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Abstract

The matched filter has been widely used in the detection of blood vessels of the human retina digital image. In this paper, the matched filter
response to the detection of blood vessels is increased by proposing better filter parameters. These filter parameters are found by using an
optimization procedure on 20 retina images of the DRIVE database. Comparisons with other approaches show that the matched filter that uses
the newly found parameters outperforms the matched filter that uses the classical filter parameters as well as some vessel detection techniques.
A technique is also discussed to find the best threshold value for the continuous matched filter output image and hence the best segmented

vessel image.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Retinal images of humans are used in the diagnoses of dis-
eases by ophthalmologist [1-5]. To build an expert system that
is able to perform the diagnoses task we need to use digital
retinal images. By imaging the retina of a person with a special
camera, then using image processing and pattern recognition
techniques to analyze that retina we can make a specific diag-
noses decision. One of the important operations performed on
the digital retina is the edge detection of blood vessels of the
retina. A specialized edge detection technique may be needed
since traditional edge detection techniques (Sobel, Prewwit,
Canney, etc.) might not be able to accurately segment the ves-
sels from the background of the retina image. Many methods,
however, have been proposed for this purpose; matched filter
[1], morphology edge detection [6], ridge-based vessel segmen-
tation [7] which is called pixel classification in [8], and wavelet
transform [9]. Performance measures on those proposed tech-
niques showed that nearly all techniques outperforms that of
the matched filter method [7].

The matched filter method has some parameters govern-
ing its detection process [1,2,10]. The values of matched filter
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parameters were proposed in [1] and have been used since
then in all other works for applications and comparisons. Some
methods, as in [11], proposed to improve the thresholding
(and hence the segmentation) of the matched filter output im-
age but the matched filters parameters were never changed.
In [12], the second order Gaussian matched filter is proposed
for the detection of blood vessels. Hough transform have been
used in [13] to detect blood vessels. In this work, we use an
optimization method to adjust the matched filter parameters
with a hope that the performance of the matched filter will
increase. The optimization procedure is performed by com-
paring the each edge detected image to a reference hand la-
beled image to judge the filter parameters. The segmentation of
blood vessels is also discussed by using morphological image
processing tools.

2. The matched filter

The matched filter is one of the template matching algorithms
that is used in the detection of the blood vessels in retinal images
and other application as well. It is based on the spatial proper-
ties of the object to be recognized. The idea of the matched filter
is introduced by taking a number of samples for a cross section
of retinal blood vessels, the gray level profile of these samples
is then approximated by a Gaussian shaped curve. Fig. 1 shows
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Fig. 1. The green band of a digital retina image. (b) Profile of a one pixel
width at the 200th row of the retina image shown in (a).

an original image of the retina and gray level profile of some
cross section of that image.

Matched filter designing is based on a number of properties
for blood vessels

e Vessels can be approximated as anti parallel segments.

e Vessels have lower reflectance than other retinal surfaces, so
they appear darker relative to the background.

e Vessel size may decrease when moving away from the optic
disk, the width of a retina vessel may lie within the range of
2-10 pixels.

e The intensity profile varies by a small amount from vessel to
vessel.

e The intensity profile has a Gaussian shape.

The matched filter kernel may be expressed by (see [1] for
details):

k(x,y) = —exp(—x*/206%) V¥ |y|<L/2, (0

where L is the length of the vessel segment that has the same
orientation, ¢ defines the spread of the intensity profile. To be
able to detect vessels on all possible orientations, the kernel
must be rotated to all possible vessel orientations and the max-
imum response from the filter bank is registered. Many papers
found that rotating by an amount of 15° is adequate to detect
vessels with an acceptable amount of accuracy which results
a filter bank with 12 kernels. The authors of [1] made some
experiments on the values of L and ¢ and found that the best
parameter values were those that gave the maximum response
at L =9 and o =2. They did not, however, present their exper-
iments of finding L and o.

