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Abstract: In this article, the development of a computer system for high-tech medical uses in oph-
thalmology is proposed. An overview of the main methods and algorithms that formed the basis
of the coagulation plan planning system is presented. The system provides the formation of a more
effective plan for laser coagulation in comparison with the use of existing coagulation techniques. An
analysis of monopulse- and pattern-based laser coagulation techniques in the treatment of diabetic
retinopathy has shown that modern treatment methods do not provide the required efficacy of
medical laser coagulation procedures, as the laser energy is nonuniformly distributed across the
pigment epithelium and may exert an excessive effect on parts of the retina and anatomical elements.
The analysis has shown that the efficacy of retinal laser coagulation for the treatment of diabetic
retinopathy is determined by the relative position of coagulates and parameters of laser exposure. In
the course of the development of the computer system proposed herein, main stages of processing
diagnostic data were identified. They are as follows: the allocation of the laser exposure zone, the
evaluation of laser pulse parameters that would be safe for the fundus, mapping a coagulation plan in
the laser exposure zone, followed by the analysis of the generated plan for predicting the therapeutic
effect. In the course of the study, it was found that the developed algorithms for placing coagulates in
the area of laser exposure provide a more uniform distribution of laser energy across the pigment
epithelium when compared to monopulse- and pattern-based laser coagulation techniques.
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1. Introduction

Recently, the introduction of artificial intelligence and digital medicine technologies into
healthcare practice is rapidly changing the methods of diagnosis and treatment [1–8]. Robotic
systems are used to support the diagnosis and treatment of diseases [9–13]. Ophthalmology
is in dire need of the development and implementation of fundamentally new intelligent
methods for analyzing the biomedical data of patients [14–16].

Diabetes mellitus (DM) is a common endocrine disease affecting all human organs [17].
Diabetic retinopathy (DR) is a manifestation of the disease on the visual apparatus [18,19].
Today, there are almost 400 million patients with DM in the world, and the number is
expected to increase to 600 million people by 2040 [20]. The most dangerous manifestation
of DR is diabetic macular edema (DME). The walls of retinal vessels become thinner and
hemorrhages occur in the retinal area, leading to partial or complete loss of vision [21–23].
According to the Wisconsin Epidemiological Study of Diabetic Retinopathy (WESDR) [24],
after 20 years of diabetes, retinopathy is detected in 80–100% of cases, while DME develops
in 29% of cases.
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In modern medical practice, DR is a common disease that leads to the development of
pathological elements in the fundus, including exudates, macular edema, retinal hemor-
rhages, and newly formed vessels [25–27]. Laser coagulation is used for the treatment of
DR [28–33]. During laser coagulation, certain areas of the retina are exposed to laser impact
to prevent macular edema [34–37].

On the world market, modern systems for the treatment of diabetic retinopathy do
not provide sufficient efficacy of laser coagulation, so rather than guiding the laser beam
manually, the experienced ophthalmologists prefer to rely upon a preformed coagulation
plan [38–40]. The most modern device is NAVILAS [35,41–43]. It was developed by the
German company ODOS, and NAVILAS provides automatic laser guidance according to
the formed coagulation plan, while the coagulation plan is created manually based on the
selection of the laser exposure zone and the hexagonal method of coagulates location in this
zone. However, experienced medical doctors are uncomfortable with this approach [35,44–46]
and often return to using older treatment methods, for example, VALON equipment, which
supports the patterned laser coagulation technique [47].

High efficacy in the treatment of diabetic retinopathy can be achieved using an aug-
mented reality system in conjunction with an appropriate device, such as VALON. The most
convenient augmented reality system can be based on the implementation of a translucent
display in an appropriate device, which, on the one hand, can display the coagulation plan,
and, on the other hand, the surgeon using such a system can see the real retina. Thus, the
device assumes the presence of a fundus camera for processing the image of the fundus on
the workstation, a translucent display on which the coagulation plan is displayed over the
visible fundus, sensors that determine the coordinates of the laser, and appropriate mirrors
so that the fundus camera does not interfere with the translucent display. A simpler system
includes just a conventional fundus camera and a small monitor on which the fundus
image and processing results are displayed. The NAVILAS system supports the ability
to combine an image with the result of DR treatment planning, which can also be used
instead of an augmented reality system. This approach is aimed at significantly increasing
the efficacy of laser coagulation treatment [35,41,44,47–49].

The main problem is the lack of a method for automatically generating a coagulation
plan, that is, a software system that could process the fundus images and create a laser
coagulation plan. Such system now is only under development using modern programming
languages. Most importantly, the generated coagulation plan needs to meet a requirement
of safe treatment, with laser radiation possibly not damaging the retina, nor affecting the
prohibited areas. In addition, the plan must ensure an even distribution of energy across
the pigment epithelium in order to achieve a maximum therapeutic effect. First of all, it is
necessary to select the parameters of laser exposure so that the result of coagulation does
not lead to adverse effects. At the moment, the minimum distance between coagulates, the
radius of point coagulation, and the parameters of laser exposure are selected empirically
based on the experience from previous surgical procedures [44,50]. In the NAVILAS, the
minimum distance between coagulates is set by default with a margin, but the surgeon can
correct this plan [41]. The same applies to the parameters of laser exposure, such as pulse
duration, power, time between adjacent shots. In ophthalmology, there is no non-invasive
way to evaluate safe parameters of laser exposure [44,47,48,51,52]. However, it is possible to
obtain information about the condition of the fundus using non-invasive methods. Optical
coherence tomography (OCT) allows for the formation of a three-dimensional structure of
the fundus, using which the surgeon first of all pays attention to the retinal thickness and
its deviation from the normal thickness. When using a three-dimensional structure of the
fundus, the parameters of laser exposure can be determined based on the mathematical
modeling of fundus exposure to laser light [53–55].

Once the parameters of safe laser coagulation have been known, it is necessary to
determine which zone can be exposed to laser pulses, as well as which zone is pathological
and should be coagulated [44,47,48,56]. To form a coagulation plan, it is necessary to perform
two key steps: identifying the area of laser exposure that needs to be coagulated [57–73] and



Symmetry 2023, 15, 287 3 of 21

forming a coagulation plan in the selected area [74,75]. To isolate the area of laser exposure,
it is necessary to apply a set of methods [69–72] for the automatic formation of a binary
image with a laser impact zone. To guarantee safety, the system should provide the medical
doctor with the opportunity to correct the laser exposure area.

