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ABSTRACT

Coronary arterial tree extraction in angiogramarisessential component of each cardiac image mioces
system. Once physicians decide to check up coromaeyies from x-ray angiograms, extraction must be
done precisely, fast, automatically and includirtiple arterial tree to help diagnosis or treatmeming) the
cardiac surgical operation. This application isyvkelpful for the surgeon on deciding the targeisets
prior to coronary artery bypass graft surgery. Seashniques and algorithms are proposed for extigact
coronary arteries in angiograms. However, mosthefrt suffer from some disadvantages such as time
complexity, low accuracy, extracting only partsnodiin arteries instead of the full coronary artetiak,
need manual segmentation, appearance of artifactssa forth. This study presents a new method for
extracting whole coronary arterial tree in angipdmaimages using Starlet wavelet transform. To émd,
firstly we remove noise from raw angiograms andhtblearpen the coronary arteries. Then coronaryiarte
tree is extracted by applying a modified Starlevelat transform and afterwards the residual noses
artifacts are cleaned. For evaluation, we meastwpgsed method performance on our created data set
from 4932 Left Coronary Artery (LCA) and Right Cory Artery (RCA) angiograms and compared with
some state-of-the-art approaches. The proposedothetiiows much higher accuracy 96% for LCA and
97% for RCA, higher sensitivity 86% for LCA and 8986 RCA, higher specificity 98% for LCA and 99%
for RCA and also higher precision 87% for LCA arg¥®for RCA angiograms.

Keywords:Medical Image Processing, Coronary Artery ExtrattiDiscrete Wavelet Transform, Starlet
Wavelet Transform, Angiogram

1. INTRODUCTION the most of the countries and it is related to kdge and
narrowing the left or right coronary arteries. Téfere, it
Coronary arteries are one of the vital parts ofrthea is important to choose the precise method to viseidhe
which mostly rely on the heart surface and cary th coronary arteries. There are several medical ingagin
blood to the heart muscle. Coronary arteries aretechniques which can be used for this purpose; ¥X-Ra
categorized into two main types: Right Coronaryefyt  Angiography, Cardiac CT Angiography (CTA), MR
(RCA) and Left Coronary Artery (LCA). RCA stems Angiography (MRA), Cardiac PET and SPECT. Among
from the right aortic sinus and LCA stems from tbf these techniques, X-ray  Angiography, x-ray
aortic sinus. One of the heart disorders is Conpnar arteriography or briefly angiography, is the bese.o
Artery Disease (CAD) which cause of death nowadiays Angiography can be well used to visualize the cargn
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arteries and diagnose the blockage and stenosialn much more difficult than DSA. Considering the fact
time and most of the physicians prefer to use thiswhich the grayscale values between the coronary
modality instead of others to diagnose and treat th arteries and background in plain angiograms are
cardiac coronary artery diseases. Coronary arterymostly similar and also there are a lot of noise an
angiography is done by injecting the radio opaquereflection of x-ray in this type of image.
contrast agent into the coronary arteries and inggi Another drawback would be, the proposed algorithms
using X-ray based techniques such as fluoroscopycannot extract coronary arteries precisely. Stral.
Seri.es of radiogra}phs of blood vessels is called an2005) extracted coronary arteries with fuzzy
angiograph or angiogram. morphological method. However, their proposed
Precise computer-assisted coronary artery anallysis a|gorithm have some drawbacks; some parts of the
angiograms is very consequential in later diagnesi$  coronary arteries, especially in the thinner vesdel not
treatment with the cardiologists and cardiac sun§eo pave the same size as the original ones and treelges
Coronary artery extraction is one of the cruciapst gre appeared thicker as well.
which should be done precisely. Because other other algorithms suffer from high computational
processes, such as the stenosis measurement, 3&)mp|eX|ty Zhouet al. (2008) proposed an automatic
reconstruction of coronary arterial tree and bldiosv approach for segmenting coronary artery in angjagya
analysis will be done based on the extraction'siltes images. One of the disadvantages of this studyhes t
There are some difficulties in coronary artery astion computational time. For Left Coronary Artery (LCA)
from angiography images. Firstly, angiograms haverp  extraction, the average computational time is al3@st
signal to noise ratio and the second one would beanother one is related to non-precise extractingres.
artifacts by existing other organs in angiography |n fact, when 3D structures are superposing orsings
images, such as backbone, ribs or other cardias.par together, especially with their similar diametetsis
As presented by Tayetst al. (2013), a number of  gigorithm cannot correctly determine the corresjrand
methods have proposed to extract coronary artémies op projection structures.
angiograms. One of the defect of them would be they  gome other algorithms have proposed segmentation
extract only small parts of the coronary arteries, for all types of the vessels. Using them on theooary
instead of the whole coronary arterial tree. Alsome  artery in angiograms will appear the artifacts ésuits.
of them only extract centerli_ne or C(_)unter of adsr  pqr example, Liet al. (2008) proposed a region based
and other ones extract main arteries and refuse tQictive contour model for vessel segmentation. After
recognize sub arteries. Xet al. (2007) proposed an rynning their algorithm on angiograms, disorders ar
algorithm for coronary artery centerline tracking i appeared; some parts of background are extracted as
angiograms by using matched filter on the coronary artery and some of the arteries are missed
eigenvalues. In another study, Hernandez-\etlal. Mentioned limitations motivated us to propose 4,fas
(2012) introduced an accurate coronary centerlineaccurate and automatic method for coronary arteeal
extraction in angiograms. In these methods wholeextraction which visualizes all parts of the comgna
coronary arterial tree is not extracted and phgsisi  arteries precisely. The proposed method consistisreé
cannot visualize and follow the sub-arteries, major phases: Preprocessing, processing and post-
especially for diagnostic procedure in sub arteries  processing. In the first one, after removing théseo
Several semiautomatic ~algorithms have beenfrom the raw angiograms with discrete wavelet trans
proposed regarding to the coronary artery extractio form, we sharpen the coronary arteries with Starlet
One of the disadvantages of proposed algorithms isyavelet transform. In the processing phase, coyonar
involving user in defining seed points to locatee th arterial tree is extracted by applying the modiffdrlet
coronary arteries. Wangt al. (2005) also proposed a wavelet transform and in the last phase, post-jssiog
method for coronary artery extraction in angiograms phase, the residual noises and artifacts will barwd.
This method requires seed points to start extmactio
procedure and only extracts centerline and couoter 2. THE PROPOSED METHOD
main vessels instead of the whole coronary arteries
Furthermore it works only on Digital Subtracted This research concentrates to propose a fast and
Angiography (DSA) images while our proposed accurate method for coronary artery extraction in
approach works on the plain angiography imagess It angiograms automatically. To this end, three phases
worth noting that extraction from plain angiogramss  defined: Preprocessing, processing and post-process
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The details of our proposed method are describetlen  scale) and then changing of positieiitranslation), with
following sections. the same standard urfi(x)| =1 Equation 1:

