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ABSTRACT

Retinal images are useful in several applications, such as invocular fundus operations as well as in human
recognition. The accurate segmentation of the retinal blood vessels is often an essential prerequisite step in
the identification of retinal anatomy andspathology. In this study, anfautomated approach for blood vessel
extraction using curvelet transform, guided filtering and multistucture elements morphology is described.
Initially, enhancement of, the retinal image is carriedsout using modification of the curvelet transform
coefficients. It is foundsthat the fusion of\curvelet transform based contrast enhancement result with some
other ordinary contrast enhancement technique provides better result. Since the blood vessels are distributed
in various directions, morphelogy processing with multidirectional structuring elements is used to extract
the blood vesSels from the “retinal images.' Afterwards, morphological opening by reconstruction using
multistructure \elements eliminatesthe ridges not belonging to the vessel tree. An improved filtering
operation called guided filtering is.used to remove noisy areas. Finally, length filtering is applied using
connected component,analysis so that'all residual ridges are refined from the images. Experimental results
show that the bloodvessels are extracted from the retinal images with better PSNR and accuracy of about
97%.

Keywords: blood vessel segmentation, curvelet transform, guided filtering, length filtering, morphology
operators by reconstruction, multistructure elements morphology, retinal images.

INTRODUCTION

One of the most important internal components in the eye is the retina, covering the entire posterior
compartment, on which all of the optic receptors are distributed. Disorders of the retina resulting
from special diseases are diagnosed by special images of the retina that are obtained using optic
imaging called fundus photography. It is the most established way of retinal imaging [1]. Blood
vessels are important parts of retinal images, consisting of arteries and arterioles. Checking the
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obtained changes in retinal images in a special period can help the physician to diagnose disease.
Applications for retinal images include diagnosing the progress of some cardiovascular diseases,
diagnosing the region with no blood vessels (macula), using such images in helping automatic laser
surgery on the eye, and using such images in biometric applications. On the other hand, extraction of
retinal blood vessels is done in some cases by a physician manually, which is difficult and time-
consuming and is accompanied by many mistakes due to much dependence on the physician's skill
level. Hence, the effective extraction of the blood vessels from the retinal images necessitates using
an algorithm and instruments that reduce the dependency on humans and eliminate the error factors
[2].

The most common methods used to extract the blood vessels areizand window-based, tracking-
based, and classifier-based methods [3]. Because of the variability of the light reflection coefficient
in different parts of the retina layer, which are also due tofthe defects In imaging systems, there
occurs very non-uniform illumination in the retinal images, Which impairs modeling the blood
vessels in window-based methods and tracking in tracking-based methods. Since all of'the connected
regions in the retinal images are classified by a low-level algorithm n classifier-based methods, the
pixels related to the blood vessels cannot be glassified carefully due t@ the intrinsic noise in the
retinal images and oscillating changes in the“image illumination. Hence, for the extraction of blood
vessels with high accuracy, we need an effective algorithm.

In this paper, a method based on using curvelet transform is proposed to enhance and prepare the
retinal image for better vessel detection. Curvelet, as‘a geometrigal transform has two important
features: anisotropy scaling law and the directionality. These two features made curvelet capable of
sparse representation and handling, image ‘singularities better than other multiscale transforms.
Second generation of curvelet transform, which is faster and simpler than the first version, is used
here. The curvelet transform coefficients are modified using suitable nonlinear function based on
some statistical featureshof the curvelet transform ‘coefficients. The directionality feature of the
multistructure, elements “method makes it an effective tool in edge detection. So, mathematical
morphology using multistructure elements are applied to the contrast enhanced image to obtain the
image edges. Then, morphological opening by reconstruction helps to remove the edges not
belonging to the wessel tree while preserving the thin vessel edges. Length filtering is performed
using connected component analysis so as to obtain a clear final result. Guided filtering can be
applied to remove noise.