At the second stage, algorithms should be applied that primarily ensure safety in
terms of the minimum distance between the coagulate centers [74–76]. In addition, the area
of point coagulation should be strictly inside the zone of laser exposure. These conditions
must be satisfied by any algorithm for applying coagulates. The main task that needs
to be solved using coagulate placement algorithms is to increase the efficiency of the
coagulation plan [54,77–79]. So far, there are no works devoted to the automatic formation
of a coagulation plan according to patient data. In [35], the authors proposed a method
based on the manual planning of coagulates, taking into account the pathological and
anatomical areas of the fundus. In works [35,47], the coagulation plan was shown to
affect the therapeutic effect. Despite the existence of a large number of digital methods
for diagnosing DR [59–68,80] and methods for identifying anatomical and pathological
zones [69–72], the task of automatically generating a coagulation plan within the selected
zone has not been previously considered, remaining relevant to date.

The purpose of this work is to develop a computer system for high-tech medical
uses in ophthalmology that would improve the efficacy of laser coagulation therapy for
DR. To achieve this goal, the following tasks are solved: analysis of monopulse- and
pattern-based methods for the treatment of DR based on retinal laser coagulation [78],
identification of the diagnostic data processing stages for the formation and intellectual
analysis of a preliminary coagulation plan [77]; development of mathematical models
of the fundus to describe the state of the retina, a vascular layer, and pathological and
anatomical elements in the fundus and the coagulation process [79]; development of an
algorithm for assessing safe laser exposure parameters based on numerical methods for
laser coagulation mathematical modeling [54,81–83]; development of algorithms for the
automatic formation of a preliminary coagulation plan in the laser exposure zone using
effective parameters of point coagulation [74,75]; development of a method for assessing
the quality of a laser coagulation plan using data mining methods [84]; development of
methodological, algorithmic base and software for the formation of a recommended laser
coagulation strategy for the DR treatment and decision support for an ophthalmologist.

We set ourselves a goal of providing ophthalmic surgeons with an intelligent system
that would offer a recommended treatment plan using individual patient data in a matter of
a few seconds just prior to the surgical procedure. The smart system discussed in this paper
will allow doctors to monitor the recommended treatment plan for diabetic retinopathy in
a real time mode.

2. Digital Methods for Analyzing Fundus Data

The fundus, mathematical models of blood vessels and the optic nerve head are
used to solve problems of diagnosing DR [81–94]. Works [41,44,47,48] are devoted to
improving the quality of DR treatment and based on selecting an appropriate method
for applying coagulates. These medical works are aimed at studying various methods of
applying the coagulates manually, while taking into account anatomical factors. In this
case, digital methods for isolating pathological and anatomical areas of the fundus can be
used to support the formation of a coagulation plan by a medical doctor [35,86,95]. The
majority of works that deal with the problem of identifying pathological and anatomical
elements in fundus images are aimed at diagnosing DR [89,91–94]. For example, articles
by Hervella A.S. [89] and Akram M.U. [90] aimed to highlight blood vessels in the image
of the fundus. These works are based on the use of image processing methods, such
as rank filtering, adaptive thresholding, calculation of texture features in the vicinity of
pixels, and morphological methods. The disadvantage of using texture features is the
high computational complexity. It can take over 20 min to segment a standard-size image.
There are works on assessing vascular parameters, thanks to which the severity of DR is
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assessed [82,83,85,96–100]. For example, article [100] presents a vascular tracing method
for assessing tortuosity and calculating geometric and textural features to classify stages
of the disease. Tree and spatial models of blood vessels for the heart and fundus were
discussed in the work. Geometric features calculated using these models have made it
possible to classify the vascular system and assess the degree of retinal damage [83,98–100].
The advantage of the method is that it enables the vessel tortuosity to be evaluated in a
very short period of time, but on the negative side is the need to identify the starting and
end points of each vessel. The method considered in [100] involves manual marking of key
points of the vascular system.

Song Guo, Moazam Fraz and Worapan Kusakunniran proposed specific methods for
identifying exudation zones in the fundus image [57–59]. The selection of exudates is most
often based on selecting bright areas and analyzing the geometry of the selected zones.
Approaches based on the use of texture features in the analysis of the green channel and
HSV channels, perceptrons and decision trees, on the one hand, lead to high accuracy at the
level of 99% but on the other hand, to high computation time, which is a key disadvantage.
Authors who prefer machine learning provide results within 300 ms, which is an important
advantage. The works by Ananyin, Ilyasova and Kupriyanov [81,101] are devoted to
the isolation of the optic disc and the fovea using geometric parameters. The local fan-
shaped transformation and geometric features were used as the main tools for solving
this problem. The optic disc is oval in shape. The above-mentioned works focused on
constructing an ellipse describing the optic disc. The advantage of this approach is the
high-speed performance.

Isolation of edema zones in a fundus image is a separate task, which was studied in
medical articles by Ramani [61] and Silverstein [102]. The scientists studied forms of edema,
as well as the structure of pathological areas in the macular region in the fundus image
under various disease conditions. In both works, the emphasis was placed on the possibility
of segmentation of pathological areas in the fundus image. Edema zones are identified
using either textural features [103–105], or convolutional neural networks [3,10,106,107].
The use of texture features and a sliding window for image segmentation leads to serious
computational costs. The key advantage that convolutional neural networks provide is
the short segmentation time. In [108], we showed that convolutional neural networks are
better suited than textural features for solving the problem of identifying pathological and
anatomical zones in the fundus image.

All over the world, a task of segmentation of OCT images aimed at isolating retinal
layers remains a topical issue. At the moment, segmentation is carried out on the basis of
the use of convolutional neural networks. Sandra Morales and Yufan He use the U-net
network for layer segmentation [67,68]. Segmented layers can be used to form a layer
thickness map. Thanks to the analysis of OCT images, a fundus structure is formed, which
complements the information provided by the fundus image. This information is actively
used to analyze the state of the retina in terms of pathological and anatomical features that
can only be observed using OCT.

Research on laser coagulation effectiveness has been under way for over 10 years.
Particular attention is paid to the evaluation of laser impact parameters [35,109–114]. At
the moment, the parameters are subjectively chosen. Then, the dependences of the effective
parameters of exposure on the features of the fundus are studied. In [35], an analysis
was made of the relative position of coagulates and the therapeutic effect following laser
coagulation. In that publication, the experts concluded that the most effective coagulation
plan was a uniform plan in which inter-coagulate distances were possibly the same, that is,
the smaller the standard deviation, the more uniform the plan. The disadvantage of the
approaches described in the above-mentioned medical articles is the high error. Meanwhile,
a highly accurate visual assessment of safe parameters of laser exposure during laser
coagulation is problematic.