A Gaussian curve has infinitely long double sided trails; the
trails are truncated at u = +30. A neighborhood N is defined
such that

N ={(u,v), lu|<T, |v|<L/2}, (@)

where T = 30. Let p; be the points that belongs to the neigh-
borhood N given as

cos —sind
pi_[u U]—[.x y]|:51n9 Cose}' (3)
The corresponding weights in the kernel i (i =1, ..., 12 which

is the number of kernels) are given by

ki(x,y) = —exp(—u?/20%) Vp; € N. )
The filter is normalized to have zero mean as follows:
ki(x,y) =ki(x, y) —mi, &)

where m; = 1/a)_ pie nyki(x,y), and a denotes the number of
points in N.

3. Improving the matched filter response

To improve the performance of the matched filter we believe
that we need to find better parameters for L, o, and 7. The op-
timization program is simple in which we use an exhaustive
search for the best parameters for L, g, and T. The search space
is not very large since we limit the values of those parame-
tersto L={7,7.1,7.2,...,11},0={1.5,1.6,1.7, ..., 3}, and
T ={2,2.25,2.5,...,10}. Let the input retina image be f and
the output filtered image be f7,7. To decide that a filtered im-
age is good or bad, it is thresholded according to [14] yield-
ing grs7 and then compared to a corresponding hand labeled
retina 4 image. The hand labeled image is obtained from a
retina image by an experienced observer to be used for com-
parison purposes [7]. The comparison yields true pixels (pixels
detected as vessels and they appear as vessels in the hand la-
bel) and false pixels (pixels detected as vessels yet they appear
as non-vessels in the hand label). The true_ratio is obtained by
dividing the true pixels by the number of vessel pixels in 4,
and the false_ratio is obtained by dividing the false pixels by
the number of non-vessel pixels in 4. The quality factor used
to judge whether that image is good or bad is as follows:

Q1sT = true_ratio — false_ratio. (6)
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The maximum Q;,r means that the filter with the corre-
sponding L, ¢, and T gives the highest response. It might be
useful to operate this optimization procedure on many im-
ages and if L, o, and T values are repeated for all or most
of the images, we deduce that those filter parameters are the
best ones.

4. Experimental results

To find the best matched filter parameters, the optimization
is implemented on the DRIVE database [7]. This database con-
tains 40 digital retinal images along with their corresponding
hand label. The DRIVE images are colored RGB images and
in all experiments we shall use the green band since it has the
most reliable vessels (as proposed in the previous works [1,6]).
All hand labels of the DRIVE were obtained by an experienced
pathologist. Every optimization procedure is performed on the
20 train images of the DRIVE. The filter parameters that ap-
pear as the first and second rank (the highest quality factor) are
listed in Table 1.

Now that we obtained the best parameters for the matched
filter, it is appropriate to test the improved matched filter
on three performance measures commonly used to compare
the detection of blood vessels. The first is receiver operating
curve (ROC) used to plot the variation of false ration ver-
sus true ratio. The second is the area under the ROC, the
higher the area the better the detection; if the area under ROC
is one this means perfect detection. The ROC is obtained
as follows:

(1) Let the input retina image be f and the matched filter output
image be fr,7 (which is a continues image). By thresh-
olding f7,r via different threshold values from O to 1 in a
step of 0.001 (that is if we talk about normalized intensity)
we obtain several binary images, each image corresponds
to a certain threshold.

(2) We then calculate the true_ratio and the false_ratio for
each of the binary images. This ROC is found for one
image in the DRIVE database; we repeat the calculation
and obtain the average ROC for the 19 remaining images.
The resultant curve is shown in Fig. 2 in comparison with
other methods.

The third measure is the maximum accuracy average (MAA),
which takes the average accuracy for all images. The accuracy
for one image is calculated by taking the sum for the total
number of pixels, correctly classified as vessel and non-vessel

Table 1
The number of repetitions of the Gaussian matched filters in the optimization
program out of 20 cases

L,o, T No. of repetitions Average quality
out of 20 factor

10.8, 1.9, 8 10 0.7397

2.3, 10.6, 8 5 0.7247
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Fig. 2. The average ROC area for the 40 DRIVE images using six different
methods.

