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Abstract

The paper deals with the segmentation of the retinal vascular system using hybrid methods as morphological operations
for the purpose of highlighting the extraction of blood vessels and tortuosity. Up to now tortuosity has been evaluated
through a visual comparison of the retinal images. The output is an extracted retinal binary image with a blood vessel
map. For this reason, a model was suggested that can automatically indicate the tortuosity of the retinal blood vessels by
setting a threshold of the blood vessel curvature. This paper used a dataset of images (2800 images) from a RetCam3
device. Before applying the image processing, 30 images were selected with pre-plus diseases diagnosed, and this was
divided into two groups with low contrast and higher contrast images. Part of the work is to determine the level of the
tortuosity symptom by setting a threshold. Comparing the results with this processing method is not possible because the
reference methods of image processing are based on fundus camera scanning, which has twice the resolution. This
camera is not used for premature babies, but for children about one year of age and older or adults. Thus, retinal data
for 14-day-old to 1-year-old children are not available for the fundus camera. This is a pilot study for the segmentation
and mapping of blood vessels from retinal images taken by RetCam3.
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Introduction Retinopathy of Prematurity
Retinopathy of prematurity represents a vasopro-
Segmentation of the retinal vascular system is impor- liferative disease, which affects the immature retinal
tant for the evaluation of retinopathy of prematurity. blood vessels of the retina in premature infants. ROP
Early detection of this disease makes it possible to occurs in two stages: acute and chronic. The acute form
suppress blindness that the disease can cause [1]. is defined by the disruption of the formation of imma-
A combination of hybrid methods can achieve better ture retinal vessels. For each acute stage of premature
results in the segmentation of retinal blood vessels retinopathy, a “plus” form, which is characterized by
and subsequently the calculation of the curvature for the dilation and tortuosity of the retinal vessels, may be
an estimate of tortuosity than by using one partial present. The cause of the second form is the formation
segmentation method. For retinopathy of prematurity of retinal fibrovascular membranes which, with its
(ROP) diagnostics, a RetCam3 camera (Natus Medical chronic late development, may cause total or partial
Incorporated, California, USA) with a resolution of retinal detachment. Changes in the structure of the reti-
640x480 pixels is used. The great advantage of the na can determine the degree of impairment of the visual
RetCam3 is the possibility to examine 14-day-old function. Retinopathy of prematurity tends to regress
children. The aim of the article is to describe algorithm spontaneously without permanent anatomical and func-
for segmentation retinal blood vessels from retinal tional consequences. The worst progression of the
images. The images were taken by RetCam3 camera. disease occurs in children born before the 30th week of
The segmentation method is based on hybrid method. gestation with a birth weight below 1000 g. The aim
The next aim is to describe algorithm for calculation of ROP screening is the early detection and timing of
tortuosity of blood vessels. treatment of the ROP threshold or pre-threshold stages.
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Children with retinopathy of prematurity must be ini-
tially more frequently invited for medical check-ups,
because proper and timely treatment is needed. A de-
layed diagnosis can usually cause complete blindness
[1, 2].

Tortuosity symptoms

The term tortuosity represents the curvature of ar-
teries and veins. Mild twisting can normally be ob-
served in humans and animals. The curvature of blood
vessels can be a symptom of many diseases (for
example atherosclerosis, diabetes mellitus, hyperten-
sion, etc.).

The reason why the curvature of arteries and veins
arises is not sufficiently established. Curvature is also
one of the symptoms of ROP [1, 2].

a) physiological retinal image b) ROP (stage 2)

Fig. 1: a) Retinal image with physiological blood
vessels, b) retinal image with ROP (stage 2) with
tortuosity.

Fig. 1 shows typical retinal images with a physio-
logical curving of the blood vessels and a pathological
curving of the blood vessels. The pathological image
has greater curving of the blood vessels than the
curving in the physiological image. These are images
from our database. All images in the paper become
from our databases.