The evaluation of laser radiation parameters is a very important task, but doctors set
the parameters subjectively based on their experience. Safe parameters can be automatically
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assessed on the basis of mathematical modeling of the exposure of the fundus to laser light.
In [53], modeling was carried out for Nd:YAG, ArF Excimer, and Nd:YAP lasers, which
are designed to correct the visual acuity or apply drastic methods for treating the severely
damaged retina. However, these types of lasers are not suitable for laser coagulation in the
treatment of DR [115]. In addition, in [53] an ideal model of the eye was built, and in order
to form safe parameters, it was suggested that an analysis should be conducted of fundus
structures of real patients with retinal impairment (individual structure of the retina with
a high thickness in the area of edema, individual shape of the epithelium layer, specific
blood vessels).

Techniques based on the automatic formation of a coagulation plan in the area of laser
exposure have not been previously proposed. For the task to be formally described, condi-
tions for the effectiveness of the coagulation plan need to be determined. The conditions
are formed on the basis of data mining [116–123] based on which a study of the feature
space is carried out, and, if possible, informative features are selected, and factors that affect
the accuracy of determining the data categories under study are identified. A preliminary
coagulation plan can be described by a set of features by which the effectiveness of the
plan is evaluated. In the simplest case, the estimated parameters can be used to evaluate
the probability of the successful operation outcome. Such an assessment requires a large
patient database. In modern medical practice, the therapeutic effect of laser exposure is
not predicted. Instead, ophthalmologists empirically select a treatment technique and
evaluate characteristics of the plan, according to which they prognosticate the effectiveness
of laser coagulation [35].

3. System for Automatic Laser Coagulation Plan Formation

This article proposes a technology that includes methods for processing fundus images,
automatic formation of a coagulation plan, and intellectual analysis of the generated
coagulation plans for further prediction of the therapeutic effect (Figure 1). The system
includes the following main steps:

1. Allocation of the laser impact zone based on the result of semantic segmentation and
allocation of the pathological zone using OCT data;

2. Automatic planning of coagulation in the selected area;
3. Intelligent analysis of the generated coagulation plan to predict the therapeutic effect.
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Segmentation of the fundus image involves selecting pathological and anatomical
features in the image that are necessary to identify zones prohibited from laser exposure to
prevent negative side-effects from coagulation. Such zones are excluded from the patholog-
ical zone, which is an area with the abnormal retinal structure. Modern ophthalmological
programs for OCT use tools of highlighting the pathological zone.
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When planning a coagulate pattern, many factors should be taken into account, but
the key approach to the effective planning is attaining a uniform distribution of coagulates
across the selected area [35]. Safe treatment implies that the inter-coagulate distance should
not exceed a predetermined, safe distance. When implementing the coagulation plan, it is
also necessary to take into account parameters of laser exposure, which ophthalmologists
currently evaluate based on their subjective personal assessment.

Prior to implementing the created coagulation plan, it needs to be analyzed. Some
outcomes of laser treatment can be predicted based on the formed plan. For example, if any
area is not filled optimally, then the effectiveness of laser coagulation will be reduced. A
number of studies [35,41,44,47,48] have shown that the therapeutic effect can be predicted
from distances between the coagulates. Thus, the task of identifying criteria for assessing
the coagulation plan quality and methods for predicting the therapeutic effect based on the
generated plan is relevant. In [84], we proposed an approach for assessing the quality of a
laser coagulation plan. The approach provides methods for calculating features, extracting
the informative features, and predicting the therapeutic effect [84].

Estimates of safe laser coagulation obtained by numerical simulation [54] are used
to automatically form a uniform coagulation plan, with the automatic formation being
possible if there is a minimum distance between centers of the coagulates. In [35], authors
showed the uniform coagulation plan to provide a higher efficacy compared to a monopulse
technique currently employed in medical practice. Coagulates should maximally cover all
zones of laser exposure, with the inter-coagulate distance being approximately the same.

In the course of research, a method for automatically mapping a laser coagulation plan
was developed to improve its quality in the treatment of DR. Solving the problem of the
automatic formation of a coagulation plan requires the use of quantitative characteristics of
the effectiveness of the DR treatment. In medical practice, the effectiveness of treatment is a
very subjective notion based on which medical doctors use different hypotheses that allow
them to evaluate numerical indicators for specific diseases, according to which a specialist
evaluates the effectiveness of treatment. For example, in [35], experts demonstrated the
effectiveness of the treatment of DR to mainly depend on the effectiveness of the coagulation
plan, that is, on the relative position of coagulates and parameters of point laser effects.
In modern practice, doctors mainly use manual methods of applying coagulates to the
fundus. Laser coagulation according to a preliminary, effective coagulation plan allows for
treatment to be carried out more effectively than existing methods [35]. When using the
most modern system NAVILAS, the surgeon needs to manually form the coagulation plan
immediately before the laser treatment, which leads to a number of inconveniences [112].
The main advantage of the system is automatic laser guidance according to the generated
plan. Automatic laser guidance does not provide sufficient efficacy of laser treatment of
DR as this approach does not take into account all pathological and anatomical features
of the fundus [47]. Of greatest interest is the automatic formation of the coagulation plan
since the manual formation requires a long time to achieve the highest efficacy.

Automatic formation of a coagulation plan should be based on safety requirements
and high treatment efficacy. Such requirements were mentioned above. The most preferable
requirements include the optimal location of coagulates in the zone of macular edema at
possibly equal distances from each other and the exclusion of their contact with blood
vessels. If the placement of coagulates is performed manually according to one of these
criteria, then the optimal location will be subjective, and more time will be spent on plan-
ning [35,124]. To automate the procedure of laser coagulation, the zone of laser exposure
needs to be selected at the first stage. At the second stage, coagulates are placed in the zone
of laser exposure.

3.1. Isolation of the Laser Impact Zone in the Fundus Images

At the first stage of the proposed method for automatically generating a coagulation
plan, a laser exposure zone is allocated. This procedure requires knowledge of the seg-
mentation result for the fundus image. In the segmented image, there are zones for which
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exposure to laser light is forbidden. When solving the majority of problems of biomedical
image recognition and diagnostics, textural features are used [64,103,104,125–129]. There
are a large number of textural features. In this article, three groups of features are cal-
culated, namely: (i) histogram features; (ii) gradient signs; and (iii) Haralik signs. The
textural features are used to highlight blood vessels, exudates, and other details in the
fundus image. In the general case, the textural features are statistical characteristics of
a multidimensional probabilistic distribution of the brightness across a grayscale image.
The work [126] considered a complete set of possible variants of features. Statistical signs
of the second and third orders were discussed. These features were calculated from a
halftone image. For color images, individual color channels were analyzed as grayscale
images. In the simplest case, the features calculated for each channel were combined into
one common set.