Table 2
A comparison with other methods of the matched filter using the optimum
parameters found in this work

Vessel detection Average MAA Time needed to vessel
method ROC area detection of one image
in seconds
OGMF (this work) 0.9352 0.9458 5.5s on a 1.6 GHz PC
TSGMF (this work) 0.9435 0.9535 11s on a 1.6GHz PC
Staal et al. [7] 0.9520 0.9611 900s on a 1 GHz PC
GMF [1] 0.7878 0.8773 Ss ona 1.6GHz PC
Kirsch [16] 0.8300 0.9151 2s on a 1.6 GHz PC
Zana and Klein [13] 0.8984 0.9377 NA

pixels at a specified threshold, and dividing the sum by the total
number of pixels in the field of view (FOV) which is a circular
area of the retinal image. To determine whether a vessel is
classified correctly or not, the vessel image is compared to the
corresponding hand labeled image.

In Fig. 2, GMF is the original Gaussian matched filter with
its original parameters (L, o, T) = (9,2, 6) as proposed in
[1], OGMF is the optimized Gaussian matched filter with pa-
rameters (L, o, T) = (10.8, 1.9, 8), TSGMF is the two stage
Gaussian matched filter that has the parameters (L1, g1, T1) =
(10.8, 1.9, 8) and (L3, 02, T») = (7.6, 1.9, 8) such that the fil-
ter bank is consisted of 24 filters and the maximum response is
retained. Table 2 provides the comparison of different methods
with the proposed improved matched filter.

Another comparison is performed on another publicly avail-
able database which is Hoover [11], see Table 3.

Our next experiment is verifying that the green band of a
digital retinal image is more appropriate than other bands. In
this case, we implemented the improved matched filter with
parameters (L, o, T) = (10.8, 1.9, 8). From the results shown
in Table 4 we can see that the performance of the red and the
blue band are comparable to the green band.
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Table 3
Two sets of matched filter parameters implemented on DRIVE and Hoover
databases

Database L,o, T Average MAA
ROC area

DRIVE 10.8 1.9 8 0.9352 0.9458

Hoover 10.8 1.9 8 0.9090 0.9467

DRIVE 10.6 2.3 9 0.9328 0.9441

Hoover 10.6 2.3 9 0.9077 0.9385

Table 4

Comparison of the average ROC area of 20 DRIVE retina images for the
matched filter

Band Average ROC area
Red 0.9348
Blue 0.9339
Green 0.9352

Each experiment is performed on one band, i.e., on red, blue, and green bands.
This comparison shows the response of the matched filter to different bands.

Another issue to be discussed here is the threshold value
to be used to obtain a binary segmented image ready for fur-
ther retina analysis. We may simply think of using the average
of thresholds that yielded the maximum accuracy. Then, this
threshold can be used to automatically binarize any continuous
image resulted from a matched filter. The below table list some
experiments to determine the average threshold, and then using
that threshold to find a binary image and calculate its accuracy.
According to the results shown in Table 5, the average thresh-
old is 0.6675. This should be used with the matched filter that
has the values (L, o, T) = (10.8, 1.9, 8).

An automated method to find the best threshold is better than
the above that depends on the average threshold. We developed
an automated method that is based on the number of connected
components and Euler number [15]. The image output from the
matched filter is continuous so we need a threshold to segment
the vessels. We expect that the best segmented image should
(or may) have the minimum number of connected components
since the vessel appears as a vascular shaped. Our experiments
revealed that the best threshold may be found at the first local
minima of the number of connected component provided that
the Euler number is positive. If the number of connected com-
ponents is decreasing as the threshold is increased then we look
for the first local minima in Euler numbers. If both are decreas-
ing we may consider the average value computed as shown in
the above experiment (for a certain filter). In all our experi-
ments on the DRIVE, the first condition applies to 95% of the
cases. The result is shown for the first image in the DRIVE
using the two stage matched filter.