2.1. Preprocessing Phase

. . 1 X-u

Each type of x-ray angiography has a moving l//u,s(X)=Tl//(7j 1)
DICOM format result. Dealing with this type of imag S S
is too difficult. At first, the angiograms shoulde b
converted to 2D bitmap frames,{ff,,....f;} on each
DICOM movie angle, such that varies from 40 to 70
frames. One optimum frame,{fn.n) must be selected
from these frames and it is defined as a well x-ray , (u’s):<f,wus>:ij‘+wf(x)w*(ﬂde 2)
injected frame that the whole of coronary artetiaé is L Jud S
contrasted with that. After choosing an appropriate
frame, it should be converted from RGB format to where,(f, {, ¢ denotes the scalar product of f afigls
grayscale; we call it as the original input imagéof  and alsap*(x) represents the complex conjugatey).
next steps. We define two main stages here forw;(u, s) describes the fluctuations of the signa) ftx
preprocessing. At first, we remove the noise from position u and scale s. In fact,:{¥s) is two dimensional
original input image by using Discrete Wavelet representation ((u,s)-plane) plane) of a signgl figkich
Transform (DWT) and then sharpen the arteries byis in 1D and so it is extremely redundant. To sdhis
applying Starlet Wavelet Transform (SWT). problem, the Discrete Wavelet Transforms (DWT) is
211 Noise Removal with Discrete Wavelet defined to _re(_:iu_ce this redundancy by utili_zing oﬁehe_

Transform colur_ltable infinite Wavel_etsz,gv_k}, where s —_Qand u=
k2 (j, kO Z). So, ¢ «(x) is defined by Equation 3:

