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Abstract – The methods developed in recent years for synthesising an ocular 

fundus can be been divided into two main categories. The first category of methods 

involves the development of an anatomical model of the eye, where artificial images 

are generated using appropriate parameters for modelling the vascular networks and 

fundus. The second type of method has been made possible by the development of deep 

learning techniques and improvements in the performance of hardware (especially 

graphics cards equipped with a large number of cores).  
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Introduction 
The analysis of retinal vascular microphotographs has a predominant role in 

clinical ophthalmology. However, there are few public domain high-resolution retinal 

images with handmade ground truth, especially those showing the classification of 

arteries and veins by ex pert physicians. A valid alternative is the creation of 

photorealistic images, with the possibility to specify peculiar characteristics that 

identify specific pathologies. This approach would not only allow the development and 

comparison of new automatic processing techniques but could also be useful in the 

predictive study of the evolution of diseases. A computer-aided diagnosis system for 

premature retinopathy was presented in [1]. It identifies a set of features that can be 

used to check for diseases of the fundus. Some of these can be extracted automatically 

and set as morphometric data (width, length, density, crossings, end-branch, and 

tortuosity). This automatic approach makes the system effective for non-physician 

graders. The framework proposed in this paper applies the principle of least action to 

generate the vascular tree on a simulated retinal image. Despite the simplicity of this 

approach, the algorithm has been successfully validated by comparing the results to 

statistical data from real datasets. This method is computationally fast, and a graphical 

interface allows the user to modify, if necessary, the characteristics of the vessels, and 

even to simulate possible pathologies. Considering the small number of datasets with 

retinal microphotographs in the public domain, this methodology could produce large 

archives of images as benchmarks for future segmentation and classification 

algorithms. A further possible application of this framework is data augmentation, 

which would be useful for training neural networks and generative adversarial 

networks. 

In [2] the authors reviewed the literature on retinal image analysis, providing a 

wide range of topics and principles on which digital retinal image analysis is based, 

including image acquisition and processing, the automated segmentation and detection 

of retinal landmarks, vessel monitoring, morphological processing, the automatic 
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detection of pathology, quantitative measurements in ocular fundus images, and the 

reliability of quantitative measurements. A multiwavelet technique to segment the 

bottom portion of the eye without any pre-processing steps was presented contributions 

highlighted the correlation between coronary heart disease and coronary microvascular 

dysfunction [4]. An approach based on fractal analysis was reported in [5], which had 

the main objective of examining retinal vessels to find correlations between blood 

vessel features and coronary heart disease. The vascular network can be represented on 

the basis of the skeleton of the available segmented vessels and using a non-direct 

graph [6]. Image processing techniques for the detection, segmentation, tracking, and 

measurement of the widths of major temporal arcades, which used Gabor filters, were 

developed in [7]. A methodology for automated blood vessel extraction based on high-

level local autocorrelation was described in [8]. An artificial neural network was used 

to classify the vessels in the fundus and a second neural network using Gabor filters 

was adopted to improve the overall performance. Some methods have been based on 

geometric models, and those based on a tubular shape have aroused a fair consensus 

within the scientific community [9]. However, because it is often necessary to manually 

adjust the parameters, these methods cannot be considered fully automatic. In other 

cases, an initial training must be performed to produce supervised methods, which 

seem to be strictly dependent on the values set by the user. A promising approach based 

on keypoints [10] was described in [11]. Regarding the study of the optic disc, a circular 

luminous object was proposed in [12] to define the unique round structure. In [13] a 

ridge detector was presented that used a retinal structure created by specialists that was 

simultaneously invariant to rotation, scaling, and curvature. This method included 

“context model” filters learned at multiple intervals. The tubularity measurements of 

these models were obtained by convolving a retinal image with a bank of second-order 

directional derivative filters. To cope with irregular and punctual structures, the authors 

generated a subset of elongated kernels, similar to a Gabor filterbank [14]. To mitigate 

the necessary efforts of this approach, an unsupervised methodology based on the 

wavelet algorithm “à trous” was adopted in [15]. Compared to an analysis using the 

standard Gabor function, this last methodology was based on a sequence of Gaussian 

filters, which were fast and effective for detecting the directions of the vessels. The 

result was a useful tool for quantifying the local tortuosity. The work was based on a 

pre-compiled bank of Gaussian elliptical filters and an algorithm [13] that allowed the 

direct comparison of the results obtained with those contained in the well-known digital 

retinal images for vessel extraction (DRIVE) [16] and DIARETDB01 [17] datasets. 

All of these studies were specifically concerned with the extraction of characterisations 

from retinal images. Similar techniques were used in the present study to verify the 

goodness of the proposed approach. 