To calculate the informative feature space, the fundus images are first fragmented into
certain regions of interest (ROI), which are characterized by the presence of various classes
of objects, such as exudates, thick vessels, thin vessels, healthy areas, and others. At the
initial stage, using a set of fundus images, the doctor-expert identifies the corresponding
pathological and anatomical elements. The presence of such a sample makes it possible to
analyze both individual classes and a set of selected classes.

Anatomical elements have a regular structure in the fundus image. The optic nerve
head is always located on the left or right side of the fundus image, the favela is approxi-
mately in the center, the blood vessels are a tree-like structure outgoing from the optic nerve
head, and the further the vessels branch, the thinner they appear. Among the pathological
elements in the fundus image, standing out are edema, exudates, and newly formed blood
vessels. Edema is often determined by the accumulation of exudation zones and is usually
observed near blood vessels. Exudation zones indicate that the disease has been devel-
oping for quite a long time. In a healthy fundus, no pathological elements are observed.
In order to carry out more accurate segmentation, in [69,70], we proposed a technology
for generating a set of effective features based on the analysis of the textural properties
of the indicated classes of images using discriminant analysis. Four main classes were
considered, including thick blood vessels, newly formed vessels, zone without pathologies
and exudates. At the stage of image fragmentation, the image was divided into square
blocks of a given size. Each block belonged to one of the four selected classes.

The works [72,76] proposed and studied technologies that are based on clustering
methods and data mining using textural features. An analysis of ROI of the original images
showed them to have essentially different textural properties. For research purposes, initial
samples of sliced images were formed from the original ones in various combinations of
color space components. The well-known MaZda library [130] was used to calculate textural
features from the sliced images. The calculated features were subjected to intellectual
analysis using the proposed technologies. For example, in [64], we showed that the best
results were obtained when using the Mahalanobis measure and features selected using a
pairwise selection technique. Modifications of the technology were also proposed in [71,72],
which has made it possible to improve accuracy when using morphological operations.

The proposed technologies for the intellectual analysis of textural features that focus
on the analysis of arbitrary textural features [104], including their selection, were tested
on real images of the fundus. Furthermore, in [69], it was shown that the preferred
number of features is 6, and the optimal size of the segmentation window is 12. The most
informative color channel is green and color channels of the HSV-format were also found
to be informative. Figure 2 shows an example of the fundus image segmentation, with
four main classes identified, including thick blood vessels, thin vessels, exudates, and
the background.
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In [131], segmentation was performed based on the classification of texture features
calculated from the neighborhoods of pixels using decision trees.

Decision trees make it possible not only to classify data but also to identify informative
features. An analysis of the decision trees showed that most of the trees separate the
“vessels” class from the “background” class by the SumAverage feature in the green or
blue channel of the fundus image. The “thin vessels” class is best separated from the “thick
vessels” class by the Skewness sign in the green channel of the image.

The segmentation based on texture features has a key drawback, which is high com-
putational complexity. Because of this, different approaches have been proposed. In the
publication [132], we developed a high-performance algorithm for calculating texture fea-
tures, which has made it possible to speed up calculations by approximately an order of
magnitude. Approaches related to the use of neural networks were also used [73,108,133].
Neural networks have made it possible to provide segmentation of the fundus image in a
fairly short period of time. At the same time, the accuracy was found to be sufficient to use
the segmentation result in the laser coagulation support system.

The segmentation results allow us to highlight selected zones prohibited from the
coagulation, such as blood vessels, an optic nerve head, and other elements. At the
same time, coagulation has a strong side-effect causing the retinal inflammation, so only
pathological retinal areas should be exposed to laser light. Macular edema that undergoes
coagulation is found in an area where the retina is normally enlarged. The zone of laser
exposure is highlighted based on identifying the thickness of the retina and zones with
anatomical and pathological features [134].

3.2. Algorithms for Generating a Preliminary Coagulation Plan in the Area of Laser Exposure

Automatic formation of a preliminary coagulation plan in the laser exposure zone
includes a stage of identifying potential centers of circles and a stage of arranging centers
with a specified minimum distance.

Characteristics of a point laser impact depend on the location of the target point. For
example, the power and duration of the pulse should be calculated based on the structure
of the retina at a given point [35]. The main task of forming a preliminary coagulation
plan in the area of laser exposure is that of placing centers of the circles in such a way that
the circles are inside the specified area, do not overlap, cover the area of laser exposure as
densely as possible and meet the specified criteria [74,75]. The laser spot radius is 100 µm.
The affected area of coagulation is no larger than the spot area and is generally independent
of the laser parameters. Thus, all circles have the same radius. The safe distance between
centers of the coagulates was estimated in [54] and found to be approximately 180 µm.

As input data, a binary image with a selected area of laser exposure is considered [74].
Accordingly, the result of the algorithm execution is discrete points in the image. The
problem of arranging circles is easily reduced to a problem of placing points in a certain
area that satisfy given criteria, if we search for potential centers of circles. The potential
center of the circle is a point in the area of laser exposure around which it is possible to form
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a circular neighborhood of a given radius, which is included in the area of laser exposure.
Let us designate the area of laser impact as Q. The binary image is defined by the formula:

fij =

{
1, (i, j) ∈ Q
0, (i, j) /∈ Q

(1)

Considering the above-said, point (i0, j0) is the potential center of the circle if condition
(2) is ‘True’.

∀(i, j) ∈ Br(i0, j0) : fij = 1, (2)

where Br(i, j) is a circle with the center coordinates (i, j) and radius r. After calculating
all the potential centers of circles, a new region is formed any point of which satisfies
one of the safety conditions, i.e., the laser cannot enter the prohibited regions. Figure 3
shows the selected zone of laser exposure, transformed into the area of potential centers of
circles (Figure 3a).
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Figure 3. (a) An image with a selected area of potential centers of circles, obtained from the area of
laser exposure; (b) the result of filling the zone with coagulates.

After that, the centers of coagulates are located in the obtained area. Then, the result
of the placement of coagulates is consistent with the original image and superimposed on
the fundus image (Figure 3b). To check condition (1) at some point, it is necessary to go
around all the points belonging to the circle centered at the point under consideration.