The Continuous Wavelet Transform (CWT) of a
signal f(x) at the time and scale is defined asdfqu 2:

Angiograms still suffer from a large amount of
noise. Aim of noise removal process is to eliminalile
the noises while keeping the quality of images. The ik
guality hints to retain the arteries and particiylaub-
arteries in angiograms here. When we use the To reduce redundancy, the familygf} must
traditional algorithms for removing noise in establish an orthonormal basis of(R)(L*(R)is finite
angiogram, such as smoothing methods included meamnergy function). These conditions are related to
or median filters, we see some arteries disappearmultiresolution analysis MRA (or multiscale
especially thinner ones and sub-arteries. Anotherapproximation) design method that proposed by Malla
technique for removing noise is defined by convegti  (1989). The MRA of a signal is the representatiéra o
images into the transform domain such as waveldt an signal in the finite sequential approximations. this
then comparing the transform coefficients with a representation, each approximation is a smoothgel oy
threshold. In this way, we hope the arteries’ duite  the prior one and with the different resolutionsisT
will be kept. So, we prefer to use Discrete Wavelet concept means the signal f(x) will be divided irstet
Transform (DWT) for removing noise from spaces Y in order to as j increases the detail information
angiograms in this research. will be lost. So, in each resolution, the signa) fpelong

The wavelet family comes from an original function to space Yis divided into the subspace.Vorthogonal
which is called a mother wavelet. Let x is a remiable.  to the subspace W, so that the detailed information is
We call functiony(X) as a mother wavelet on the retained in W, (Ouahabi, 2013).
condition that it oscillates and averaging to zero The MRA technique can be applied for some
.[mz//(x)dx:o. This function is well localized; it means important  applications, ~such as de-noising,
‘°° . ) compression, smoothing. The wavelet coefficients
that quickly declines to 0 when x tends#o. In  (etain the difference between each two sequential
addition, this function is normalizefiy(x)|=1and also  resolutions and information in each two subspaces
centered on around x = 0. The other wavelets(Candes and Donoho, 2000) (Mallat, 1989). The DWT

W,(X)(sOR" -{0}, uOR) are generated from the mother use the pair orthogonal high-pagg) and low-pass
wavelety(x) by expanding it by a factor s (change of (h)filters to decompose the signal f(x) into; w

(x) :2_%1//(2"'x—k) (3)
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(wavelet coefficient) and; ¢scale coefficient) components Signal to Noise Ratio (PSNR) value is obtained sing
in each resolution, respectively. fg. 1, implementation  these thresholds: 4.3 for wavelet coefficientsewel 3
of MRA of signal f(x) in 1D case is illustrated. and 4.7 for wavelet coefficients in level 2 and #0®

We can consider input signal f(x) is decomposed wavelet coefficients in level 1. These values dresen
iteratively by high-pass and low-pass filters ah@ént  based on this fact that if we consider higher valdke
down-sampled by factor 22. The down-sampled (or thinner arteries are disappeared and also PSNR is
decimated), means to retain every other sampléeads decreased; and if we consider lower values, ndifle s
of every one. The signal f(x) can be reconstrudigd remains and PSNR decreased as well.

inverse Discrete  Wavelet Transform (IDWT),  as 2.1.2. Sharpening Arteries with Starlet Wavelet
illustrated inFig. 2.
Transform

Reconstruction includes up-sampled by inserting
zero between wavelet coefficients and scale coeffis In this stage, we intend to sharpen the edges of
to double their length and then followed by h and g arteries and also cleaning the surrounding of mser
filters, dual toh and g. Because for an image (2D), as background. The traditional methods for shampgni
DWT is applied in each coordinates, the 2D signal are not applicable here; because they sharpenmyt o
(image) will be divided into four regions; (1) LL: the arteries, but also background of the angiogaath
Achieved by using low-pass filter on both coordemt it ends to increase the noise in whole image asd al
(2) LH and (3) HL: Achieved by using low-pass filte may some artifacts appear in the segmentation phase
on one coordinate and high-pass filter on anottmer o Here, we proposed a new method for sharpening
and (4) HH: Achieved by using high-pass filter on angiograms by focusing only on large angiogram'’s
both coordinates. Similar in 1D signal, LL can be features; in this place the coronary arteries. We
decomposed recursively to four regions in the nextemployed Starlet Wavelet Transform (SWT) on
resolution (level) by using high-pass and low-passangiograms which causes to show the arteries and
filters. This scenario is illustrated Fig. 3. their borders more clear; especially when two satgar