CURVELET TRANSFORM

The newly constructed and improved version of curvelet transform known as, second generation
curvelet transform or Fast Discrete Curvelet Transform (FDCT) is found to be simpler, faster and
less redundant than the first generation curvelet transform which based on ridgelets [4]. There are two
approaches to implement FDCT: Wrapping method and Unequispaced Fast Fourier Transform
(USFFT) method. The wrapping mehod is faster and easier to implement than the USFFT method,
while having the same result as USFFT method. Hence, wrapping method is utilized in this paper.
The wrapping method assumes a regular rectangular grid to wrap the object. If f [t1,t2],0 <tl,t2<
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n is taken to be a Cartesian array and f~ [n1, n2 ] denotes its 2-D discrete Fourier transform, then the
architecture of the FDCT via wrapping is as follows [5].

1) Apply the 2-D FFT and obtain Fourier samples
flnl,n2],  -n2<nl,n2<n/2. 1)
2) For each scale j and angle I, form the product
Uji[n1,n2]f [n1,n2]
where Uj [n1,n2] is the discrete localizing window.

3) Wrap this product around the origin and obtain

f 1, [n1, n2] = W(U;; f)[n1, n2] ©)

where the range for n1 is now 0 <nl < L jand'0<n2 < Lk % 2 and Loj= 2" are constants.

4) Apply the inverse 2-D FFT to each f~j,| “hence collecting the discrete coefficients c®(, 1, k).

MORPHOLOGICAL PROCESSING

A. Bottom - hat Transformation
The edges of an"tmage. can be found by applying'morphological bottom-hat transformation.The
bottom-hat transformation is,described as follows:

bot-hat (I) =(T+ S) — I (4)
where (*) denotestheclosing operator, I the image and S represents structuring element (SE).

B. Multistructure ElementsgiMorphology

The key factor in morphological processing is the selection of proper structuring element. Single
and symmetric structuring elements are only successful in detecting simple, straight edges in an
image. As the edge complexity increases, we require multiple structuring elements. So, the basis of
the multistructure elements morphology theory relies on gathering several SEs in one square
window. The decomposition of a square window will result in different SEs. Therefore, such SE is
capable of detecting different edges with different directions, efficiently. Based on the application
the required structuring elements can be selected.
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Figure 1. (a)—(c) Some of the structuring elements used in this study.

c. Morphological opening by reconstruction

An important drawback of conventional opening and closingdis that they do not preserve edge
information perfectly. To overcome these problems, morphelogical operators by reconstruction are
used. Morphological opening by reconstruction involves the following steps [6]:

. First step: Eliminates bright features smaller than the SE

e  Second step: It dilates iteratively todrestore the contours of.components that have not
been  completely removed by opening and it is performed by eonsidering the original
image as the reference.

GUIDED FILTERING

Guided filter is a 2D edge-preserving filter derived from & local linear model. It generates the
filtering output by considering the ‘content of,a guidance image, which can be the input image itself
or another different image. The guided filter output is locally a linear transform of the guidance
image. The guided filter can perform.as an edge-preserving smoothing operator like the popular
bilateral filter, butshas better behaviour near the edges. If the guidance is the same as the image to
be filtered, the structures are,the same—an edge in original image is the same in the guidance image.
If the guidanCe image is different, structures inrthe guidance image will impact the filtered image, in
effect, imprinting these structures,on the original image. It has a fast and on-approximate linear-
time algorithm, whose computational complexity is independent of the filtering kernel size. The
guided filter is bothyeffective and efficient in a great variety of computer vision and computer
graphics applications ineluding noise reduction, detail smoothing/enhancement, HDR compression,
image matting/feathering, haze removal, and joint upsampling [7].