The symptom of tortuosity is an indicator of the
status and development of the ROP disease. Nowadays,
ophthalmologists evaluate tortuosity subjectively
through a visual comparison of multiple retinal images,
which were taken in periodical intervals or with
a French curve. There is no objective method that can
be used. So, a subjective evaluation can have a mea-
surement error. The next example can be that more
ophthalmologists can have different views on the same
image.

Related Works

In several published analyses, the retinal blood ves-
sels were segmented from images taken by the fundus
camera. This camera has a twice higher resolution than
RetCam3; the fundus camera has 1280x800 pixels and
RetCam3 has 640x480 pixels. There is a freely avail-
able STARE and DRIVE database for fundus cameras
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with reference images as the gold standard, but this
does not exist for data from RetCam3. A fundus camera
is used for the examination of retina in children over
one year of age and mainly in adults, whereas RetCam3
is primarily intended for the retina examination of
children from 14 days to 1 year old for early ROP
detection, which mainly affects premature infants. One
of the approaches for the extraction of the blood ves-
sels was using the following techniques: histogram
equalization, median filter and thresholding, based on
assessing the brightness of each pixel of the retinal
vascular system image. To simplify the structure of
objects, the mathematical morphology of opening and
erosion was used [3].

Another option is to detect blood vessels based on
radon transformation, a smoothing transformation. The
algorithm detects areas with vascular elements. In the
case of a positive agreement, the vascular segment is
separated by a linear approximation. By combining site
information, the vascular system is obtained from the
entire image [4].

The blood vessel profile comes through a discreet
Laplace-Gaussian filter across several scales and the
maximum response between the output results. This
method was applied to retinal images from RetCam3
[5].

Another algorithm has been tested on a dataset of
images stored in the DRIVE (Netherlands) and STARE
(USA) databases. The method is based on thresholding
because it allows the extraction of the vascular bed and
the acquisition of a binary image map. Following the
acquisition of the binary map of the image, two mathe-
matical morphological operations are applied. The clo-
sure operation was the first to carry out dilatation
followed by erosion [6].

The analyzed method deals with the rapid segmen-
tation of the blood vessels, which is based on a discrete
wavelet transformation. The first segmentation phase
is the preprocessing of the captured fundus camera. In
order to remove the noise around the vessel, the hys-
teresis thresholding function and fixed thresholds of
140 and 220 were used. The size of the vessels in the
original image corresponds to the segmented vessel
size. Subsequently, the fragments are formed, and the
binary image of the vascular bed is formed [7].

An approach based on the mathematical method of
calculating the circular segment was used to measure
tortuosity, for example. In the initialization phase of
the algorithm, the individual pixels are scanned. The
output of the algorithm is a binary image that identifies
the area of the vascular system. This area is represented
by a white color spectrum. Non-zero pixels are pre-
served by a union-find table [8].

The morphological thinning algorithm is applied to
the image obtained by the fundus camera for the pur-
pose of detecting the vascular system. Because of the
possible failure of the algorithm, transverse and bifur-
cation segments are found in the vascular skeleton,
which are subsequently eliminated [4].
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Methods for determining tortuosity, based on curva-
ture measurements, require smoothing systems to re-
move noise. Adjusting the length of the chord is based
on the gradual division of the retina into two parts. In
the paper, the tortuosity metric was calculated from
parts of the polynomial curve for individual blood ves-
sels [9].

Properties are detected on the principle of finding
higher discontinuities in the gradient orientation area.
The method works on the principle of a robust crease-
edge detector, which is suitable for detecting linear and
circular structures [6].

Proposed algorithms for images from DRIVE and
STARE taken by fundus camera cannot be applied with
different setting parameters to data from RetCam3.
Because data from RetCam3 has twice lower resolution
than data from the fundus camera, the data has uneven
lighting caused by the wide-angle field and high visi-
bility of choroidal vessels associated with insufficient
pigmentation of the choroid, artifacts created by move-
ment of the child’s eyes.