We can consider MRA for de_noising angiograms arteries are closed together. SWT or ISOtrOpiC
so that noisy signal is retained in HL, LH and HH Undecimated Wavelet Transform (IUWT) is well
regions and smoothed image is retained in the LLknown in the field of biology (Genovesa al., 2006),
region, in every level. In this research, we usedA  astronomy (Starck and Murtagh, 2006) and nowadays
with three levels. So, we can consider here regioch  in medical (Bankheaet al., 2012) applications. SWT
as an image version which probably does not containdecomposes an image | intoj,was a wavelet
any noise. Since the information in other thredaoeg  Coefficient and ¢ as a scale coefficient in each
in each level will have useful information, such as iteration j (Starcket al., 2007). The sketch of SWT
arteries edge and boundary, we should keep them irlgorithm that proposed by Starak al. (2010) is
reconstructing phase. For this reason, we define aPresented irfFig. 4.
threshold for these three regions to remove noigk a  As it is shown in this algorithm, for each scale in
reconstruct de-noise image version. There are twoSWT, we have only one wavelet coefficient and not
types of thresholding, soft and hard. We use softthree as other wavelet types which introduced earli

thresholding here, which is defined by Equation 4: It worth noting that, the value of J defines the
maximum level of using the SWT, which possibly is
) Sign(wlf)(‘v\};‘ -7) Wﬂ > 7k different in various applications. _
W = _ (4) In this section, we modified the SWT algorithm to
0 otherwise obtain sharped angiograms and in the next step we

will aim to modify this algorithm again and use as
Which j denotes the levels (resolution) and k desot segmentation tool for coronary artery extractioor F
the regions; value 1 for HL, value 2 for LH andu@l3  the artery structure in angiograms, we have applied
for HH region in each level. Thresholdsf) must be  different filters with various levels and finallytnd

considered carefully for retaining useful infornoatiand ~ Out using  two  different filters which  are
processing noise removal. We calculated lots of I =[121]/4andh?=[1,3,31]/¢ in parallel way on the
thresholds and found for the type of angiogramsctvhi input image with selective levels {1,2,3,4,5} intho
using Haar mother wavelet transform, the best Peakwill be useful.
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Fig. 1. Signal f(s) decomposition in multi levels
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Fig. 2. Signal f(s) reconstruction
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Fig. 3. Applying DWT on an image with level j=3
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Initialization: ¢; = Input image with size N x N,
J=log, N, h= [1,4,641]/16
Calculate ¢; and w; as below:
For j=0to]J—1do
Ca1=¢ * h'
(where h/ is the up-sampled filter and growing with
level j by inserting 2/ — 1 zero between every pair
of adjacent coefficients of h?)

Wiv1 =G ~ G

Output: W = [w.l,wz. w Wy, c;]

Fig. 4. Starlet wavelet transform algorithm

We have chosen several levels because boundary afising different filters, return back different qiti#s
arteries will be shown by using smaller waveletelsv  of coronary arteries.

and surrounding background of the arteries will be  An example of using filter [1,3,3,1] with some
cleaned by using the larger ones; and also we havelifferent levels on the inverted version of angamr
chosen two filters because they have better résult are shown irFig. 7.

angiograms in compare with other filters, such as Empirically we have discovered using two sets of
[1,4,6,4,1]/16 which is mentioned in the originaV$ compound levels {2,3} and {2,3,4,5} by applying in
algorithm. We will discuss more about choosing each two filters h° =[1,2,1]/4andh? = [1,3,3,1]/€
filters in result and discussion part, section heT
proposed algorithm for sharpening coronary arteines
angiogram is illustrated iRig. 5.

