascular
centerline.

IIl. RESULTS

A. DISTINGUISHING BETWEEN THE LEFT CORONARY
ARTERY AND RIGHT CORONARY ARTERY

The first step of this method is to distinguish the left coronary
artery from the right one. In general, the left coronary artery
is on the positive side of the x-axis, while the right coronary
artery is on the negative side of the x-axis. We designed
the following scheme to distinguish the left coronary artery
and the right coronary artery: calculate the mean of the x-
coordinates of all points on the left and right coronary arter-
ies; the coronary artery with the larger mean x-coordinate
value is the left coronary artery, and the coronary artery with
the smaller mean x-coordinate value is the right coronary
artery.
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FIGURE 2. The centerline of a coronary artery.

B. IDENTIFICATION OF THE RCA, R-PDA AND R-PLB FROM
THE RIGHT CORONARY ARTERY

In Fig. 3, we are mainly concerned with three blood arteries,
i.e., RCA, R-PDA and R-PLB, in the right coronary section.
The RCA is determined on the basis of the following criteria:

« Identify the arteries that are maximal in the direction of
the y-axis and, at the same time, have a relatively high
value (higher than at least 0.8 times the maximum of
the z-axis in the right coronary) in the z-axis direction;
denote these blood arteries as possible RCAs.

o Compare the y-axis coordinates of the endpoint of the
possible RCAs with the y-axis coordinates of the original
point of the right coronary artery. If the ¥ coordinate of
a possible RCA end point is larger, then this RCA is the
RCA; otherwise, go to the next step.

o Find an artery with the maximum value in the z-axis
direction; define it as the RCA.

At the beginning of the RCA, the artery tends to descend
gently along the negative direction of the x-axis, which can
be defined as the Proximal Right Coronary Artery (pRCA);
then, it moves quickly along the positive direction of the
z-axis, which can be defined as the Mid right coronary
artery (mRCA). When it descends to the bottom of the heart,
it slowly extends along the positive direction of the x-axis
and y-axis, which can be defined as the Distal Right Coronary
Artery (dRCA).

The method of identifying the R-PLB and R-PDA is as
follows:

o Determine the starting point of the left coronary artery
as the left root and the starting point of the right coronary
artery as the right root. Calculate their midpoint coordi-
nates ‘“‘midRoot [x, y, z]”.

o At the bottom of the RCA, find all branch arter-
ies that point to the positive x-axis direction or
negative y-axis direction. According to the order of
appearance of these blood arteries on the RCA, these
blood arteries are sequentially stored in an array
“PDA_PLB_possible_list”.

o On the X-Y plane, calculate the distance between all
blood arteries in PDA_PLB_possible_list and the “‘mid-
point”. The blood artery in PDA_PLB_possible_list
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FIGURE 3. The RCA, R-PDA and R-PLB in the right coronary artery.

with the smallest distance is the R-PLB. If PDA_PLB
_possible_list is empty, the R-PDA and R-PLB do not
exist.

o Of all the arteries in PDA_PLB_possible_list, the longest
one after the R-PDA is the R-PLB. If there are no blood
arteries after the R-PDA, then the R-PLB does not exist.

C. IDENTIFICATION OF THE pRCA, mRCA AND dRCA
The identification process is shown in Fig. 4. The cutting
point of the pRCA and mRCA can be detected as follows:
define n = 20 and i = 0, choose the i point of the pRCA,
RCA[i], and the n™ point, RCA[i + n], and then calculate
tg(RCAL[i], RCA[i + n]) according to formula 1.

|z1 — 22

1g(P1, Py) = !
8(P1, P) MAX(|x1 — x2|, Iy1 — ¥20) M

If tg(RCA[i], RCA[i 4+ n]) > 1, then point RCA[(i+n)/2] is
the cutting point of the pPRCA and mRCA; otherwise, i = i+1
until i reaches the middle point of the RCA. The method for
detecting the cutting point of the mRCA and dRCA is similar
to the mentioned method.

