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Measurement of Corneal Neovascularisation
with the Use of Image Processing Techniques
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The aim of the article is to present the developed technique to measure the degree of neovascularisation of the
cornea image in visible light. The study used an image sensor attached to a slit lamp. The proposed technique
consists in performing segmentation of the color image to enhance blood vessels and setting values of the degree
of cornea neovascularisation. Comparison of the indicator before and after treatment of the cornea can objectively
assess the effectiveness of the adopted method of treatment.
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1. Introduction

The paper presents application of image segmentation
technique as a tool to measurement of corneal neovascu-
larisation. Image segmentation is performed to determine
the position of the corneal blood vessels, measuring their
area and finally measuring the degree of neovascularisa-
tion. The method is based on an analysis of the image of
the cornea obtained in the visible light range.

The cornea is the front part of the fibrous mem-
brane (tunica fibrosa bulbi) of the eye, which is the outer
layer and the first critical element of the optical sys-
tem which the eye is (central corneal refractive power of
+43.0 D [1, 2]). In physiological conditions, in humans
and in majority of animal species, the cornea, apart from
a small peripheral area of the limbus, is avascular. How-
ever, in many clinical and experimental conditions blood
vessels shows invasiveness and comes to corneal neovas-
cularisation [3]. The new creation of blood vessels in the
cornea is clinically an extremely important issue. Neovas-
cularisation facilitates the formation of edema and lipid
deposits, which leads to impaired visual acuity and also
significantly worsens the corneal graft prognosis.

From a medical point of view it is important to de-
velop an indicator and methods for measuring the degree
of corneal neovascularisation. Such an indicator will as-
sess the results of the treatment method used and also
objectively carry out diagnostic imaging.

This solution is based on image analysis, done with a
CCD camera attached to a slit lamp, Fig. 1la. Attempts
to use these solutions have already been taken [4]. How-
ever, use of imaging concern mostly blood vessels in the
retina [5-7], Fig. 1b, eyelids [8, 9], or the pupil [10-14].

Few studies have been published showing the use of
imaging techniques to study neovascularisation of the

*corresponding author; e-mail: k.murawski@ita.wat.edu.pl

Fig. 1.
sensor (a), blood vessels of the retina (b), blood vessels
of the cornea (c).

Station for acquiring images: slit lamp with

cornea [15]. This is undoubtedly due to the difficulty
of obtaining good quality images of corneal blood vessels
and problems during their processing. Due to the trans-
parent character of the cornea, blood vessel imaging is
difficult, Fig. 1c. As a result of the image processing
technique used for image segmentation of blood vessels
of the retina, in the case of the cornea, has limited ap-
plication. In clinical practice, retinal vascular imaging
is carried out using a fluorescent angiography FA [16].
This method is based on the clinical use of the fluores-
cence effect, i.e. the light emission of a particular wave-
length (in a time less than 10~8 s) under light excitation.
This involves the movement of electrons to the highest
orbits. The return to the state prior to excitation indi-
cates the emission of quantum radiation of a lower energy
and thereby a longer wavelength. A chemical compound
— the contrast (CooH1205Na — fluorescein) — is ad-
ministered through the basilic vein into the bloodstream
getting into the blood vessels of the eye. It can absorb
electromagnetic energy with the transition to a higher,
unstable energy level — singlet. In the case of the sodium
salt of fluorescein the absorption peak at a pH of 7.4 ap-
pears at a Ay wavelength of 465 nm to 490 nm (blue
light) and the Ag emission peak from 520 nm to 530 nm
(yellow-green light). These colors were used in the exami-
nation of blood vessels of the eye. Illuminating the fundus
with blue light stimulates all structures of the eye con-
taining fluorescein, which fluoresces green-yellow light.
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Maximising the contrast between areas with fluorescein
and without this colour is achieved through light filtra-
tion with wavelengths of Ay and Ag, Fig. 2. The band-
pass filter (B) leaves white light (A) in the spectrum with
a wavelength of Acwr, € [465 nm, 490 nm], where CWL
means center wavelength. The band-pass filter (D) passes
through wavelengths of Acwr, € [520 nm, 530 nm]. In re-
ality the creation of such a system of filters is difficult.

Fig. 2. System observation of fluorescence structures
of the eye [17]: white light source (A); bandpass filter
Acwr € [465 nm, 490 nm]| (B); prism (C); bandpass
filter Acwr € [520 nm, 530 nm] (D); 50R/50T plate
beam splitter (E); reflecting mirror (H, F); CCD sen-
sor (I); eyepiece (G).

Fig. 3.
Fig. 1: retina (a), cornea (b).