For a simple mathematical notation of the algorithm, we introduce the concept of a
circular mask:

mij =

{
1, i2 + j2 ≤ r2

0, i2 + j2 > r2 ,−r ≤ i, j ≤ r (3)

Mask sizes are (2r + 1)× (2r + 1). If the point (i, j) is checked for condition (2), it
is necessary to consider all points −r ≤ k, l ≤ r, which correspond to the values (3),
determined by the mask, and fi+k j+l , determined by the original binary image. Given two
binary values, a binary operation is performed that returns ‘True’ if the point passes the
test. If all points pass the test, then the given point is the potential center of the circles.
Table 1 shows possible values of the mask point and source image point, as well as the
result that the binary operation should produce. The results given in the table correspond
to the binary operation of implication; thus, a discrete version of condition (2) is written in

the form cij =
r
∩

k=−r

r
∩

l=−r

[
fi+k j+l → mkl

]
.
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Table 1. The result of a binary operation between the value of the mask and the value of the
original image.

mkl fi+k j+l Comment Result

0 0
(i + k, j + l) /∈ Br(i, j), so fi+k j+l can take any values 1

0 1 1
1 0 (i + k, j + l) ∈ Br(i, j), but the point is outside the zone Q 0
1 1 (i + k, j + l) ∈ Br(i, j), but the point is inside the zone Q 1

In this case, for each pixel of the original image, the number of operations is 4r2 + 4r+ 1.
When placing points in the laser impact zone, the minimum distance between the points
is taken into account. The points are arranged in such a way that, according to a given
pattern, the area is filled maximally densely.

In [83], nine algorithms for the coagulates plan formation were developed. Among them,
regular algorithms based on the construction of a translation mesh given by the translation
vectors a and b and described by the multitude Yab

φs =
{

y = Φφs

[
ia + jb

]
: i, j ∈ Z, y ∈ Q

}
,

where Q is area of model, Q is laser impact zone, Φ
φ
→
s [x] = Mφx + s is linear transfor-

mation, Mφ is the rotation matrix, s is the displacement vector, which is irregular, based
on an iterative search for free potential centers and performing an operation of the form
Ck+1 = Ck/Br(x), where Br(x) is a set of points corresponding to a circle with radius r and
center x, and Ck is a set of free potential centers per iteration k. Regular algorithms select
the rotation matrix and displacement vector in such a way that the maximum number of co-
agulates is in the laser impact zone. Square and hexagonal algorithms have been developed
in which the angle between the translation vectors is 90◦ for a square map and 120◦ for a
hexagonal one. Irregular maps are based on specifying a pattern along which iterations are
carried out. Thus, a random map is based on a random selection of a free potential center.
The wave map forms waves along which coagulates are filled. An ordered map chooses
the first free potential center that comes across as a result of a left-to-right traversal. The
boundary map defines the boundary and fills it with coagulates. The adaptive-boundary
map is based on the same logic as the boundary map, but before filling the boundary, it
selects the arrangement at which the maximum number of coagulates will fill the boundary.
Algorithms were also proposed that combine regular maps with a boundary map [135]: the
boundaries of local areas are distinguished, which are filled with regular maps [74].

For example, let us consider an algorithm based on wave filling of the given area with
circles. The wave is such a sequence of points G = (gi)i=1,K that is constructed according
to the following iterative process: gk+1 = gk + pk, where pk is a unit vector of the direction.

To formalize the algorithm for constructing a wave, we introduce the following no-
tation: es is a unit vector in direction s, which takes a value from 1 to 4. The value 1
corresponds to the vector

(
0 1

)
, with the remaining values corresponding to the clock-

wise rotation of this vector by 90◦, 180◦ and 270◦, respectively. Pl =
(

e(i+l−1) mod 4+1

)
i=0,3

is the base direction matrix with rotational offset l. The rotary displacement determines the
priority direction, that is, the displacement characterizes the state of the wave at the current
iteration, which tells in which direction the wave is moving at the current iteration. At each
iteration, a matrix of basic directions is formed with the current rotational displacement l
and then irrelevant directions are excluded from this matrix. The first such direction is the
opposite of the current one. So, the wave should not change its direction to the opposite.
This direction is the third column of the matrix of basic directions, because such a direction
corresponds to 180◦ relative to the current direction (the first column of the matrix). Of
the remaining three directions, it is necessary to exclude those that will lead to one of the
points of the generated wave and to a point that does not belong to the laser impact zone.

The set of irrelevant directions due to the return to the current wave is described by the
formula Tk

P = {p = P : gk + p ∈ Gk}. The set of irrelevant directions due to going beyond
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the laser impact zone is described by the formula Rk
P = {p = P : gk + p /∈ Ck}, where Ck is

the area of potential circle centers at iteration k.
Let the matrix formed from the matrix of basic directions at iteration k be denoted

as Pk. It should be noted that this matrix excludes the third column corresponding to the
opposite vector. Columns belonging to the set Tk

Pk
∪ Rk

Pk
are excluded from the matrix Pk.

Thus, a matrix Pk is formed. In this case, if the first vector of the matrix is excluded, then the
state l is modified so that l corresponds to the first vector of the given matrix after excluding
irrelevant directions. If the matrix Pk is found to be empty (all four directions have been
excluded), then the wave is considered to be built. If at least one column remains in the
matrix, then the vector of the first column will correspond to the direction at the current
iteration, so the state l must match it after matrix transformation. If the matrix Pk is zero
filled, then the wave is considered to reach a dead end and assumed to be formed. The
wave G = (gi)i=1,K represents a curve on which it is necessary to place points, taking into
account the criterion of the minimum distance between the points. Such an algorithm is
written in the following iterative form: Xt = Xt−1 ∪ gt; xt = gt, i f |gt − xt−1| ≥ 2r, t = 2, K,
where x1 = g1, X1 = {x1}. Thus, the wave is transformed into a set of centers lying on
the given wave. It should be noted that the algorithm for converting a wave into a set of
centers is performed at each iteration of the algorithm. Let us denote the result of selecting
the centers of circles on the current wave as Xk. In the last step, the circles are outside the
area Ck. The centers of such circles correspond to the points of the set Xk. Then, at the next
iteration, the area is expressed by the formula Ck+1 = Ck/ ∪

x∈Xk
Br(x). The wave must have

an initial approximation, namely a point from which the wave begins to travel. Such a point
is determined using the algorithm x = next[C], which was presented in [74]. That is, we
assume that at the iteration k, the expression g1 = next[Ck] will provide a new point. Thus,
the algorithm is an iterative process, where at each iteration a wave is formed, which is
transformed into a set of circle centers, and a new area with excluded circles is created. The
algorithm launches waves until the entire area is filled, that is, until the condition Ck = ∅ is
fulfilled. The corresponding implementation of the algorithm is called a wave map. Figure 4
shows the performance of the algorithms for calculation the number of packed spheres. The
lowest quality has the algorithm based on the use of the square grid. The best solution was
for the algorithm based on adaptive boundary filling of spheres (adaptive boundary map).
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Figure 4. Comparative analysis of coagulate location algorithms.