From the Table 6, we can see that the image with thresh-
old 0.65 is the best segmented image. It is worth mentioning
that 19 remaining images have the same property as shown in
Table 6 of the first image. Thresholds and accuracies, however,

Table 5
Determining the average threshold for the matched filter with (L, 0, T) =
(10.8, 1.9, 8)

Image Maximum Threshold at Accuracy at Error rate between the
number  accuracy — maximum average MA and accuracy
accuracy threshold calculated at the
(0.6675) average threshold
1 0.9507 0.65 0.9509 0.0002
2 0.9506 0.70 0.9499 0.0007
3 0.9458 0.55 0.9404 0.0054
4 0.9454 0.70 0.9454 0.0000
5 0.9426 0.50 0.9372 0.0054
6 0.9411 0.55 0.9379 0.0032
7 0.9364 0.75 0.9348 0.0016
8 0.9313 0.65 0.9310 0.0003
9 0.9413 0.65 0.9411 0.0002
10 0.9454 0.55 0.9438 0.0016
11 0.9350 0.80 0.9309 0.0041
12 0.9415 0.65 0.9414 0.0001
13 0.9398 0.65 0.9397 0.0001
14 0.9521 0.75 0.9511 0.0010
15 0.9501 0.85 0.9474 0.0027
16 0.9386 0.70 0.9385 0.0001
17 0.9448 0.75 0.9418 0.0030
18 0.9437 0.75 0.9424 0.0013
19 0.9536 0.60 0.9531 0.0005
20 0.9477 0.60 0.9468 0.0009
Mean 0.9439 0.6675 0.9422 0.0016
Standard  0.0060 0.0922 0.0064 0.0017
deviation
Table 6

The variation of accuracy, number of connected components, Euler number,
and the total size of pixels via changing the threshold level of the continuous
level of the continuous image output from the matched filter

Image 1: using the first image of DRIVE
Threshold Accuracy Number of Euler no. Total size
level connected

component
0.00 0.08742 1 1 3.30E + 05
0.05 0.42293 35 —89 2.19E + 05
0.10 0.43660 58 —156 2.15E + 05
0.15 0.45573 73 -327 2.09E + 05
0.20 0.48993 63 —687 1.97E + 05
0.25 0.57536 66 -926 1.70E + 05
0.30 0.71129 111 —438 1.24E + 05
0.35 0.82943 247 52 83431
0.40 0.89221 201 126 60583
0.45 0.92679 179 137 46 559
0.50 0.94262 116 86 38566
0.55 0.94965 103 81 33396
0.60 0.95274 88 68 29610
0.65 0.95316 84 68 26102
0.70 0.95199 89 78 22970
0.75 0.94990 86 71 20159
0.80 0.94800 74 69 17942
0.85 0.94600 79 75 16169
0.90 0.94354 65 62 14 408
0.95 0.94086 74 72 12810
1 0.93840 64 63 11476

The two-stage matched filter is used here with (L1, g1, 71) = (10.8, 1.9, 8)
and (Ly, 02, T5) = (7.6, 1.9, 8).
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Table 7

Comparison of the accuracy using the optimum threshold found with the connected component method and that of the maximum accuracy