Fluorescent angiography of blood vessels from

The bandwidth of filters (B) and (D) in available de-
vices partially overlap. This results in the formation of
a phenomenon known as pseudofluorescence, which im-
pedes the interpretation of test results.

The given technique is used mainly for testing chori-
oretinal circulation — retinal and retinal pathology.
The experiments performed at the Warsaw Military In-
stitute of Medicine showed that it is also possible to con-
duct blood vessels FA imaging of the cornea, Fig. 3b.
However, this process takes place at a much higher dy-
namism than in the case of the retina. The fluorescence
of the blood vessels of the cornea appears and disappears
just as quickly. The average time in the experiments was
about 3 s.

An important limitation of the use of FA is the side
effects associated with the administration of contrast.
They include: yellowing of the skin, mucous membranes
and urine as well as falsification of certain chemical tests
with serum for several days after the test. From 2% to 4%
of testees after 3060 s feel nauseous after administering
the contrast, which can lead to vomiting. Other side ef-
fects that should be mentioned include urticaria, asthma
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symptoms, swelling of the larynx. Symptoms such as
fainting, anaphylactic reaction to fluorescein, heart at-
tack, cardiac arrest or lack of breathing are relatively
rare.

Fig. 4.

OCT Visante: measuring the thickness of the
corneal (a), pachymetry map (b), a view of the de-
vice (c).

Another technique helpful in determining the degree of
neovascularisation of the cornea is to measure its thick-
ness, Fig. 4a. This study is justified due to the high de-
gree of correlation between the neovascularisation of the
cornea (usually mature vessels and their permeability)
and the change of its thickness resulting from swelling.
Corneal oedema can be observed by performing a test —
optical coherence tomography (OCT). During the study
the pachymetry map is determined, Fig. 4b. For this pur-
pose, the Visante OCT (OCTYV) device was used in the
experiments, Fig. 4c. The OCTYV operates on the basis of
the Michelson interferometer, Fig. 5 OCTYV as the source
of light (A) uses a superluminescent diode [18]. The LED
emits light with a wavelength of A\; € [820 nm, 830 nm]
and A9 = 1310 nm, with a low coherence time and a high
spatial coherence. The emitted light reaches the beam
splitter (C), where the reference beam is created and di-
rected to the reference mirror (D) and studied beam is
directed through a system of mirrors (E, F) onto the
tested object (K). The reflected beam of light from the
object interferes with the reference beam. The beam re-
sulting from light interference is directed onto a diffrac-
tion grating (H). The diffraction grating forms the spec-
trum of light recorded by the camera (J). This spectrum
is processed and visualised by a computer system. Ax-
ial resolution in the OCT study (for OCTV — 18 um)
is conditioned by the scope of the scanning wave coher-
ence. Lateral resolution (for OCTV — 60 um) is linked
to the number of scans forming the plane. The study
used a pachymetric map (a map as thick as the cornea)
defined by the OCTV. The pachymetric map is the re-
sult of measurements made in 8 lines 128 scans each with
a frame scan size of 10 mm to 3 mm. It is presented
on the screen, Fig. 4b, in the form of a (image) colour
map and in numerical form. Warm colors on the colour
scale represent thinner areas of the cornea, while cool
colours thicker areas. The result of the pachymetry is
presented for ray ranges from 0 mm to 2 mm, from 2 mm
to 5 mm, from 5 mm to 7 mm and from 7 mm to 10 mm.
The software allows expressing the measurement result of
changes in corneal thickness in an absolute and relative
scale. The assessment of the absolute deviation is based
on the assumption that the highest on the colour scale
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(navy) defines the thickness of the cornea { > 740 um,
while the lowest most color (orange) defines the thickness
of the cornea [ < 340 ym. In the analysis of relative de-
viation the colors blue and orange indicate the thickest
and thinnest areas of the cornea.

F

Fig. 5. Schematic diagram of Michelson interfero-
meter [18].

Optical coherent tomography is a non-invasive test
of the cornea providing high resolution images. This
method was considered the “gold standard” in imaging
the anterior segment of the eye. For this reason, and also
due to high accuracy and repeatability of results, this
method has been accepted as a reference method in the
experiment (including angiography). The only restric-
tion in its common application is the price of the device
of over $65,000 USD.

2. Measurements of corneal neovascularisation
with the use of image processing techniques

The measurements of corneal neovascularisation was
performed wusing digital image processing, Fig. 6.
The video source was a camera with a CCD image sensor
mounted on a slit lamp, Fig. 1a. Photos at a resolution of
1024 px x 768 px and a 24-bit colour depth were taken in
a visible band with white light illuminating the cornea.

Calculation of
indicators

Theimageof | a | Scementaion b Image
b LN
the cyc of the cornca processing

The view of scgmented | d
blood vessels

Blood vessels
visualization

Fig. 6. Segmentation of blood vessels algorithm.

