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Optical and structural properties of biological tissues under 
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Abstract. Diabetes mellitus is a serious social and economic problem of modern society 
because it is widespread and fraught with numerous complications. Therefore, it is 
necessary to search for new methods of diabetes mellitus diagnostics and treatment and 
to improve the existing ones, which, in turn, requires thorough investigation of the 
disease development mechanisms, as well as elaboration of simple and reliable methods 
and criteria for detecting the complication precursors. In connection with the solution of 
these problems, in the paper we present an analytical review of recent publications 
devoted to the study of the changes of structural and optical properties of biological 
tissues under the conditions of diabetes mellitus development using in vitro models of 
glycated tissues, in vivo experimental models of diabetes in laboratory animals, and 
clinical studies. © 2018 Journal of Biomedical Photonics & Engineering. 
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6 Conclusion 

1 Introduction 
Diabetes mellitus is a chronic endocrine diseasecaused 
by the increased content of free glucose in organism, 
which results in the violation of metabolism in the 
organism. According to the prognosis of the World 
Health Organisation, the diabetes mellitus will move 
from the eighth to the seventh position in the list of the 
most widespread causes of death, the mortality growth 
in 2030 compared to 2010 amounting to 54% [1]. The 
numbers of patients suffering from diabetes mellitus has 
grown by approximately four times from 1980 (108 
million people) to 2014 (422 million people) [2, 3]. 

The normal content of free glucose (glycaemia) in 
blood amounts to 3.3–5.5 mmol/l (60–100 mg/dl) [4]. 
The glucose is a monosaccharide that plays an important 
role in the functioning of a living organism. It is a 
source of energy providing metabolic processes in the 
organism. To regulate the glucose metabolism, the 
pancreas beta cells produce the peptide hormone insulin. 
The insufficient insulin production by the pancreas, or 
the abnormal reaction of the organism cells to the 
produced insulin, leads to the excess glucose content in 
the blood. Long-term increase of the glucose content in 
blood (above 11 mmol/l (200 mg/dl)) (hyperglycemia) 
leads to excess glucose content in the interstitial fluid, 

which violates the metabolism in the organism, causing 
the development of diabetes mellitus [2, 5-12]. 

It was supposed that the hyperglycemia could lead to 
increased oxidation of glucose and formation of 
superoxide radicals in mitochondria [13-15]. Anions of 
superoxide radicals are benign and nonreactive chemical 
substances, however, under some conditions, mainly in 
the presence of reductive-oxidative transition metals, 
such as iron and copper, they turn into highly reactive 
free radicals [13, 16]. The transformation occurs via 
metal-mediated Haber-Weiss or Fenton reactions  
(Eqs. (1) and (2), respectively) [13]: 

O2∙− + H2O2
Fe/Cu
→   O2 + HO− +HO∙    (1) 

Fe2+/Cu+ + H2O2 → Fe3+/Cu2+ +HO− +HO∙ (2) 

For example, the hyperglycemia-induced 
overproduction of superoxide activates the 
hyperglycemic damage in endothelium cells of aorta. 
The damaging effect of superoxide leads to the 
redirection of glucose metabolism from the glycolytic 
path to alternative metabolic paths, including the 
formation of the advanced glycation end products. 

Since the glucose level in blood is related to its level 
in the interstitial fluid, the hyperglycemia facilitates the 
metabolic disbalance and disturbance of the organs 
functioning [12, 17-19]. In this connection, many papers 
are aimed at determining the concentration of free 
glucose in blood, interstitial fluid, and other fluids of the 
body [20-30], revealing the morphological changes in 
vital organs [10, 12, 17, 31], designing biosensors for 
permanent monitoring of free glucose in the organism 
[20, 32], studying the effect of glucose on blood and 
proteins of tissues, developing the methods for diabetes 
monitoring based on the difference of optical properties 
between healthy and diabetic tissues [17, 20, 33-48], 
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assessing the glucose diffusion rate in healthy [20, 48-
54] and pathological tissues (the walls of atherosclerotic 
blood vessels [48,55] and malignant tumours [56]). 

One third of all patients with diabetes mellitus have 
complications in the form of skin lesions, the most 
severe of them being the chronic ulcers that recover 
very slowly, thus increasing the risk of infection [19, 
57-59]. Diabetes mellitus increases the risk of 
cardiovascular diseases, retinopathy that leads to 
blindness, neuropathy and nephropathy [8-13, 19, 31, 
60-64]. According to the data of the World Health 
Organisation, diabetes mellitus is the main cause of 
heart attacks, myocardial infarction, brain stroke, 
blindness, renal failure, and amputation of lower 
extremities, i.e., a risk factor of many other diseases 
enhanced by the diabetes [9, 13, 19, 60, 63, 64].  