An important problem is analyzing the mutual arrangement of coagulates as a result
of planning. Characteristics of the coagulation plan are able to provide a prognosis of the
laser coagulation outcome. In any case, to be able to estimate its various properties, the
preliminary plan needs to be quantitatively described. We note that the preliminary plan
can be mapped using an arbitrary technique, including a manual one. The coagulation plan
comprises an array of points each of which is characterized by certain parameters. The
parameters affect the degree of burn at the exposed points and can be evaluated using a
technique described in [54,84].
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The laser treatment parameters can be fitted In an optimal way at any layout of points
given that the minimal distance is observed. With all the points known to be located in
the ROI that needs to be exposed to laser treatment, inter-point distances come to the
forefront. For a distance sampling to be generated, a point-connecting technique needs to
be chosen based on a rule, for instance, by conducting a Delaunay triangulation relative
to marked points (Figure 5). Next, using a standard Euclidean measure, values of the
distances are calculated and written into a general sampling. Noise distances are then
excluded and statistical characteristics are calculated, before being written in the general
set of features (Table 2). Based on their expertise, ophthalmologists [35,136] suggest using
statistical characteristics, such as the variance of mutual distances, the mathematical mean,
and so on. Thus the effectiveness of a coagulation pattern can be estimated by calculating
a number of features relating to the mutual position of coagulates. As far as a minimal
inter-coagulate distance is observed, mapping a coagulation pattern within a pathological
zone guarantees safe coagulation because such an approach enables one to exclude two
possible problems. The first is exposure of prohibited areas to the laser light, and the second
is excessive retina damage due to a very small distance between neighboring coagulates.
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Table 2. Feature values for various algorithms for mapping a coagulation plan.

Algorithm Variance Median Number

Random map 6.32 31.62 223
Square map 6.09 30.00 220
Hexagonal map 7.68 30.00 248
Wave map 0.95 30.08 311
Boundary map 0.90 30.08 305
Boundary-adaptive map 0.70 30.07 315
Ordered map 0.19 30.08 312

Medical doctors used to analyze the uniformity of the coagulation pattern primarily
based on the variance. The features used include various statistical characteristics of the
inter-coagulate distance (a mutual location feature) and features corresponding to the
coagulation pattern volume and the area covered (general features) [74].

These characteristics form a basis for evaluating the uniformity and balance of the
coagulation pattern. Alongside statistical characteristics, an important feature is the number
of laser impact points in the coagulation plan. As an extra feature, the number of local
regions in the coagulation pattern may be used. In total, 26 features were selected and then
analyzed using an in-house technology of intelligent data analysis (Figure 5).

The technology allows for analyzing the classification quality of both initial features
and features selected based on discriminant analysis, which relies on evaluating the linear
separability of classes. Discriminant analysis aims to transform the initial features so as to
maximize the separability criterion.

The proposed techniques have formed a basis for a technology of mapping a photoco-
agulation pattern, allowing the efficacy of DR treatment to be enhanced (Figure 1).

Figure 6 shows an example of applying the method of automatic formation of a
coagulation plan in the fundus image. Certain areas are highlighted in different colors, to
mark areas forbidden from the laser impact, whereas the automatically generated pattern
of laser coagulation is marked by circles.
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Figure 6. Results of filling the selected ROI with coagulates: (a) zone of exudate; (b) the result of
filling with coagulates.

Such images can also be effectively processed by detection algorithms [137]. The
ophthalmologist will be able to correct the processing result for any block in the diagram in
Figure 1. For instance, the ophthalmological surgeon may correct the outline of the ROIs
for laser treatment if in their opinion the ROIs have not all been automatically marked off.

The methods of fundus image segmentation and coagulation placement described
above represent the key steps for the formation of a coagulation plan since it is these
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steps that provide significant support in the manual formation of the coagulation plan.
Among the presented stages (Figure 1), the first stage of data combination is a manual
algorithm for placing key points. For doctors, the placement of key points is not difficult.
The problem lies precisely in the manual arrangement of coagulates since in the manual
mode this is a very laborious process. For the pathological zone to be isolated, information
is needed on deviations of the retinal thickness from the norm. This information is provided
by the medical SOCT software. The result produced by the software implementation is
pre-processed, and a map of retinal deviations from the norm is formed. An excessive
deviation is a sign of pathology in this area.

A reconstructed fundus image from OCT images is required to match this image with
the fundus image obtained from the fundus camera. This image is also generated using
the SOCT software. The proposed system assumes that the doctor places key points in
the reconstructed image and in the fundus image. Afterwards, the pathological zone is
highlighted, which is combined with the image of the fundus. The zone of laser expo-
sure is formed on the basis of the result of segmentation of forbidden areas, the selected
pathological zone and the result of manual correction by an ophthalmologist.

At the final step, a coagulation plan is formed, for which its quality characteristics are
calculated, and the success of laser coagulation is also assessed. The described method
of forming a coagulation plan corresponds to a new method for the treatment of DR [35]
and demonstrates an increase in the effectiveness of treatment compared to the navigation
method [41]. The above-described technology has formed the basis of a computerized
system for mapping and analyzing a preliminary coagulation pattern for DR laser treatment.
Figure 7 shows a graphic interface of the system.
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Figure 7. An example of the operation of the photocoagulation plan formation system.

Functionality of the system is as follows: manual placement of key points on the OCT
image and the fundus image; visualization of the intermediate processing steps by the
software package; setting up data processing stages; visualization of the final coagulation
plan indicating the assessment of photocoagulation signs.

In the future, the optimization of intellectual image processing algorithms [138,139]
are planned.

4. Conclusions

The article has presented the development of a computer system for automatically
generating a laser coagulation plan to improve the quality of retinal coagulation in the
treatment of DR. An overview of the main methods and algorithms that have formed the
basis of the coagulation plan planning system is presented.
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An analysis of existing laser coagulation methods in the treatment of diabetic retinopa-
thy has shown that modern treatment methods do not provide the required efficacy of
retinal laser coagulation treatment, as the laser energy is nonuniformly distributed across
the pigment epithelium and may exert an excessive effect on parts of the retina and anatom-
ical elements. The overview results have shown that the effectiveness of retinal laser
coagulation for the treatment of DR is determined by the relative position of coagulates and
parameters of laser exposure. The following stages of processing diagnostic data for the
formation and intellectual analysis of a preliminary coagulation plan have been identified:
selection of the laser exposure zone, evaluation of safe parameters of the laser pulse to the
fundus, formation of a coagulation plan in the laser exposure zone, and analysis of the
generated plan to predict the therapeutic effect.