Retinal dataset

Retinal data were measured clinically by Faculty
Hospital Ostrava, Ophthalmologic Clinic. In coopera-
tion with this institute, we retrieved an anonymized
dataset of about 2793 retinal images with clinical notes
for processing and evaluating. An ethics committee
was not necessary in this case. Data were obtained
clinically with informed consent signed by legal repre-
sentatives with consent to the processing of measured
data for research and teaching purposes. The retinal
images were taken by RetCam3. The dataset contains
records of screening of 65 premature children and 15
children born in the 40™ or 41 gestation week. Forty
boys and forty girls were screened. The left and right
eye were taken in each child. Each child was moni-
tored by the ophthalmologist at the regular check-ups
(series). The retinal images were taken from every
check-up and the progression of the disease was
enrolled.

_, Retinal blood vessels

Retinal lesdon

~ Optic disc

Fig. 2: Description of a retinal image from RetCam3.

The red lines in the image represent the blood ves-
sels of the retina. They are typical structures of retinal
images. Other observable objects are the optic disc and
retinal lesions, which are shown in Fig. 2. The data has
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a low resolution of around 640x480 pixels. The quality
of the images depends on the doctor who was using the
retinal camera. It is also important for the patients to be
calm, because movement of the eyes causes artifacts in
the images. For these reasons, the images are some-
times significantly different. Brightness, sharpness and
contrast represent the differences in the quality of the
images.

Table 1: Distribution of 80 infants by gestational age
of birth.

Gestational age Number Percentage
(week) of patients distribution
24-28 12 15%
29-32 26 32%
33-39 27 34%
40-41 15 19%

Table 2: Distribution of 80 infants by birth weight.

Birth weight Number Percentage

(g) of patients distribution
<1000 14 17%
1000-1499 19 24%
>1500 47 49%

In the dataset, the sex, gestational weeks, birth
weight, number of check-ups and diagnosis were
monitored in each check-up. Table 1 represents the
percentage distribution of gestational age of birth by
premature babies in the dataset. Table 1 shows that
most of the premature babies who were examined
by an ophthalmologist were born in weeks 33-39, or
in gestational weeks 29-39. The average value of
the gestational age of the examined children was
33.8 weeks. Table 2 shows the percentage distribution
of birth weight for the premature babies in our dataset.
The highest value was 4040 g and the lowest value of
birth weight was 540 g. The average value of the birth
weight of the examined children was 2092.3 g.

Table 3: Percentage distribution of 80 premature
infants by diagnosis.

Diagnosi Number - tion
of patients
Physiological 40 50%
Hemorrhage 27 34%
Hamartomas 1 1%
Hypoplasia 2 3%
Toxoplasma 1 1%
ROP 9 11%

A total of 239 examinations were performed in each
series. For each patient, the frequency of medical
check-ups was different, because it depends on the
diagnosis. Five different diagnoses are in our dataset.
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a) Physiological blood
vessel

¢) Hamartoma

e) ROP f) Hemorrhage

Fig. 3: Representative sample of retinal images taken
by RetCam3 with specified diagnosis by the clinical
specialist ophthalmologist in our dataset.

In Fig. 3, there are some retinal images from our
dataset with a specified diagnosis by the ophthalmolo-
gist: physiological blood vessels, ROP, Hemorrhage,
Hypoplasia, Hamartoma, Toxoplasma. In the dataset,
there were 9 patients with ROP in stages from 1 to 3.
And there is a defined presence or absence of the
tortuosity symptom, as well.

Materials and Methods

The segmentation algorithms available in the review
are mainly tested on fundus images, which do not
contain pathological tortuosity, therefore their deploy-
ment should not be a benefit for RetCam3 images.
There are differences between these modalities. Our
data has a different resolution, contrast, wide-field
view. In this capture, the design for vascular segmenta-
tion and tortuosity are described. RetCam3 data must
be preprocessed to enhance the contrast of the blood
vessels against the retinal background. A segmentation
procedure based on hybrid methods is applied to the
preprocessed data, the result is extracted blood vessels.
In our study an algorithm is designed for imaging the
tortuosity in each pixel from the segmented retinal
image. The segmentation algorithm was tested on 30
images with a classification of ROP and symptom
tortuosity. This sample dataset was divided into two
groups: contrast and non-contrast images.