D. IDENTIFICATION OF THE LM, LCx AND LAD FROM THE
LEFT CORONARY ARTERY
Fig. 5 shows the identification of these left-side blood
arteries. The LCx extends in the positive direction of the
y-axis or the negative direction of the x-axis, and the
LAD extends in the negative direction of the y-axis or
the positive direction of the x-axis. Therefore, theoretically,
the overlapping part of the LAD and LCx is defined as
the LM.

Following the steps below, one can accurately identify the
LM, LAD, and LCx in more than 60% of the cases:

« Find the common part of all left coronary arteries and
name it the LM.

o In all bifurcation arteries after the LM, find a blood
artery that extends along the positive direction of the
y-axis or the negative direction of the x-axis, which
can achieve the maximum in the z-axis direction, and
define it as the LCx. Find a blood artery that extends
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FIGURE 4. Identification of the cutting point for the pRCA, mRCA and
dRCA.

FIGURE 5. The LAD, LCx, OM1, OM2, D1, D2, OM1, OM2, and Rl in the left
coronary artery.

along the positive direction of the x-axis or the neg-
ative direction of the y-axis, which can achieve the
maximum in the z-axis direction, and define it as the
LAD.

However, due to variations in the coronary blood arteries,
there are often branches and burrs of varying length on the
LM, which can easily be mistaken as the LAD and LCx.
As shown in Fig. 6, there is one burr artery on the LM, which
can be mistakenly recognized as an LAD. In practice, this
type of burr blood artery may occur more often and vary
in length. To solve this problem, we propose the following
solution.

« First, it is clear that the Left main Coronary Artery (LM)
is the overlapped part of the LAD and LCx. At the same
time, the length of the LM is limited, and the maximum
length is no more than LMMax = 2 cm.

o Find all combinations of suspected LADs and LCxs
based on the previously defined characteristics of the
LAD and LCx.
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FIGURE 6. The burr blood arteries on the LM, which can be mistakenly
recognized as LADs.
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FIGURE 7. Identification of LCx and LAD. (a) Different combinations of
LAD and LCx. (b) Adjustment of LCx to LCx_updated.

o For each set of LAD and LCx combinations, obtain the
LM and abs(length(LAD) minus length(LCx)) for this
set of LADs and LCxs.

o Find the combination of LADs and LCxs with the the
smallest abs(length(LAD) C length(LCx)) and, at the
same time, ensure that length(LM) < LMMax; then, this
LAD and LCx pair can be defined as the real LAD and
LCx.

As we can see in Fig. 7a, there are three combinations
of LADs and LCxs: (LCx, LADI), (LCx, LAD2) and (LCx,
LAD3). For (LCx, LAD3), the length of the LM in this case is
too large; thus, this combination is ruled out. For the remain-
ing two combinations (LCx, LADI1) and (LCx, LAD2),
abs(length(LAD2) - length(LCx)) < abs(length(LADI1) -
length(LCx)). Therefore, LCx and LAD2 are the real LCx
and LAD. On the LCx identified in the last step, determine
whether there are blood arteries that are on the LCx and
pointing toward the outside of the angle between the LAD and
LCx. If there are such blood arteries, then the first existing one
can be defined as the real LCx. The adjustment of the LCx is
shown in Fig. 7b, where the LCx is adjusted to LCx_updated.

E. IDENTIFICATION OF OM1 AND OM2 ON THE LCx

The blood arteries on the LCx pointing toward the inside of
the angle between the LAD and LCx are called OM1 and
OM2, and those on the LAD pointing toward the inside of the
angle between the LAD and LCx are called D1 and D2. OM1,
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OM2, D1, and D2 may not exist. The process of identifying
OM arteries is as follows:

« Find all the branches from the LCx, and put them into
“OM10OM2List”.

« In the order of their appearance on the LCx, find 3 blood
arteries in “OMI1OM2List” pointing toward the inside
of the angle between the LAD and LCx. These are OM1,
OM2 and OM3.

o The basis for judging whether the branch is an OM is
whether this blood artery points toward the inside of the
angle between the LCx and LAD.

« Since the LAD is in the positive direction of the LCx and
because the LAD and LCx are close together along the y-
axis, the definition of an OM blood artery is as follows:
relative to the LCx, the blood arteries that are oriented
in the positive direction along the X-axis are OMs.