PROPOSED METHOD
The retinal images from a publicly available database, known as DRIVE database is used in the

study. The platform used for simulating the results is MATLAB.
A.  Channel Selection

The blood vessels in the green channel image (see Figure 2.) of the original colored retinal image
have the highest contrast with the background. Therefore, this channel is chosen to apply the
proposed algorithm. The blue channel tends to be empty and the red channel is saturated.
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(b)

Figure 2. (a) Input retinal image 02 of DRIVE database. (b)Red channel, green channelyblue channel images;.respectively:

B. Fundus Mask

It is common knowledge that the fundus region has a high contrast with the black background
in the image. So, a simple thresholding method known as otsu thresholding [8], which is a global
threshold algorithm, is applied to detect the fundus region. After OTSU thresholding, a
morphological closing is applied to erase small objects that may be left inside the fundus mask
(see Figure 3.).

Figure 3. Fundus mask after morphological closing

Applying curvelet transformtmay cause artifacts outside of the fundus region, which results in
false edges in the edge‘detection step. Therefore, presence of such mask, which indicates the fundus
region, helps us to eliminate these artifacts. Moreover, this mask can decrease the computation time
of the algorithm, because we can consider only the inside of fundus region instead of the whole
image for applying subsequent steps in the algorithm.

c. Contrast Enhancement using FDCT

FDCT via wrapping method is applied on green channel, a set of scales S; with a set of
directional bands D; containing curvelet coefficients are obtained. Here 5 scales and 16 directions
are used for wrapping that causes 16 bands in scale 2, 32 in scale 3 and 4, 64 bands in scale 5. By
tuning the curvelet coefficients in each scale and each band with a non -linear function, edges of the
image as well as contrast gets improved. Therefore, there is a need for a nonlinear function, such as
y, to multiply against the transform coefficients. The function is defined as follows:
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ki(%'}?’ , if x| < ac
2(%}"“, if ac <[x| <m 5)
3 if |x| >m

where X is the curvelet coefficient, 0 < p < 1 determines the degree of nonlinearity. k1 , k2 , and k3
are assigned weights which allow us to control the modification of coefficients with a higher
severity. The adjustment parameter, a makes it possible to regulate the coefficients modification
interval. Parameters ¢ and m are involved in determining the coefficients modification interval as
well as the amplitude of corresponding multiplying y. We choose’e =ug;i , where gj; is the noise
standard deviation of coefficients being in the same direction and same'scale. m can be determined
with regard to aj;, as m = koji . Kk is an additional and independent parameter from the curvelet
coefficient values. The assigned weights and adjustment parameter,are experimentally tuped based
on intrinsic characteristics of the input image and the geal of work thereby providing the required
output.

The enhanced image containing modified coefficientsarethen reconstructed by Inverse Fast
Discrete Curvelet Transform (IFDCT). In the enhanced images, some unrecognized thin vessels
became easily recognizable. Also, use of statistic features,of the coefficients (such as noise standard
deviation) in the enhancement function allows us to make the fun€tion more adaptive to the input
image.

It is found that, fusing the result of'some,ordinary contrast enhancement technique with the
above result yields better accuracy. Let al denote” the pixel value in the enhanced image
obtained by some ordinary contrast.emhancement technique and a2 denote the pixel value in the
enhanced image obtained by applying FDCT. The method is as follows:

o Find the pixel value of the enhanced (al) and reconstructed image (a2).

. Fix the thresholdvalue.

o Campare each pixel of both the images and do the following:

» If al anda2 are less than threshold, or greater than threshold, find mean value and
replace.

» If alis less than threshold and a2 is greater than threshold, replace with a2.

» If a2 is less than threshold and al is greater than threshold, replace with al.
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Figure. 4. Retinal image contrast enhancement. (a)-(c) Enhanced images using different selections of the enhancement function parameters.

The result of contrast enhancement is multiplied by the fundus mask and fed to the next stage. This
removes artifacts, if any, present outside the fundus mask.

D. Blood vessel detection using bottom-hat morphology

The blood vessel edges are detected by means of bottom -hat transform via multistructure
elements morphology (see Figure 5.). Twelve different structuring elements with an angular
resolution of 15° is used. They are applied on the bottom-hat edge detector function (5) and sub
edges F(I); are measured. The bottom-hat function produces an image with highlighted blood
vessels. The whole of detected edges are then calculated using the equation:

F(I) = X w, F(D), (6)

where F(1) is the whole edge image, M=180/ a gives the number,of SES'where o is the required
directional resolution and w; is the weight assigned to‘eaeh of the sub edge image {9].