Design of Proposed Hybrid Method

First, the preprocessing of the images is performed to
achieve the satisfactory results of the segmentation
algorithm (see Fig. 4).

;-'/ Input \"-.!_‘ Image || Image __Skeletonizalicn_“.-"/Deteclion of‘\"-i
'\Image/_.-' Preprocessing | |Segmentation| | Filling holes '\\E?Iood Vessels

Fig. 4: Proposed segmentation algorithm for extrac-
tion of retinal vascular system.

The input image is loaded in the algorithm, the image
preprocessing has highlighted the blood vessels and
then it was possible to apply a segmentation algorithm.
The output image of the segmentation is a binary image
of the retinal vascular system. Skeletonization is a mor-
phological operation for thinning the retinal blood
vessels, while filling holes is an operation for filling the
gaps and holes in the segmented retinal vascular
system. The result of the proposed algorithm is the
segmentation of blood vessels, which is available for
the application of the calculation for tortuosity.

Structure of Image Preprocessing

Preprocessing the image allows the retinal blood ves-
sels to be better observable for subsequent segmen-
tation. The process is shown below (see Fig. 5).

Transformation| | Sharpening

G Channel H Brightness H Image

1

Histogram S Morphological
Adaptation HMednan FllterH Operations

Fig. 5: Design of an algorithm for preprocessing
image.

The image was divided into three chrominance
components red, green, and blue. Image preprocessing
uses the extraction of the G chrominance component
because it has the highest contrast of blood vessels
against the background. The extraction of the green
channel is followed by converting the image to gray-
scale [10-12].

The lightening of the image is achieved with linear
brightness transformation. This transformation in-
creases the visibility of the retinal objects. Image sharp-
ening is a method based on emphasizing high frequen-
cies for highlighting sharp edges in the image (see
Fig. 6).

A histogram adaptation was used to further increase
the contrast of the blood vessels against the back-
ground. Median filtration eliminates unwanted noise in
the image. This nonlinear filtering method is based on
a static image analysis using a median (see Fig. 7).

Mathematical morphology is based on nonlinear
operators working with the shape of an object. In the
third part of preprocessing a sequence of mathematical
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morphological operations was used in this order:
dilatation, open and erode (see Fig. 8).

a) Grayscale image (G-channel extraction)

¢) Sharpening of the image (strength of the sharpening
effect: 0.1)

Fig. 6: First part of preprocessing image: a) image in

grayscale, b) brightness transformation, ¢) sharpening

of the image with parameter strength of the sharpening

effect 0.1.

a) daptation of b) Median filtration
histogram (size of filtration
window 3x3)

Fig. 7: Second part of preprocessing image: a) the
adaption of histogram, b) median filtration with size of
filtration window 3x3.

1

Dilatation Open = Erode

Fig. 8: Third part of preprocessing image based on the
morphological operation.

Dilatation uses a structural element for expanding
blood vessels in the image and fills the holes. Structural
elements have a typical shape and size. Selected shapes
are line, diamond, disk. These shapes were tested in the
selection of the most appropriate choice of morpholo-
gical element structures. The best results were obtained
in the shape of a line.

Dilatation is defined as:
X®B={pep=x+bxeX,beB} (1),

where X @ B represents a point set of all existing
vector sums for a pair of pixels, one belonging to the
set X (native image) and one belonging to set B (struc-
tural element).

Subsequently, morphological opening is used on the
image. A structural element with a diamond shape was
used for the morphological opening. The distance from
the original structural element to the diamond point
was subsequently changed. Images with low contrast
require longer distances. The opening method is
defined as:

A B=(ABGB)®B (2),

it is a morphological operation including erosion and
subsequent dilatation with the same structural element.

The next step is the erosion operation that subtracts
two point sets by a vector difference. There are other
minor inequalities that lead to image erasure. Erosion
can be described as:

X© B={pe&ip+b €eX,YvbeB} (3),

where p is the pixel, £ is the binary image space, X
represents the original image and B is the structural
element. In erosion, the same structural element as in
the previous morphological opening method was used.

Through this complete process, applying the
aforementioned morphological operations, it is
possible to extend and enhance the retinal blood
vessels. This image preprocessing is suitable for
subsequent image segmentation.