The DRIVE dataset [16] contains retinal images with and without pathologies 

(Fig. 1,top). It consists of  40 retinal images with a resolution of  768 × 584 pixels, 

including 33 that do not show any signs of diabetic retinopathy and 7 showing mild 

early diabetic retinopathy. The whole set is publicly available and divided into two sets 

for testing and training purposes. Manual classifications of the vessels as veins and 

arteries are available, and their morphometric characteristics were used to measure the 

ground truth as described in [26]. 
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Fig. 1. Images #2 and #8 from DRIVE and HRF datasets, respectively 

 

The HRF dataset The HRF image dataset [27,28] was created to support 

comparative studies of automatic segmentation algorithms for retinal bottom images. 

The size of the photographs is 2336 ×3504  pixels (Fig. 1,bottom). This public dataset 

currently contains 15  images of healthy patients, 15 images of patients with diabetic 

retinopathy, and 

 
Fig. 2. Major temporal arcade (red) with main axis indicated in green. The 

probability maps are created via two Gaussian functions (left) and the distance map 

(right). The grey level is proportional to the probability of choosing an endpoint. (For 

interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article. 

 

15 images of glaucomatous patients. Partial binary segmentations of the vessels 

(i.e. sometimes the finer details have been omitted) are provided for each image; these 

segmentations were generated by experts working in the field of retinal image analysis 

in collaboration with a group of ophthalmology clinicians. To the best of our 

knowledge there are no manual classifications of veins and arteries for this dataset. 

A study of the main morphometric properties of the retina made it possible to 

verify the correctness of the approach proposed in this paper and its robustness with 
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respect to real microphotographs. Because arteries and veins have different 

information, the method can simply be calibrated for each of these two types of blood 

vessels, and then the resulting images can be combined together in a realistic way. For 

both vascular networks, inspiration was taken from the parabolic model described in 

[29] to reproduce the major temporal arcade (MTA). Without loss of generality, the 

simulated images were created assuming the optic disk was always on the left of the 

figure. The first step of this methodology was based on two main factors: the 

randomness in the choice of the end points of the vessels and the ramification of the 

vascular tree. Positioning the endpoints according to a purely random uniform 

distribution does not produce satisfactory results because a large number of small 

vessels should be placed in the area of the macula to allow a higher blood volume. The 

underlying idea of the proposed methodology was based on the application of the 

principle of least action and consequently of all the physics governing the nature of 

things. A purely intuitive and empirical, though reasonable, statement of this principle 

is that “among the various possibilities of inanimate motion, nature always chooses the 

most advantageous path”. An easy though effective manner to place the endpoints is 

based on a probability map created from two Gaussian distributions and a Voronoi 

distance map. The first step is to compute an elliptical Gaussian distribution, centred 

on the area of the macula and oriented according to the MTA: the orientation of the 

Gaussian ellipsis is taken as the second order moment of the binary image that contains 

only the MTA.  

It was experimentally verified that a good choice for the width of the Gaussian 

function is given by σy = 3σy . Moreover, to exclude endpoints exactly at the fovea, 

another circular Gaussian map, centred on the fovea and with sigma equal to the 

presumed size of the fovea itself, is subtracted (Fig. 2, left). All these settings can be 

adjusted according to the size of the image to be created. 

The proposed method prevented this side effect via the Catmull–Rom 

interpolation [33]. Informally, this is a special case of cardinal splines. These in turn 

are derived from the cubic Hermite splines, which are typically used to interpolate 

numerical data to obtain a smooth continuous function. The cardinal spline overcomes 

the main disadvantages of cubic splines, namely the lack of local control and the need 

to solve a large system of linear equations. In order to generate a feasible central line 

for the retinal vessel, four control points are necessary to determine the overall course. 

In this specific case, starting and ending points P1 and P2 and two further random points 

P3 and P4 are placed close to the segment between P1 and P2. Their positions are 

randomly identified within double Gaussian functions, centred at one third and two 

thirds of that segment and with a standard deviation equal to one (Fig. 3, left). When 

using the same standard deviation value on both sides of the vessel, this will oscillate 

and be basically straight; however, it is possible to obtain a vessel that tends towards 

the right (left) by slightly increasing the Gaussian width on the right (left). The four 

points ensure sufficient variability among the vessels, whose overall appearance (e.g. 

tortuosity) can be controlled through the width of these Gaussian functions. Obviously, 

these four points are not sufficient to draw a realistic vessel. Therefore, additional 

control points are added in somewhat random positions, roughly equally spaced, 

similar to P3 and P4 (Fig. 3, right). All these points are then interpolated to produce the 
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centerline through the polynomial  

   
with  0 ≤ t ≤ 1. 