(b)
Figure 5. Results of edge detection for images 02 and 10 of DRIVE database.

E. False.€dges removal using morphological opening by reconstruction

In the resultingysimage of edge ‘detection step, there are edges not belonging to blood vessels. To
remove them, we use, morpholegical opening by reconstruction. As mentioned earlier, opening by
reconstruction includesiytwo steps: conventional morphological opening and reconstruction by
dilation. The performance »ef morphological opening by reconstruction can be improved, if we
perform the opening using multistructure elements. The SEs used in this step is the same as in the
edge detection step. Here, the maximum among the individual responses is selected to construct the
total image. This method allows us to eliminate the weak false edges. Later, reconstruction by
dilation is accomplished using a flat structuring element such as a 3 x 3 square.

F. Guided filtering

The noisy areas that still occur can be removed by guided filtering. This is performed as follows. At
first, median filtering is performed on the result of previous step, the result of which is used as the
input image for the guided filter. Then, the result from section E is used as the guidance image. The

combined results of section E and section F are shown in Figure 6.
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(b)
Figure 6. Combined results of false edge removal using morphological opening by reconstruction_and,guided filtering for images 02 and 10 of
DRIVE database.

G. Length filtering

Next step is to remove the smaller disconnected regions. At first, the pixels in“each connected
region are calculated. Then, region connected tofan area below a particular value is classified as

non-vessel. The final segmented image is given in Figure 7.

Figure,7. Result of length filtering for images 02 and 10 of DRIVE database.

EVALUATION

A. Enhancement assessment
One of the objective measures proposed is peak SNR (PSNR), which evaluates the intensity
changes of an image between the original and the enhanced image. PSNR can be computed as

PSNR = 10 logyg [i] (7)

MEE
where MSE is the mean-squared error computed via

1 L . An?
MSE = Ezglx_?:l”fﬂ (11_.?} — 1 (11 f}”‘ (8)
where I, and ¢ are the original and enhanced images, respectively.

B. Segmentation assessment
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Algorithm performance is assessed using three measures: true positive rate (TPR), false positive
rate (FPR), and accuracy (ACC). TP and TN show the blood vessel pixels and background pixels,
which correctly detected, respectively. FP shows the pixels not belonging to a vessel, but is
recognized as blood vessel pixels, and FN shows the pixels belonging to a vessel, but is recognized
as background pixels, mistakenly. TPR, FPR, and Accuracy are defined as follows:

TPR = —— (9)

T (TDP4FN)

__FP
T (FP+TN)

FPR (10)

TE+TN
ACC = TP+FP+TN+EN (ll)

Table I. Contrast Enhancement Method‘Quantitative Assessments
Measure Average
MSE 2.93
PSNR 32.33

Table Il. Results of Segmentation Assessment.
Measure Average
TPR 0.8140
FPR 0.0128
ACCURACY 0.9710

CONCLUSION

Here, a new method for. the retinal vessel segmentation has been presented. Fast Discrete Curvelet
transform is used to enhance the edges nithe retinal image, which better prepares the image for the
segmentation part. Fusiontofycurvelet transform based contrast enhancement result with some
ordinaryscontrast enhancement ‘technique resulted in better result. The high sensitivity of
multistructure’_elements morphology method helped in  detecting the blood vessel edges
successfully. Morphelogical opening by reconstruction using multistructure elements removed the
false edges, while“ preserved“the thin vessel edges perfectly. The multistructure elements
morphology results are suitable enough to find thin and small vessels that may be missed in the
final results. Moreover, guided filtering removed the noisy areas. Length filtering provided the final
segmented results. The quantitative performance results of both segmentation and enhancement
steps show that the proposed method effectively detects the blood vessels with accuracy of about
97% in less than 30s.
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