Table 4: Setting parameters of proposed algorithm for
image preprocessing.

Image Contrast Non-contrast
Preprocessing images images
Image 0.1 0.1
Sharpening
Median Window Window
Filtration 3x3 3x3
Dilatation Line (1,30) Line (1,30)
Open Diamond Diamond
(4-5) (16—20)
Erosion Diamond Diamond
(4-5) (16-20)

Table 4 shows the parameters for the optimal setting
of preprocessing methods in different applications for
contrast and non-contrast images. For image sharp-
ening, the value strength of the sharpening effect was
set to 0.1. It is a scalar value. The size of the filtration
window was set to 3x3 in the median filter. Based on
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the testing results, it seemed best to use the structural
element line for dilatation. This structural element is
defined by the length of the line vector and degree of
the line. A structural element with a diamond shape is
suitable for the opening morphological operation with
a radius size of 4-5 for a contrast image and 16-20 for
a non-contrast image. The structural element was used
in erosion, too.

Segmentation of Retinal Blood Vessels

The whole segmentation process is shown in Fig. 9.
The first step of image segmentation is edge detection
based on a Canny operator. The detector monitors areas
of pixels where brightness changes significantly. This
operator finds the edges by looking for local maxima
of the image gradient.

Canny’s edge detection showed better results than
Sobel's operator because it is less susceptible to noise.
Subsequently, thresholding was applied on the output
image after Canny’s edge detection. Thresholding has
the task of suppressing edges that are not in the center
of interest. This is a simple method based on different
levels (thresholds). Each pixel that is smaller than the
level is defined as a background pixel, while the re-
maining pixels are determined to be pixels of the blood
vessels. For lower contrast images, a lower threshold of
0.035-0.089 is required. For higher contrast images,
the optimal threshold is in the range of 0.3-0.4.

Then dilatation is applied with a longer distance
setting than in the previous preprocessing procedure.
Morphological close was used in the next step. This
operation represents dilation followed by a morpholo-
gical erosion operation with the same structural ele-
ment [13, 14].

Canny Edge

Detection Dilatation H  Close

e —

Fig. 9: Segmentation procedure for extraction of
retinal vascular system.

The effect of these operations is the smoothing of the
blood vessel contours, connection of narrow spaces and
long narrow bay. Small holes can be removed, as well,
and gaps in the contours are filled (see Fig. 10).

Fig. 10: Individual process of image segmentation for
extraction of blood vessels: a) Canny Edge Detection
(threshold: 0.3), b) Dilatation (structural element:
diamond, radius: 4), c) Close (structural element:
Diamond, radius: 11).

In the second step, binary skeletonization was imple-
mented. This operation presents an operation which
can eliminate information. The result of this method is
the simplification of the objects in the image. The
characteristic shape of the blood vessels is kept.

a) b)
Fig. 11: Steps of segmentation algorithm for simpli-
fication object (left), for filling holes in images (right).

The output of the skeletonization algorithm is the
skeleton (see Fig. 11a) [15, 16]. The final steps of the
segmentation are filling holes and gaps in the segment-
ed vascular system (see Fig. 11b).

Table 5: Setting parameters of proposed algorithm for
image segmentation.

Image Parameter  Contrast Non-
Segmentation images contrast

Canny Edge Threshold 0.2-0.5 0.1-0.5

Detection value
Dilation SRSE Diamond Diamond
(4-5) (7-12)
Close SRSE Diamond Diamond
(10-12) (16-20)
Skeletonization Number oo oo
of times

| [Skeletonization »-"".Detection of
Filing holes | *, Blood Vessels /

* SRSE - Shape, radius of structural element in pixels

Table 5 shows the setting parameters for image seg-
mentation. The threshold value changes in the Canny
Edge detector. The diamond shape of the structural
element is suitable for dilatation and close. The radius
of the structural element was changing in the segment-
ation algorithm. The structural element diamond with
a lower value is more suitable for a contrast image than
a non-contrast image. Skeletonization is set to infinity
because the operation repeats until the image no longer
changes.