A methodological and algorithmic software called “DR Treatment System” has been
developed. The software allows ophthalmologists to automatically generate preliminary
coagulation plans for the effective treatment of DR with the possibility of correcting the
main stages of treatment, adding to the functionality of the modern NAVILAS system,
which includes automatic laser guidance according to the generated plan, while not pro-
viding automatic formation of a preliminary coagulation plan. The software provides the
ability to evaluate the main characteristics of a preliminary coagulation plan, predict the
therapeutic effect of retinal laser coagulation, and form a recommended treatment plan for
DR, which can increase the safety and efficiency of the operation.

Summing up, in writing the article, we set ourselves a goal of providing ophthalmic
surgeons with an intelligent system that would offer a recommended treatment plan using
individual patient data in a matter of a few seconds just prior to the surgical procedure.
The smart system discussed in this paper will allow doctors to monitor the recommended
treatment plan for diabetic retinopathy in a real time mode. At the final stage of research,
we also plan to equip the technology with an augmented reality system. Then, ophthalmic
surgeons will obtain an instrument for checking the ongoing surgical procedure in real
time against the operation plan recommended by the developed smart system.

The study was approved by Bioethics Commission for Research at Samara State
Medical University. The digital images used in this study were acquired with all the re-
quired authorizations. Furthermore, each patient signed a form to provide consent for
this study and each acquired image has been treated anonymously. All of the experiments
presented were carried out in accordance with the approved guidelines.

Author Contributions: Methodology, N.D. and N.I.; validation, N.D. and N.A.; writing—original
draft, N.I. and N.D.; writing—review and editing, N.A.; supervision, N.I.; funding acquisition, N.I.
This article is based on the thesis of the 14th KES-IDT 2022 Conference “Automated System for the
Personalization of Retinal Laser Treatment in Diabetic Retinopathy Based on the Intelligent Analysis
of OCT Data and Fundus Images” by Nataly Ilyasova, Nikita Demin, Alexandr Shirokanev and Nikita
Andriyanov. However, this article considers an absolutely new review and description of methods
used for laser coagulation and describes computer system functionality in detail. All authors have
read and agreed to the published version of the manuscript.

Funding: The Russian Foundation for Basic Research (19-29-01135) and the Ministry of Science and
Higher Education of the Russian Federation within (Government project).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is unavailable due to privacy and ethical restrictions.

Acknowledgments: This work was partly funded by the Russian Foundation for Basic Research and
the RF Ministry of Science and Higher Education under a government project of FSRC “Crystallogra-
phy and Photonics” RAS and Samara University.

Conflicts of Interest: The authors declare no conflict of interest.



Symmetry 2023, 15, 287 16 of 21

References
1. Rottier, J.B. Artificial intelligence: Reinforcing the place of humans in our healthcare system. Rev. Prat. 2018, 68, 1150–1151. [PubMed]
2. Fourcade, A.; Khonsari, R.H. Deep Learning in Medical Image Analysis: A third eye for doctors. J. Stomatol. Oral Maxillofac. Surg.

2019, 120, 279–288. [CrossRef]
3. Bodapati, J.D.; Naralasetti, V.; Shareef, S.N.; Hakak, S.; Bilal, M.; Maddikunta, P.K.; Jo, O. Blended multi-modal deep convnet

features for diabetic retinopathy severity prediction. Electronics 2020, 9, 914. [CrossRef]
4. Budai, A.; Bock, R.; Maier, A.; Hornegger, J.; Michelson, G. Robust vessel segmentation in fundus images. Int. J. Biomed. Imaging

2013, 2013, 154860. [CrossRef] [PubMed]
5. Kermany, D.S.; Goldbaum, M.; Cai, W.; Valentim, C.C.S.; Liang, H.; Baxter, S.L.; McKeown, A.; Yang, G.; Wu, X.; Yan, F.; et al.

Identifying medical diagnoses and treatable diseases by image-based Deep Learning. Cell 2018, 172, 1122–1131. [CrossRef]
6. Ojie, O.D.; Saatchi, R. Kohonen Neural Network Investigation of the Effects of the Visual, Proprioceptive and Vestibular Systems

to Balance in Young Healthy Adult Subjects. Healthcare 2021, 9, 1219. [CrossRef]
7. Ahsan, M.M.; Nazim, R.; Siddique, Z.; Huebner, P. Detection of COVID-19 Patients from CT Scan and Chest X-ray Data Using

Modified MobileNetV2 and LIME. Healthcare 2021, 9, 1099. [CrossRef]
8. Eckstein, J.; Moghadasi, N.; Körperich, H.; Weise Valdés, E.; Sciacca, V.; Paluszkiewicz, L.; Burchert, W.; Piran, M. A Machine

Learning Challenge: Detection of Cardiac Amyloidosis Based on Bi-Atrial and Right Ventricular Strain and Cardiac Function.
Diagnostics 2022, 12, 2693. [CrossRef]

9. Lee, J.H.; Lee, J.; Cho, S.; Song, J.E.; Lee, M.; Kim, S.H.; Lee, J.Y.; Shin, D.H.; Kim, J.M.; Bae, J.H.; et al. Development of Decision
Support Software for deep learning-based automated retinal disease screening using relatively limited fundus photograph data.
Electronics 2021, 10, 163. [CrossRef]

10. Ghani, A.; See, C.; Sudhakaran, V.; Ahmad, J.; Abd-Alhameed, R. Accelerating retinal fundus image classification using artificial
neural networks (Anns) and reconfigurable hardware (FPGA). Electronics 2019, 8, 1522. [CrossRef]

11. Gao, A.; Murphy, R.R.; Chen, W.; Dagnino, G.; Fischer, P.; Gutierrez, M.G.; Kundrat, D.; Nelson, B.J.; Shamsudhin, N.; Su, H.; et al.
Progress in robotics for Combating Infectious Diseases. Sci. Robot. 2021, 6, 1–17. [CrossRef]

12. Strzelecki, M.; Szczypinski, P.; Materka, A.; Klepaczko, A. A software tool for automatic classification and segmentation of 2D/3D
Medical Images. Nucl. Instrum. Methods Phys. Res. A Accel. Spectrom. Detect. Assoc. Equip. 2013, 702, 137–140. [CrossRef]

13. Jamil, M.F.; Pokharel, M.; Park, K. Light-Controlled Microbots in Biomedical Application: A Review. Appl. Sci. 2022,
12, 1013. [CrossRef]

14. Trinh, M.; Ghassibi, M.; Lieberman, R. Artificial Intelligence in retina. Adv. Ophthalmol. Optom. 2021, 6, 175–185. [CrossRef]
15. Luo, L.; Xue, D.; Feng, X. Automatic Diabetic Retinopathy Grading via Self-Knowledge Distillation. Electronics 2020, 9, 1337. [CrossRef]
16. Wang, R.; Miao, Z.; Liu, T.; Liu, M.; Grdinovac, K.; Song, X.; Liang, Y.; Delen, D.; Paiva, W. Derivation and Validation of Essential

Predictors and Risk Index for Early Detection of Diabetic Retinopathy Using Electronic Health Records. J. Clin. Med. 2021,
10, 1473. [CrossRef]

17. Vorobieva, I.V.; Merkushenkova, D.A. Diabetic retinopathy in patients with type 2 Diabetes Mellitus. Epidemiology, a modern
view of pathogenesis. Ophthalmology 2012, 9, 18–21.