After running this algorithm, the sharpened image
is defined by summation W and I. Fig. 6, the output
Of. thi_s algorithm is showln. As it is demonstrated | As it is shown in proposed algorithm, at first wenr
this figure, coronary arteries are shown sharpearetl SWT by filt —12.11/4and levels {2 3 the inout
also their surroundings are cleaned as the backgrou ° y fiiter ' =[1,2,1] ] and leve S.{ ’ }?n € inpu
This process will be useful, when we want to extrac image. Then, we add this output to input imagehions
coronary arteries. We will use this output as infaut ~ arteries clearly; note that adding two images means

respectively on the inverted version of preproagsse
angiogram, will be the best way of extracting thieole
coronary arteries. Our proposed algorithm for psetey
phase is shown iifrig. 8. It worth nothing that above
compound levels and filters should be used conisetyt

the next section, which will be segmentation part. add intensity values of each two correspond pixels.
_ Afterwards we use the result for next step with shene
2.2. Processing Phase filter but different levels {2,3,4,5} and then add

SWT is a type of wavelet transform which is fast in previous output. In the second iteration of maineog
computation and can be used for objects’ Iooop, the same procedure run, but by a new filter
segmentation. In this phase, we propose a new rdetho 't =[1.3,3,1]/8. Finally, we use output “second inner
for coronary artery extraction in angiograms basad loop, as output of our algorithm in this phase. The
applying SWT. Since in segmentation with SWT, obtained results from each step are showFign9.
intensity values of objects should be higher than As it is shown in thiFig. 9, coronary arteries will
background, at first we invert angiogram images. be extracted after using the proposed algorithm. In
Then we use modified SWT for extracting coronary next section, we are going to do post-processing on
arteries. As mentioned before, using differentefit  the result for thresholding and removing some nesid
and also levels in SWT, will give us different résu noises, such as backbone, ribs and small segmented
In this case, thinner arteries are shown in thellema objects which do not belong to coronary arteried an
levels and thicker ones in the larger levels. Iditdn also filling holes in the arteries.
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Initialization: [ is denoised version of the angiogram
by using DWT
ca=ck=1withsize N XN, wt=w?2=0
h? =[1,2,1]/4 and hS =[1,3,3,1]/8
levels = {1,2,3,4,5}
Calculate r:;: and w} as below:
For i=11to 2 do
For j=0to 4 do
cjiH = c} * hf
(where hf is the up-sampled filter and growing with
level j by inserting 2/ — 1 zero between every pair of
adjacent coefficients of h?)
wh=wl+¢ —¢f,,
wW=wltw?
Sharpened arteries image = W + 1
Output: Sharpened arteries image

Fig. 5. Our proposed algorithm for sharpening arteriesigi@grams

@ (b) (©

(d) (e) ®

Fig. 6. Proposed algorithm for sharpening coronary arteaies cleaning the surrounding of arteries as backgt. The input LCA
image, cleaned surround the arteries and shargsibreare shown in (a), (b) and (c), respectivélye RCA image, cleaned
surround the arteries and sharped version are sho@@), () and (f), respectively
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(b)

© (d)

Fig. 7. Result by using SWT with filter [1,3,3,1]/8 and fdifent levels. (a) The obtained result from leveloR a sample LCA
angiogram. (b) The obtained result from level 5 tloe same LCA angiogram. (c¢) The obtained resolinftevel 2 for a
sample RCA angiogram. (d) The obtained result filevel 5 for the same RCA angiogram

2.3. Post-Processing Phase threshold (T) are belong to the coronary arterial tree and
- - : other objects are assumed as ribs and small segthent
In post-processing phase, final coronary arterie t , ) ;
is extracted by thresholding followed by the length objects which must be rgmoved. In the Ie_ngth rerfl_eet
refinement and then filing holes methods. For Procedure, we experimentally examined different
thresholding, we examined some threshold value$ (T threshold values for size of coronary.artt.arlal tpeets
and found out the best value for coronary arteryand finally we found the best one which is 1500efsix

extraction in angiogram which is 28. Result of gsihis ~~ With image size 51#512. For angiograms with larger
threshold is shown iRig. 10. size, it must be changed to bigger values. We adsul