This formula describes the parabola between P1 P3 , and P4, the parabola between 

P3 P4 , and P2, the linear combination of the  

 
Fig. 3. Starting from P1 and P2 P3, and P4 are added within normal probability 

density function (in blue and yellow, respectively). Further control points are added to 

perturb the initial coarse centreline. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.). 

parabolas between P3 and P4. These individual parts connect smoothly (i.e. the 

first derivatives are equal at each point). Tension parameter T  = 1-2s  makes it possible 

to modify the curve, where a negative value causes loops in the space between the 

control points, while a positive tension wraps the interpolated curve around them.  

For  T = 1 the polynomial becomes  

 
which corresponds to the so-called Catmull-Rom.  

Each time a complete vessel is added, the entire probability map must be updated: 

the number of iterations depends on the resolution of the synthetic image. In any case, 

the fovea is avoided by using the map described in Section 2.3 (Fig. 2,). In order to 

make the vessels so far generated more realistic, it is also necessary to consider the 

calibre, which decreases linearly as it moves away from the optic disc. The statistical 

and physiological indications that distinguish arteries from veins have also been taken 

into account for this feature. At the same distance from the optic disc, the arteries are 

generally slightly larger than the veins. In addition, vessels in direct contact with the 

http://www.newjournal.org/


JOURNAL OF NEW CENTURY INNOVATIONS 
 

http://www.newjournal.org/                                                            Volume–28_Issue-4_May_2023 55 

optic disc but which have a significantly shorter length than the major temporal arcade 

are assigned a very small calibre. Further realism is given by the randomness with 

which the larger vessels connect to the main ones: with the upper limit of the main 

calibre, the secondary vessels can sometimes appear much thinner. Once the 

appropriate calibre is associated with each point of the centreline, a colour profile is 

applied, which is resized according to the calibre and orthogonal to the centreline. This 

profile, which was differentiated for veins and arteries, was created by analysing the 

real images in the dataset, and it also includes transparency to improve the 

superimposition of the vessels on the background fundus image. Moreover, the amount 

of opacity is proportional to the calibre itself. The overlapping of veins and arteries is 

observable in the real images; this is not admissible for vessels of the same type. 

However, in order to prevent a vein and an artery from intertwining in an unnatural 

way, the passage of the veins over the arteries (and vice versa) is force to be globally, 

not locally, random. That is, all the overlaps between vessels are labelled as vein-on-

artery or artery-on-vein; then these labels are updated so that they are locally all of the 

same type, chosen in a random way (Fig. 4). 

The description of the framework highlights its interactive versatility both for the 

researcher and the clinician, who can use it to evaluate possible emerging pathologies. 

The association between different biomarkers of the retina and cerebrovascular 

diseases has been widely studied in the literature. Cerebrovascular diseases (e.g. 

clinical stroke, silent cerebral infarction, and cerebral haemorrhage) are identified with 

numerous causes of death. Consequently, the retina, which is considered to be an 

extension of the brain, shares the brain’s vascular malformations. A medical researcher, 

supported by this system, will be able to manipulate control points in order to 

synthesise pathologies characterised by anomalies in vessel parameters such as the 

length, calibre and distances, tortuosity, curvature and sum of angles, presence of 

consecutive curvatures, and inflection countermeasure [35]. 

 
Fig. 4. Application of the profiles of  on the calibers of . The circles indicate the 

overlapping vein-on-artery (cyan) or artery-on-vein (yellow). Locally, these circles 

http://www.newjournal.org/


JOURNAL OF NEW CENTURY INNOVATIONS 
 

http://www.newjournal.org/                                                            Volume–28_Issue-4_May_2023 56 

show the same color. The reader is referred to the electronic version of the article for 

interpretation of the colours. in this figure. 

As a result, a clinical physician can study these variations applied to an image 

rendered in a specific moment of time, to predict in detail the degenerative 

consequences. For example, a reduction in vessel oxygenation implies an increase in 

blood flow, as well as an increase in the tortuosity of peripheral vessels. Therefore, the 

tortuosity, lack of oxygenation, and changes in the muscle tone of the vessel walls (i.e. 

thickness) may indicate possible pathologies such as ischemic optic neuropathy, 

neovascularisation, and retinal vein occlusion. An analysis of markers extracted from 

synthetic images will allow a detailed study that will assist a clinical doctor to improve 

their understanding of the mechanisms that lead to morphological changes in the 

vascularisation of the retina and consequently the cerebrovascular system. The GUI 

capabilities allow for easy image manipulation and are an interesting utility for 

identifying innovative vascular properties for disease characterisation. For example, 

synthetic retinal images with simulated vascular obstructions can be suggested as 

surrogate markers in a stroke risk study. This will provide support for identifying those 

patients who tend to have disease progression in their central nervous system. 
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