It is important to realize that Proximal Left Circum-
flex (pCx) is defined from the end of the LM to the start of
OM1; after pCX, the remaining portion of the Mid and distal
Left Circumflex (LCXx) is called the LCx.

F. IDENTIFICATION OF D1, D2, AND D3 ON THE LAD
The process of identifying D1, D2 and D3 is as follows:
« Find all the branch arteries from the LAD, and put them
into “Dlist”.
« In the order of their appearance on the LAD, find three
blood arteries in “Dlist” pointing toward the positive
direction of the y-axis; these are the D arteries.

Since D1 and D2 are identified, the Proximal Left Anterior
Descending Branch (pLAD), Mid Left Anterior Descend-
ing Branch (mLAD) and Distal Left Anterior Descending
Branch (dLAD) are regarded as 3 divisions of the LAD, where
the cutting points are the starting points of the OM branches.
Since OM1 and OM2 are already identified, the pLAD,
mLAD and dLAD can be easily identified.

G. IDENTIFICATION OF THE RI

The RI is defined as a blood artery sandwiched between the
LAD and LCx. The rule for identifying the RI is as follows:
if the distance between the last point of the LM and the
starting point of OM1 or D1 is less than 6 points, then OM1 or
D1 should be renamed the RI. In this case, OM2 and OM3 (if
they exist) should be renamed OM1 and OM2, respectively;
similarly, D2 and D3 (if they exist) should be renamed D1 and
D2, respectively.

The whole automatic identification algorithm was com-
pleted in Python2.0 with an 8 GB 1867 MHz DDR3 processor
in the macOS system, and our method has a competitive
computational time of less than half a minute on average for
one case. All cases acquired by the GE revolution scanner
are used to evaluate the algorithm in this framework. In each
case, 16 segments are named based on the centerline. After
the process is completed, experts review the results according
to the SCCT label standard and judge whether or not they
are accurate. The correct criterion for the algorithm is that all
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FIGURE 8. The average overlap between the automatic identification and
the correct results for 16 levels on all datasets.

segments are correctly named. The evaluation results show
that the accuracy of the algorithm can reach 95.96%.

IV. CLINICAL EVALUATION

To test the effectiveness and the accuracy of the algorithm,
the algorithm was evaluated by four experts at Beijing Friend-
ship Hospital on datasets including 892 clinical cases that
contained various artery pathologies and image qualities.
These datasets were from patients who had sequentially
undergone CCTA imaging. All the arteries and their center-
lines in each dataset were detected successfully. The per-
formance of the algorithm was measured by two metrics:
the overall overlap (OOV) and the average overlap (AOV).
For the OOV, only if all 16 segments are correctly named
can the result be labeled as correct. The results for OOV is
about 78%, meaning that most results can be directly used
without any correction. The AOV measures the accuracy in
the identification of every single blood artery. The details of
the AOV are displayed in Fig. 8 and the accuracy of OOV is
up to 95.96%.

V. DISCUSSION AND ALGORITHM VALIDATION

In this paper, we proposed a rule-based algorithm that can
segment and identify coronary arteries according to the SCCT
standard. The L-PLB and L-PDA were not included in the
manual correction since they have no clinical relevance. For
now, this algorithm has met the requirements of a coronary
heart disease automatic diagnosis system and has showed
important clinical significance for improving diagnostic effi-
ciency. Actually, this coronary heart disease automatic diag-
nosis system has been deployed to several hospitals in China
and is highly appreciated by doctors.

In our design, we plan to carry out automatic validation
for each processing outcome. The validation phase will be
developed by using a deep learning model that will check
for various “‘variant cases’’: for example, the RCA may be
extremely short or may point backward toward the heart,
or the LCx may be very short, while the OM1 and OM2 are
very long. Hence, the accuracy of the entire processing will
be further improved.

In this work, we presented a fully automatic identification
algorithm for coronary arteries in CCTA images based on
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the SCCT standard. A quantitative clinical evaluation showed
that our method was able to name coronary arteries with high
overlap and high accuracy. This algorithm will greatly benefit
research work and clinical practice regarding, for example,
automated report generation.
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