Proposed algorithm for calculation
tortuosity

A segmented binary retinal blood vessel can be used
in the algorithm for the calculation of a tortuosity
symptom. Up to now, it has not been an objective
parameter for evaluating the curving of the vascular
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system. So, after the application of our algorithm for
calculating tortuosity, the tortuosity can be displayed
with different curving using the threshold objectively.

Fig. 12 shows the design of the algorithm for the
calculation curvature of segmented retinal blood ves-
sels. First, it is necessary to transfer the segmented
binary image into a sparse matrix, where zero elements
are suppressed. Then the non-zero parts in the matrix
were found, so information about the position of a point
in the coordinates X, y is taken in this way.

‘-/Binary V\'—-S arse matrix|— Finding of | | Gradients of
‘-\ image /' P Coordinates | | Coordinates
I ]
l . . ee — —
Gradient of | | Transferto | | Flgfdl_lrjﬁreF’s?hscl)}I;n _;-/Tortuosily \
Arctangent Degrees Value -A\Assessemeqt/-‘

Fig. 12: Proposed design of an algorithm for calcula-
tion of tortuosity.

Fig. 13 shows the output of the proposed segment-
ation algorithm and transfer to the coordinate system.

{ \\
f . .“ PAEY
f St P \
[ N\ }‘.r’

Y
Y
\ { “\_\__

\ A N/
\\ d l /
b)

Fig. 13: a) Skeletonization of image, b) transformation
into the coordinate system.

To coordinate a system with x and y points, function

f is represented as:
y=fx) (4)

The gradients VVx, Vy are calculated from all coordinate
points X, y. The gradient determines the slope of the
tangent and the magnitude of the angle with the axis.

The gradient calculation is based on the first derivative
(see Fig.14).

YA

Fig. 14: Principle of calculation of first derivative
according to Leibniz marking: a point of curve, kr
tangent in point a, Ax and Ay shift of point a by
length x.

The first derivative is given by the following equation:
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r=2=2 ®)

To determine the slope of curvature, we need to use
tangent approximation at each point. The magnitude of
the curvature is determined using the arctan
cyclometric function of the Vx, Vy gradients. The
resulting gradient represents the direction of the
greatest slope in the function. This process can obtain
the curvature value (BVC-Blood Vessel Curvature),
which is based on the idea that the derivative

determines the degree of the slope of the function.

V arctan(kT)
Vx

[Vx|2+|Vy|?

BVC = (6)
Angles are calculated in each point of the blood ves-
sels by the equation below:

180°

angle = |BVC *— )

Angles are computed in absolute values because we
need to work with positive numbers. These angles can
be used as an indicator of tortuosity. Afterwards a new
matrix with information about the position of the
angles is created. In the next step, the angles are select-
ed and saved into a new variable based on the threshold
setting by the user.

Fig. 15: Native image (left), multiple thresholding of
tortuosity in retinal blood vessels image (right).

The red parts represent the areas of the retinal blood
vessels with sizes above the selected threshold. Places
which are below the selected threshold are displayed in
a blue color (see Fig. 15).

The vascular system with evaluated tortuosity is
rotated 90° to the left towards the vascular system. This
rotation does not affect the result, it is only a certain
feature of the algorithm. Rotation to the left can be
easily deleted by adding a process to the algorithm for
rotation of the image.

Verification of the proposed algorithm for
evaluation of tortuosity from segmented
image

The segmentation algorithm for the extraction of the
retinal blood vessels was tested on images that were di-
vided into two groups (15 contrasting images, 15 non-
contrasting images). The retinal images were taken on
left eyes and right eyes. The segmentation algorithm
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cannot be evaluated objectively, because we have not
got any gold standard to which it could be related. The
evaluation of the proposed segmentation method can be
through visual comparison. From the images above
(Fig. 14), it seems that the algorithm segmented the
main arteries of the blood vessels of retinal images.
Thus, the segmented images are suitable for testing the
algorithm for the evaluation of tortuosity by threshold.