Thus, diabetes mellitus is a cause of serious 
complications that should be prevented by inventing 
new methods of diabetes diagnostics and treatment and 
improving the existing ones, which requires careful 
examination of the disease development mechanisms, as 
well as developing simple and reliable methods and 
criteria for detecting the complication precursors.  

The clinical course and complications of diabetes 
mellitus are widely studied using different physical 
methods, including the optical ones, which often allow a 
noninvasive monitoring of the key parameters of 
biological tissues in real time. The latter explains why 
the optical methods are considered as promising in 
medicine and the field of their application permanently 
expands. This paper presents a review of recent 
publications on the study of the changes of structural 
and optical properties under the development of 
diabetes mellitus using in vitro models of glycated 
tissues, in vivo experimental models of diabetes in 
laboratory animals, and clinical studies. Such analysis 
seems to be useful for further research and engineering 
activity in the field of noninvasive optical diagnostics of 
pathological conditions in human organism. 

2 Classification of diabetes mellitus 
Diabetes mellitus can be divided into two principal 
types: type I is the insulin-dependent diabetes (“diabetes 
of young”, “immune-mediated diabetes”), type II is the 
insulin-independent diabetes (“diabetes of aged”) [8, 9, 
19, 57]. They separately consider the gestational 
diabetes mellitus, diagnosed during pregnancy and not 
observed before it. One can also select specific types of 
the disease due to other causes. The examples include 
the monogenic diabetes syndrome, which is a result of 
mutant genes inheritance (diabetes of neonates), the 
diabetes caused by the diseases of exocrine pancreas 
(such as cystous fibrosis), the diabetes induced by a 
chemical agent (e.g., when medicines are used in 
HIV/AIDS treatment or after organ transplantation) [8].  

Types I и II of diabetes mellitus are most 
widespread. Type I insulin-dependent diabetes mellitus 
is a consequence of the destruction of the pancreas beta 
cells that disturbs the insulin production. The amount of 
the produced insulin appears insufficient to process the 

amount of glucose received by the organism. The 
content of glucose in the organism increases, the 
chronical hyperglycemia arises, and the metabolism in a 
number of organs is disturbed [2, 5-9, 19, 64-67]. Type I 
diabetes mellitus is more frequent in young people, so 
that it is also referred to as “the diabetes of young”. 
Type I diabetes mellitus comprises nearly 5-10% of the 
total number of patients, suffering from all types of 
diabetes mellitus [2, 8]. For type I diabetes mellitus 
such symptoms are characteristic as polyuria (excess 
urinary excretion), polydipsia (thirst), permanent 
hunger, loss of weight, visual impairment, and tiredness 
[2, 8, 17, 19, 67]. 

Type II insulin-independent diabetes mellitus 
develops because of cell resistance to the produced 
insulin, the insulin deficiency being also present in the 
organism of the patient. Type II diabetes mellitus is 
wider spread and comprises about 90–95% of the total 
amount of diabetic patients. In this case, the disease 
develops in the middle age, so that this type of disease is 
often referred to as “the diabetes of aged.” However, in 
recent time this type of diabetes mellitus more and more 
often appears in children. Diabetes mellitus is largely a 
result of excessive body mass and physical inactivity [2, 
8, 9, 19, 64]. The symptoms of type I and II diabetes 
mellitus are alike, but in the second case they are often 
less expressed, because of which the disease is 
diagnosed in a few years after its beginning, when the 
complications already arise [2]. In the case of type II 
diabetes mellitus, the obesity of the patient is an 
additional symptom [9]. It is important to determine the 
type of diabetes mellitus for prescribing the most 
efficient therapy [8]. 

Under the excess injection of insulin or its excess 
production induced by medical preparations in patients 
with diabetes mellitus, the hypoglycaemic coma (crisis) 
can happen, when the glucose content in blood falls 
below 3.9 mmol/l (70 mg/dl). In this case, the organism 
has not enough energy to support normal vital activity, 
which leads to weakness, trembling, irritability, 
tachycardia, and hunger, with possible loss of 
consciousness and fatal outcome [8]. The main cause of 
diabetes mellitus development is genetic predisposition 
[8, 19]; the rest causes comprise mainly different 
diseases that disturb metabolism, as well as the 
insufficient physical activity [8]. 