18. Elgafi, M.; Sharafeldeen, A.; Elnakib, A.; Elgarayhi, A.; Alghamdi, N.S.; Sallah, M.; El-Baz, A. Detection of Diabetic Retinopathy
Using Extracted 3D Features from OCT Images. Sensors 2022, 22, 7833. [CrossRef]

19. Ansari, P.; Tabasumma, N.; Snigdha, N.N.; Siam, N.H.; Panduru, R.V.N.R.S.; Azam, S.; Hannan, J.M.A.; Abdel-Wahab, Y.H.A.
Diabetic Retinopathy: An Overview on Mechanisms, Pathophysiology and Pharmacotherapy. Diabetology 2022, 3, 11. [CrossRef]

20. Guariguata, L.; Whiting, D.R.; Hambleton, I.; Beagley, J.; Linnenkamp, U.; Shaw, J.E. Global estimates of diabetes prevalence for
2013 and projections for 2035. Diabetes Res. Clin. Pract. 2014, 103, 137–149. [CrossRef]

21. Tan, G.S.; Cheung, N.; Simo, R. Diabetic macular edema. Lancet Diab. Endoc. 2017, 5, 143–155. [CrossRef] [PubMed]
22. Amjad, R.; Lee, C.-A.; Farooqi, H.M.U.; Khan, H.; Paeng, D.-G. Choroidal Thickness in Different Patterns of Diabetic Macular

Edema. J. Clin. Med. 2022, 11, 6169. [CrossRef] [PubMed]
23. Bratko, G.V.; Chernykh, V.V.; Sazonova, O.V. On early diagnostics and the occurence rate of diabetic macular edema and

identification of diabetes risk groups. Sib. Sci. Med. J. 2015, 35, 33–36.
24. Klein, R.; Klein, B.E.K.; Moss, S.E.; Davis, M.D.; DeMets, D.L. The Wisconsin Epidemiologic Study of Diabetic Retinopathy IV.

Diabetic Macular Edema. Ophthalmology 1984, 91, 1464–1474. [CrossRef] [PubMed]
25. Ixcamey, M.; Palma, C. Diabetic macular edema. Dis.-A-Mon. 2021, 67, 101138. [CrossRef]
26. Amirov, A.N.; Abdulaeva, E.A.; Minkhuzina, E.L. Diabetic macular edema: Epidemiology, pathogenesis, diagnosis, clinical

presentation, and treatment. Kazan Med. J. 2015, 96, 70–74. [CrossRef]
27. Hamad, H.; Dwickat, T.; Tegolo, D.; Valenti, C. Exudates as Landmarks Identified through FCM Clustering in Retinal Images.

Appl. Sci. 2021, 11, 142. [CrossRef]
28. Kozak, I.; Luttrull, J.K. Modern retinal laser therapy. Saudi J. Ophthalmol. 2015, 29, 137–146. [CrossRef]
29. Frizziero, L.; Calciati, A.; Torresin, T.; Midena, G.; Parrozzani, R.; Pilotto, E.; Midena, E. Diabetic Macular Edema Treated with

577-nm Subthreshold Micropulse Laser: A Real-Life, Long-Term Study. J. Pers. Med. 2021, 11, 405. [CrossRef]
30. Kotsur, T.V.; Izmailov, A.S. The effectiveness of laser coagulation in the macula and high-density microphotocoagulation in the

treatment of diabetic maбculopathy. Ophthalmol. Statements 2016, 9, 43–45.

http://www.ncbi.nlm.nih.gov/pubmed/30869231
http://doi.org/10.1016/j.jormas.2019.06.002
http://doi.org/10.3390/electronics9060914
http://doi.org/10.1155/2013/154860
http://www.ncbi.nlm.nih.gov/pubmed/24416040
http://doi.org/10.1016/j.cell.2018.02.010
http://doi.org/10.3390/healthcare9091219
http://doi.org/10.3390/healthcare9091099
http://doi.org/10.3390/diagnostics12112693
http://doi.org/10.3390/electronics10020163
http://doi.org/10.3390/electronics8121522
http://doi.org/10.1126/scirobotics.abf1462
http://doi.org/10.1016/j.nima.2012.09.006
http://doi.org/10.3390/app122111013
http://doi.org/10.1016/j.yaoo.2021.04.012
http://doi.org/10.3390/electronics9091337
http://doi.org/10.3390/jcm10071473
http://doi.org/10.3390/s22207833
http://doi.org/10.3390/diabetology3010011
http://doi.org/10.1016/j.diabres.2013.11.002
http://doi.org/10.1016/S2213-8587(16)30052-3
http://www.ncbi.nlm.nih.gov/pubmed/27496796
http://doi.org/10.3390/jcm11206169
http://www.ncbi.nlm.nih.gov/pubmed/36294492
http://doi.org/10.1016/S0161-6420(84)34102-1
http://www.ncbi.nlm.nih.gov/pubmed/6521986
http://doi.org/10.1016/j.disamonth.2021.101138
http://doi.org/10.17750/KMJ2015-070
http://doi.org/10.3390/app11010142
http://doi.org/10.1016/j.sjopt.2014.09.001
http://doi.org/10.3390/jpm11050405


Symmetry 2023, 15, 287 17 of 21

31. Artemov, S.; Belyaev, A.; Bushukina, O.; Khrushchalina, S.; Kostin, S.; Lyapin, A.; Ryabochkina, P.; Taratynova, A. Endovenous
laser coagulation using two-micron laser radiation: Mathematical modeling and in vivo experiments. In Proceedings of the
International Conference on Advanced Laser Technologies (ALT), Prague, Czech Republic, 15–20 September 2019; pp. 14–21.
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