As it is shown inFig. 10, there are some residual another procedure for filling the holes. As it iown in
noises, such as ribs and small segmented objedtalsm  Fig. 10, there are some holes which appear after
some holes in along the arteries. The traditionedhad thresholding in along the arteries. Addressing this
for removing these types of noises is morphological problem, we defined a threshold for minimum size of
approach which uses dilation and erosion operaBus.  holes. It means, smaller holes will be filled affiing
by using this method, width and diameter of theonary procedure. We experimentally examined some threshol
arteries will be changed after using these opesaaod values (F) and found out the best one is 55 pixels. In
subsequently accuracy will be decreased. Therefege, result and discussion, we will discuss more abength
defined another method, as follow. At first, we kgxb refinement’s threshold and minimum holes’ threshold
length refinement procedure. Because coronaryiaster The final result of coronary artery extraction afte
have a connected vascular structure, we supposedt®b applying length refinement and filling holes prouses
which have connected pixels more than a specificis shown inFig. 11.
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Initialization: | is inverted version of preprocessed
angiogram
ci=1 withsize NXN, wi=w?=0
h? =[1,2,1]1/4 and hS = [1,3,3,1]/8
Levelsl = {2,3} and Levels2 = {2,3,4,5}
Calculate ¢} and w! as below:
For i=11to 2 do
For j=0to 2 do
CJ§+1 - Cf; * hfi
(where hf is the up-sampled filter and growing with
level j by inserting 2/ — 1 zero hetween every pair of
adjacent coefficients of h{)
if (j+ 1) € Levelsl then
wi=w!+ cjE - cf“
ch=rcl +w!
w! =0
For j=0to 4 do
C;H = Cf * h;f
(where hf is the up-sampled filter and growing with
level j by inserting 2/ — 1 zero between every pair of
adjacent coefficients of h?)
if (j+1) € Levels2 then
wi=w'+¢ —cfyy
Ifi =1 then
citt=cl +w!

Output: extracted arteries = w?

Fig. 8. Our proposed algorithm for coronary artery exti@tiin angiograms
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(M

Fig. 9. The obtained results after using processing phHaydreprocessed version of the LCA angiogramukatl as input for our
algorithm. (b) Running filterh? =[1,2,1]/4 and levels {2,3}. (c) Adding the previous outpuitiwthe input image. (d)
Applying filterfilter h? = [1,2,1]/ 4and levels {2,3,4,5}. (e) Result of adding ¢ andfjl Applying filter h?=[1,3,3,1]/8and
levels {2,3} on the previous output. (g) Resultaofding e and f. (h) Applying filteh? =[1,3,3,1]/ 8 and levels {2,3,4,5}, as
final output in processing phase

(b)

Fig. 10. The obtained result after thresholding. (a) a L@g&iagram. (b) a RCA angiogram
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@)

3. EXPERIMENTAL RESULTS

In this section, we intend to find optimum values f
parameters used in proposed algorithm and aftesward
evaluate the efficiency of the algorithm in compaii¢h
other methods and finally compare running time taf t
proposed algorithm with the latest methods. We ingth
the database of angiograms from the UiTM Medicalt€e
The database includes 4932 angiograms from 9 eliffer
patients and for every image from 8 angles. Thendbrof
images is 24-bit greyscale BMP in XB12 pixels size

(b)
Fig. 11. Final result after using length refinement andrfglholes methods. (a) LCA angiogram. (b) RCA aggam

TP: The number of coronary artery pixels detected
correctly

TN: The number of non-coronary artery pixels degdct
correctly

FP: The number of non-coronary artery pixels detbct
as coronary artery

FN: The number of coronary artery pixels not detdct

3.1. Parameter s Optimization

In this section, we evaluated the effect of diffiere
values for parameters, such as filt¢n$), wavelet levels

acquired by PHILIPS angiography system. We randomly ; eels) Threshold for Extraction {T Threshold for

selected 20 angiograms (10 LCA and 10 RCA) from thi
database as our data set in this study and maraatiyed
ground truth by labeling the coronary artery pixalgach
of them. It is worth noting that the ground trutrasn
validated accurately by the cardiologist and cardiageon.
We applied the quantitative methods to determiee th
performance, such as accuracy, precision, sengitivid
specificity values (Hast al., 2006) Equation 5 to 8:

TP+TN

e = e TN+ FP + FN ®)
precision = TP-I;PFP (6)
sensitivity = TPT+PFN (7)
specificity = TNTJ':‘FP (8

Length refinement (1) and Threshold for Filling the holes
(Te), on accuracy of our proposed coronary arteryaetiom
method. We examined these parameters on 20 differen
angiograms from data set and finally calculatecatrerage

of each of them for doing optimization.

To obtain the best result in coronary artery extoac
in this research, we applied filters [1,2,1]/4,3]8,1]/8
and [1,4,6,4,1] on data set; firstty one by one and
afterwards all together and then calculated acgufac
each of them. Results are showrfig. 12.