The proposed method of image segmentation has two
stages. The first stage involves determining the location
of the cornea on the image plane. The implementation
of this operation is performed manually. Location of the
cornea may be ultimately sought through the use of ar-
tificial intelligence algorithms [19] or determined by the
algorithm given in [20]. Then the area of the cornea is
determined indirectly by indicating the position of the
iris. The second stage consists in image segmentation in
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order to determine the position of blood vessels of the
cornea, Fig. 7. A colour image of the cornea O is di-
vided into constituent colors, images: Ogr, Og and Og.
Further operations are performed on Ogr and O¢. Ogp is
used in the process of visualisation of the map of blood
vessels. Or and Og are processed to improve contrast.
For this purpose, the imadjust function in Matlab was
used. Then the R channel is subjected to the blur opera-
tion. The O blur was performed with function: imfilter
(R, PSF, “circ”, “conv”), where the PSF = fspecial (“aver-
age”, [10 10]). The achieved image Og contains virtually
no blood vessels. Afterwards Og is subtracted from im-
age Or. The resulting Org = Or — O¢ is subject to
correction using the average pixel value and mean de-
termined from Ogrg as well as multipliers n = 1.5 and
k = 5. The values of the multipliers were experimentally
chosen. The new values of W'(p;;) pixels of p;; image
are determined from Eq. (1):

0 for W (p;;) < n - mean,
kW (p;;) for n-mean < kW (p;;) < 255,
255 for k- W (pij) > 255,

pij = O%(3,5); (1)
W (p;;) — pixel color value. Subsequently, the Ogrg im-
age is multiplied, pixel by pixel, with the image O} ob-
taining Of. In OR the area beyond the surface of the
cornea takes on the colour black. The corneal area not
containing any blood vessels is white. The cornea areas
containing blood vessels are marked in red (R = 255,
G =0, B = 0) and yellow (R = 255, G = 255, B = 0).
Colour unification of image OX, was achieved using cor-
rection of pixel values of the red channel. The colours of
image O%G are adjusted in accordance with principles:
if the RGB channels of image Of are equal (255,255,0)
then the value in the channel G is set to 0, if the value of
the RGB channels are different from (255,0,0) then they
are set to (0,0,0). After completing the correction proce-
dure channel R of the improved image OR, is combined
with channels G and B of image O®. This way the source
image is reproduced simultaneously emphasizing the lo-
cations of blood vessels. The last step is to determine the
number of pixels in groups of pixels of selected colours
(black, white, red). These values indicate the quantita-
tive as well as the percentage of corneal coverage by the
blood vessels formed during the process of neovascular-
isation of the cornea. The partial results of processing
the exemplary image of the cornea in points (a)—(o) of
the algorithm are shown in Fig. 6 and Fig. 7 is included
in Fig. 8.
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The image of the eye (a)

Cornea image (b) Result (d)

R channel (g) G channel (¢) B channel (f)

R channel inc. contr. (k) G channel inc. contr. (h) Blurred R channel (1m)

Result of m—h (n) Corrected blood vessels (c)

Fig. 8. Results of the algorithm from Fig. 6, Fig. 7 in
points a—o during image processing of the cornea.

The area of the blood vessels in the presented example
equaled 15763 px, and the area of the cornea 379600 px.
The calculated corneal neovascularisation equaled 4.15%
of its surface.

3. Results of research

The presented technique of image processing has been
studied on simulated and real images. For artificially pro-
duced images 100% of the simulated blood vessels area
was defined. For real images no alternative techniques
were available for determining the surface of the blood
vessels of the cornea. However, the conformity of deter-
mining their position was achieved when compared to the
results of angiography and OCTYV testing. An example
of positioning the blood vessels on the image taken with
a slit lamp and the image obtained during angiography
of the cornea is shown in Fig. 9. Determined areas where
blood vessels appear were outlined.

Fig. 9.

Processing results (a), a composition with the
result of the angiography (b).

Determined areas cover the same area as the blood
vessels indicated during angiography. Other examples of
actions of the proposed method were presented in Fig. 10.
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a)

Fig. 10. An example of the results obtained by pro-
posed measurement technique: view of the cornea (a)
processing result (b).

4. Conclusions

The study shows that the utilisation of the developed
image processing technique to measure the corneal neo-
vascularisation is very promising. The obtained results
show that it is possible to conduct the segmentation of
blood vessels of the cornea. The results obtained during
digital imaging coincide with the results of angiography.
Simultaneously, the technique proposed in the study is
non-invasive, safe, short and sensitive. The developed
technique confirmed in the course of the study that it
can considerably help to objectively assess used methods
of treatment.
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