Image MA Threshold value Optimum Accuracy Error rate between Error rate between
number that gives MA threshold using corresponds to MA and accuracy threshold gives
connected optimum threshold corresponding to MA and optimum
component optimum threshold threshold
1 0.95316 0.65 0.65 0.95316 0.0000 0.00
2 0.95503 0.70 0.75 0.95379 0.00124 0.05
3 0.95396 0.50 0.55 0.95269 0.00127 0.05
4 0.95529 0.65 0.75 0.95421 0.00108 0.10
5 0.96077 0.50 0.55 0.96010 0.00067 0.05
6 0.94901 0.55 0.65 0.94593 0.00308 0.10
7 0.94588 0.65 0.50 0.93559 0.01029 0.15
8 0.95501 0.75 0.60 0.94741 0.0076 0.15
9 0.96087 0.60 0.55 0.96083 0.00001 0.05
10 0.94865 0.80 0.65 0.94392 0.00473 0.15
11 0.95400 0.60 0.65 0.95331 0.00069 0.05
12 0.94450 0.60 0.70 0.94190 0.0026 0.10
13 0.95734 0.70 0.70 0.95734 0.0000 0.00
14 0.95026 0.75 0.75 0.95026 0.0000 0.00
15 0.95696 0.65 0.75 0.95585 0.00111 0.10
16 0.95810 0.75 0.80 0.95743 0.00067 0.05
17 0.95449 0.65 0.60 0.95368 0.00081 0.05
18 0.95422 0.50 0.45 0.95297 0.00125 0.05
19 0.94836 0.50 0.55 0.94731 0.00105 0.05
20 0.94956 0.60 0.60 0.94956 0.00000 0.00
Mean 0.95327 0.6325 0.6375 0.95136 0.00190 0.065
Standard deviation 0.00460 0.0921 0.0958 0.00627 0.00271 0.048

The two-stage matched filter is used with (L, o1, T7) = (10.8, 1.9, 8) and (L2, 02, T») = (7.6, 1.9, 8).

obtained from the above method are compared with those of the
maximum accuracy for the two stage matched filter as shown
in Table 7.

5. Conclusions

In this work we did improve the response and the perfor-
mance of the Gaussian matched filter to be used to detect blood
vessels of the digital retina by finding better filter parameters.
A general purpose optimization procedure is proposed to be
used to find any better operation for blood vessel detection.
Though we limited the task to finding better filter parameters,
it might be used to find the best threshold and hence better
segmentation method. We also showed among other things that
the red and the blue band response are comparable to the per-
formance of the green band. The matched filter with the pa-
rameters found in this work is compared in performance to the
best well-known methods if not better. A two stage matched
filter that has two filters (two sets of filter parameters are found
using the optimization procedure) outperforms the single pass
matched filter method with its area under ROC curve reaching
0.95. A method to find the best threshold and hence the best
segmented image is proposed; this method depends on finding
the number of connected component in a set of segmented im-
ages obtained from one continuous image which is the output
of the matched filter. Using this method, the average accuracy
of the segmented images is 0.951 compared to the maximum
average accuracy which is 0.953.

6. Summary

In this paper the matched filter response to the detection of
blood vessels is increased by proposing better filter parameters.
Those filter parameters are found using an optimization proce-
dure on 20 retina images of the DRIVE database. A technique
to find the best threshold value for the continuous matched fil-
ter output image and hence the best segmented vessel image is
also discussed.

The matched filter has (mainly) three important parameters
controlling its response, those parameters were estimated ex-
perimentally as shown in the paper [1], while in our work we
use an exhaustive search optimization procedure to find the best
parameters of the matched filter. Our experiments showed that
the newly found filter parameters did improve the responses of
the matched filter and therefore the vessel detection has been
improved rigorously.

The output of matched filter is a continuous image; there-
fore, a thresholding procedure should be used to segment the
blood vessels. The simplest method is to experimentally esti-
mate some threshold value (by averaging the best thresholds of
many images according to the maximum accuracy of vessels
compared to the reference vessel hand labeled image). While
the average threshold seems to work well, we propose an au-
tomated method that estimates the threshold value from one
image using the number of connected component and Euler
number in the thresholded image. To be more specific, the con-
tinuous matched filter output image is thresholded gradually
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until the first local minima in the number of connected com-
ponent occurs which we choose as the best segmented vessel
image (corresponding to the best threshold). In fact, we are not
in need for the best threshold in this case, but in a need for the
best vessel segmented image.

It is a common practice to use the green band for vessel
detection (since digital retinal images are color images); we
showed that using the red band, or the blue band, vessel seg-
mentation using the matched filter is comparable to that of the
green band.
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