The processes that accompany the aging of the 
organism become faster with the development of 
diabetes mellitus [63]. With age the water content in 
skin decreases, and, correspondingly, the ratio of the 
base substance and fibrous structures changes. The 
coefficient decreases at the expense of increasing the 
collagen content and decreasing the concentration of 
glycosaminoglycans. The content of hyaluronic acid 
considerably reduces. The physical and chemical 
properties of collagen change: the number and strength 
of inter- and intramolecular crosslinks increases, the 
elasticity and swelling ability reduces, the resistance 
against collagenase develops, the structural stability of 
collagen fibres, i.e., the maturation of fibrillar structures 
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of the connective tissue progresses. The collagen aging 
is a result of metabolic processes that occur in the 
organism and affect the molecular structure of collagen. 
The connective tissue injury includes the damage of all 
structural parts of the tissue: the fibrils, the intercellular 
substance, and the cells [68]. In the studies of the human 
sclera aging using the wide-angle X-ray scattering, the 
structure of collagen fibers was investigated. It was 
found that with age the rigidity of the scleral matrix 
increases, the degree of fiber straightening and the 
mechanical anisotropy in the peripapillary sclera 
decreases [69]. The aging of organism is accompanied 
by structural and functional modifications of 
macromolecules [70]. The changes that occur in the 
tissues of the organism under the development of 
diabetes mellitus are investigated both in laboratory 
animals using experimental models [9-11, 17, 39, 40, 
42, 45-47, 71-77] and directly in patients in the course 
of clinical examination [12, 35, 78-87]. 

3 Experimental models of diabetes mellitus 
Among the models of diabetes mellitus, the chemically 
induced ones that allow relatively cheap and simple 
induction of pathology development in rodents are 
widely used. Similar models can be implemented also in 
higher animals [9-11, 17, 39, 40, 42, 45, 71-77, 88]. The 
most well-known and widely used methods of chemical 
diabetes induction are implemented using two 
compounds, streptozotocin [47, 73-77, 88] and alloxan 
[17, 39, 40, 42, 45, 46, 71]. Accumulated mainly in the 
pancreas, they provoke the production of radicals that 
cause the destruction of the pancreas beta cells and, 
therefore, disturb the insulin production [9, 10, 11, 75, 
89]. Since alloxan and streptozotocin have the structure 
resembling that of glucose, their accumulation occurs in 
the pancreas by means of glucose transporters, so that, 
as a rule, the animals are more susceptible to them on an 
empty stomach [9, 11, 90]. Thus, the injection of 
alloxan or streptozotocin to the animals induces the 
insulin-dependent (type I) diabetes mellitus [11, 89]. 
Since the solutions of alloxan and streptozotocin are 
relatively unstable, they should be prepared 
immediately before the injection. Note that these 
substances can possess different degrees of toxicity with 
respect to other organs, too [9, 90, 91]. Besides the 
destruction of beta cells, alloxan and streptozotocin are 
capable of modifying biological macromolecules and 
DNA fragmenting [9, 10, 11, 89]. 

Dunn et al. gave the first description of the alloxan 
diabetes model in 1943 [11, 89, 92]. A single doze 
varies from 50 to 200 mg/kg of body mass for mice and 
from 40 to 200 mg/kg for rats, depending on the breed 
[9, 10, 42]. Alloxan is injected intravenously, 
intraperitoneally, or subcutaneously [10, 42, 76].  

In 1963 Rakieten published a paper, reporting the 
capability of streptozotocin to induce diabetes mellitus 
[11, 75, 93]. The single maximal dose of streptozotocin 
is from 100 to 200 mg/kg for mice [9, 94, 95] depending 
on the breed [9, 96] and from 35 to 65 mg/kg of body 
mass for rats [9, 94]. There is also a method of injecting 

streptozotocin to animals by small dozes from 20 to  
40 mg/kg during 5 days [9]. 