The proposed algorithm for the calculation of the
curvature of retinal blood vessels was tested on these
segmented images. The maximum and minimum of the
tortuosity size were found from the image. The lowest
degree of curvature is equal to zero while the highest
degree of curvature is 135.

Threshold value 20 Threshold value 50 Threshold value 120

Legend: x ... above the threshold
X ... under the threshold

Fig. 16: An example showing the rate of curvature of
blood vessels at different threshold settings.

When the threshold is changed from a lower to higher
value, the number of red markers decreases. These
markers mean up-threshold values (Fig. 16).

In the next step, we tested images with different con-
trast. For all images, a threshold with a value of 30°
was used. The algorithm marked places with a red col-
or, which are above the threshold value in both of the
image types.

If the algorithm works correctly, it is necessary to test
images with different curvatures. In the images, blood
vessels with a low curvature have fewer markers with
steeper tortuosity. The threshold was set to the same
value in the images. For this reason, the algorithm can
be considered to be satisfactory. Images with a high
curvature of blood vessels have more places with the
red color (places above the threshold).

Discussion

One problem of images from RetCam3 is their low
resolution; it has 640x480 pixels compared to images
from the fundus camera with 1280x800 pixels.

In related works, one of the approaches was based on
a series of morphological operations (close, dilatation
and erosion) applied on data from the fundus camera.
The method cannot be applied to our data in this order.
The proposed algorithms for the segmentation of im-
ages from the fundus camera is not suitable for using
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data from RetCam3 (see Related Works chapter),
because those two modalities are different. They have
different resolutions, contrast, wide-field views. In our
approach, it is necessary to preprocess the image to
highlight a blood vessel map using G Channel extrac-
tion. It is the same as preprocessing an image from the
fundus camera, but brightness transformation, image
sharpening, histogram adaptation, median filter and
morphological operations (dilatation, open, erode) are
used in the next step. Preprocessing was the first part
of the process for the segmentation of blood vessels.
The algorithm was used to improve the observability of
objects and enlarge the contrast of the vascular system
against background.

Since tortuosity is not defined exactly by mathemati-
cal formulae or with parameters for measuring tortuosi-
ty, it is difficult to classify it precisely. Therefore, the
next development of this application is in close coop-
eration with an ophthalmologist. It will be possible to
define the golden standard for evaluation of the patho-
logical and physiological tortuosity of vascular sys-
tems. The proposed algorithm is suitable for applica-
tion data from the fundus camera with different setting
parameters. From a clinical point of view from ophthal-
mology experts, this application showing places with
curves is appropriate to help evaluate the tortuosity
symptom. The application is a great benefit to clinical
practice and suitable for further development and
improvement.

Conclusion

An algorithm was proposed for the segmentation of
retinal blood vessels from retinal images. Retinal
images were taken by RetCam3 during medical check-
ups of newborns for the purpose monitoring the
evolution of their retina. The segmentation method
based on hybrid methods can segment the main blood
vessels of retinal contrast and non-contrast images.
The problem for premature babies is retinopathy of
prematurity. This disease can lead to blindness. One
of the symptoms is tortuosity, which represents the
curving of the vascular system. No mathematically
described objective parameter exists to evaluate the
tortuosity. So, in this paper an algorithm is proposed
for the segmentation of the binary vascular system
through hybrid methods, after which the algorithm can
be applied for the calculation of tortuosity.

To test the proposed algorithm, 30 images were
chosen and divided into two groups for contrast and
non-contrast images due to the visibility of the retinal
blood vessels. It was found that this algorithm is suit-
able for the subsequent application of the tortuosity
calculation. A binary image of the retinal blood vessels
is the output of the image segmentation. This image is
used in the algorithm to calculate tortuosity, which
is based on a calculation of the gradient.
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The results showed that the segmentation algorithm
and algorithm for the calculation of the tortuosity work
in both images (contrast and non-contrast) and images
with different tortuosity. The places with the value of
tortuosity above the threshold are indicated by a red
color and below the threshold by a blue color.

The computational time of the segmentation algo-
rithm depends on the image quality. The average com-
putational time is 1s. The computational time was
tested on 30 images.
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