As it is shown here, the best result is relatedh®
combination of filters [1,2,1]/4 and [1,3,3,1]/8.

As mentioned before, thinner arteries are deteloyed
smaller levels and thicker ones by bigger levelee W
applied the range of wavelet levels 1,2,3,4,5 fus t
research and examined the effect of them one bynde
all together. The obtained results are showign 13.

As it is demonstrated ifrig. 13, the best result is
obtained by using the combination of wavelet levels
{2,3} and {2,3,4,5}. In fact, the thinner arteriesre

In this research, the TP, TN, FP and FN metrics arepresented by levels {2,3} and thicker ones preskiie

defined as follow:
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levels {2,3,4,5}.
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Fig 13. The effect of applying different wavelet levels pmo-posed approach accuracy

introduced somearteries should be less than 2000. Therefore, wmiged

parameters for the coronary artery extraction, tleng coronary artery extraction in that range and wendbaut
refinement and filling the holes. Here, we discoswzre
about these parameters. The first parameter whichld

considered is threshold value for

coronary artery

the best value for this threshold is 1500. The inbth
result is shown iirig. 15.
The last parameter is threshold for filling the dwl

extraction E. We empirically examined range of 20 to Tr. The result of applying different values for Ts
30. The obtained result is shown kig. 14. As it is
shown in this figure, the best result for coronartery
extraction is related to threshold value 28.
Another parameter is length refinement threshald T
For this parameter, we examined values between 4060
2000. The reason for choosing this range is thénmoim
value for cleaning the segmented objects shoultiQ®®
and the maximum value for avoiding cleaning thespaf
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shown inFig. 16. We examined the values between 30
and 70. The reason of choosing this range is the
minimum value for filling the holes which appears i
coronary artery extraction thresholding is 30 ahd t
maximum value for avoiding filling the holes betwee
two close crossed arteries is 70. As it is showfrim

16, we analyzed this range on the angiograms in skita
and reached to this conclusion that the best vialGs.
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3.2. Coronary Artery Extraction Evaluation Since Bankheadtt al. (2012) applied Starlet wavelet
transform method for vessel extraction in retinages,

we discuss about their method here also. They used
original Starlet wavelet transform algorithm by ngpi
Filter [1,4,6,4,1]/16, but as mentioned before wavé
modified this algorithm, especially in filters amavelet

In this section, we evaluate capability of coronary
artery extraction in proposed method on data Sefirg,
we run proposed algorithm on 20 angiograms on dat
set; includes 10 LCA and 10 RCA. Then, we calcdlate

averages of accuracy, precision, sensitivity and . ) X
specificity values for each of them. levels for extracting coronary artery in angiograms

As it is shown inTable 1, the average accuracy, For visual observa_tion and comparison, we showed in
precision, sensitivity and specificity values ofeth Fig- 17 and 18 obtained results from our proposed
proposed method in LCA angiograms are 0.96934,Method and above methods on LCA and RCA
0.87797, 0.86014 and 0.98439, respectively. Anil ims ~ angiograms, respectively. As it is illustrated imege
shown in Table 2, the average accuracy, precision figures, there are so many non-coronary artery|pixe
sensitivity and specificity values of the proposeethod which detected as coronary artery in Khaletlal.
in RCA angiogra_ms are 0.97425, 0.93021, 0.89962 anq2012), Liet al. (2008) and Frangt al. (1998) methods.
0.99587, respectively. This issue increased the FP rate in these methods a

To emphasis on capability of proposed method, weconsequently decreased performance as mentioned in
compare our algorithm with some state-of-the-art Tgnjes1 and2.

coronary artery extraction methods on the same sktta
To this end, proposed methods by Khaleedl. (2012), . .
Li et al. (2008), Frangit al, (1998) and Bankheael al, ~ 2907thm, as used in Bankheaet al. (2012)
(2012) were used for comparison. The result is sathm Qemonstrated arteries th'Cker than actual size aisd
up in Table 1 and2. As it is shown in these tables, all increased FN rate; because it could not detectneoyo
performance metrics such as, accuracy, precision@rtery pixels in some parts and as a result it eead
sensitivity and specificity of our method are minggher ~ Performance especially in sensitivity value as sdmw
than other ones for both LCA and RCA angiograms. Tables1and2.

Also, using the original Starlet wavelet transform

)

® )
Fig. 17. The obtained results of different methods on a $a@A. (a) Original angiogram from data set. (hp@nd truth image.
(c) Result of Frangét al. (1998) method. (d) Result of kf al. (2008) method. (e) Result of Khalelal. (2012) method.
(f) Result of Bankheaet al. (2012) method. (g) Result of the proposed method
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®

Fig. 18. The obtained results of different methods on a $aRCA. (a) Original angiogram from data set. (bp@hd truth image.
(c) Result of Frangét al. (1998) method. (d) Result of Ef al. (2008) method. (e) Result of Khaleslal. (2012) method.
(f) Result of Bankheaet al. (2012) method. (g) Result of the proposed method

Table 1. The obtained performance of Left Coronary ArtefialA) tree extraction on data set

Method Accuracy Precision Sensitivity Specificity
Khaleelet al. (2012) 0.88277 0.34599 0.83859 0.88595
Li et al. (2008) 0.90154 0.65875 0.83458 0.90423
Frangiet al. (1998) 0.93795 0.52638 0.75311 0.95124
Bankheadtt al. (2012) 0.89772 0.62437 0.63692 0.91721
Proposed method 0.96934 0.87797 0.86014 0.98439

Table 2. The obtained performance of right Coronary Arigilif£A) tree extraction on data set

Method Accuracy Precision Sensitivity Specifici
Khaleelet al. (2012) 0.89376 0.39544 0.86224 0.89624
Li et al. (2008) 0.92483 0.64583 0.86843 0.91548
Frangiet al. (1998) 0.96663 0.73889 0.82595 0.97703
Bankheadtt al. (2012) 0.91564 0.82587 0.64354 0.92547
Proposed method 0.97425 0.93021 0.89962 0.99587

time of Khaleekt al. (2012), Frangét al. (1998), Liet al.
(2008) and also our proposed method on same PC and

We have implemented our proposed method inconditions, where the running time of the Zheual.
MATLAB R2013a. In the implementation, we only used (2008) method was obtained from their paper. A it
original functions in Image Processing Toolbox and shown in Table 3, proposed method needs low
because we aimed to decrease the running time, theomputation time, less than 1 second and it issitipe
additional compiled MEX code is not used herel dble 3, point of using this method in real-time systems.
we compared proposed method running time with someTherefore, we can consider it as a fast method for
state-of-the-art methods. In this table we caledlatinning ~ coronary artery extraction in angiograms.

3.3. Running Time Evaluation
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Table 3. Running time for different coronary artery extiantmethods on data set

Method Time (sec) PC Programming language
Khaleelet al. (2012) 1.48 Intel core i5, CPU 3.2 GHz, 8 GBNRA MATLAB
Zhouet al. (2008) 32.00 Pentium-1V, CPU 3.1 GHz, 4 GB RAM MATLAB
Frangiet al. (1998) 1.40 Intel core i5, CPU 3.2 GHz, 8 GB RAM MATLAB
Li et al. (2008) 12.30 Intel core i5, CPU 3.2 GHz, 8 GBNR MATLAB
Proposed method 0.95 Intel core i5, CPU 3.2 GH2B RAM MATLAB

4, CONCLUSION Genovesio, A., T. Liedl, V. Emiliani, W.J. Parakdan

M. Coppey-Moisaret al., 2006. Multiple particle
In this research, we proposed a fast and accurate tracking in 3-D+ t microscopy: Method and
approach for automatically coronary artery extrawcti application to the tracking of endocytosed
in angiograms. The proposed method is based on  guantum dots. IEEE Trans. Image Proc., 15:
Starlet wavelet transform and discrete wavelet 1062-1070. DOI: 10.1109/TIP.2006.872323
transform. To this end, we applied discrete WaveletHan, J., M. Kamber and J. Pei, 2006. Data Mining:

transform for de-noising angiograms and then  concepts and Techniques. 2nd Edn. Elsevier,
improved original Starlet wavelet transform algbnit California. ISBN: 0080475582

for applying on coronary artery extraction aim.
Finally, we proposed length refinement and filling
holes techniques in post-processing step to elitaina
the residual noises. The average accuracy, seitgitiv . . . .
specificity and precision values of proposed method and catheter detectlon. N anglogr'aph|es. IEEE
LCA angiograms from data set are 0.96934, 0.86014, Trar?s. Inf. Technol. Biomed., 16: 1332-1340.
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