Note that in contrast to animals, in humans the beta 
cells of the pancreas are resistant against the toxicity of 
streptozotocin and alloxan [97]. It is also interesting that 
the glucose content variation in blood during the first 
week after the injection of alloxan and streptozotocin is 
nonlinear (Fig. 1). Immediately after the injection, the 
glucose content in blood increases during about 3-4 
hours, which is accompanied by morphological changes 
of beta cells: intercellular vacuolisation, dilatation of 
rough endoplasmic reticulum, reduction of Golgi 
apparatus area, diminution of secretor granules and 
insulin content, swelling of mitochondria. Then the 
hypoglycaemic stage begins, during which in a few 
hours the glucose content in blood falls, and the 
hypoglycaemia can lead to fatal outcomes. Such 
dramatic transient hypoglycaemia appears in the process 
of insulin accumulation because of the secretory granule 
toxication and the cell membrane rupture. In addition to 
the morphological changes, the nuclei of beta cells 
become pyknotic [11]. In about 6 days after the 
injection the permanent diabetic hyperglycemic phase 
comes, for which the morphologically full degranulation 
and the loss of integrity of beta cells during 12-48 hours 
is observed [9, 11]. In this connection, it is important to 
choose the appropriate terms of measuring the glucose 
content in blood in the process of diabetes modeling. 

	
Fig. 1 Phases of free blood glucose variation after the 
injection of alloxan (I-IV) or streptozotocin (II-IV) [11]. 

The animals with the model diabetes are 
characterised by such symptoms as polyuria, polydipsia 
[67], and loss of body weight [9, 67], typical for type I 
diabetes mellitus. 

Besides the above models of type I diabetes, there 
are also other ones, which are used less widely, e.g., the 
autoimmune modes of diabetes. The lines of mice with 
“spontaneous” diabetes mellitus (“non-obese diabetes”) 
and biobreeding (BB) rats are created, in which from the 
very birth or in some time after the birth the prediabetic 
state of the organism develops [9, 66, 67, 98-100]. The 
Akita mouse lines, in which diabetes mellitus 
genetically develops in a few weeks after the birth are 
bred. The diabetes is also induced using viruses [9]. To 
model type II diabetes mellitus, mono- and polygenic 
models of obesity, the rats of the Zucker line, etc. are 
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used [9, 101]. The most widely used monogenic models 
of obesity possess defects in the transmission of leptin 
hormone signals. Leptin is responsible for the feeling of 
saturation, so that the absence of functional leptin in 
animals gives rise to hyperphagia (overeating) followed 
by obesity. The Lepob/ob and Leprdb/db mice, the Zucker 
rats that possess no leptin receptor experience the lack 
of leptin. These models are often used to test new 
methods of type II diabetes treatment [9, 101-104]. 

In Lepob/ob mice, the mass increase begins from the 
age of two weeks, the hyperinsulinemia develops, in 
four weeks the hyperglycemia manifests itself, the 
concentration of free glucose in blood continues to 
grow, achieving the maximum in 3–5 months [9, 105]. 
The volume of the pancreas significantly increases [9, 
106], the hyperlipidaemia progresses, the temperature 
regulation is disturbed, and the physical activity is 
reduced [9, 105], the infertility develops [9, 107].  

In Leprdb/db mice, the autosomal recessive mutation 
in the leptin receptor takes place [9, 108]. These mice 
suffer from hyperphagia, obesity, hyperinsulinemia, and 
hyperglycemia. The hyperinsulinemia in such mice 
manifests itself in the age of about two weeks, the 
obesity from the age of three-four weeks, and the 
hyperglycemia develops in 4–8 weeks [9].  

The Zucker rats possess expressed resistance to 
insulin that cannot be compensated by the increased 
level of apoptosis in beta cells [9, 109], which is 
characterised by hyperinsulinemia at the age of about 
8 weeks with subsequent decrease of the insulin level 
[9, 110]. The diabetes mellitus in Zucker rats commonly 
develops in nearly 8–10 weeks in males, while in 
females the explicit diabetes does not develop [9, 94]; in 
these rats the signs of diabetic complications are 
observed [9, 110]. 

 Depending on the problems under solution, it is 
necessary to choose for the experimental studies a 
suitable model of diabetes with the specific features of 
the models taken into account. Note also that a given 
model of diabetes could develop in different ways in 
animals of different lines. Thus, the authors of Ref. [73] 
obtained different results for outbred and linear mice. 

4 Glycation and non-enzymatic glycation 
of proteins 

The main complications of the diabetes mellitus disease 
are related to the glycation of proteins. The glycation is 
a result of the interaction between the glucose molecules 
and the proteins, which leads to the change of protein 
structure and to the restriction of tissue functioning [19, 
33-36, 38]. It is known that the protein glycation is 
initiated by the non-enzymatic reaction between the 
protein amino group and the carbonyl group of sugar 
and, correspondingly, leads to the formation of 
crosslinks between the protein molecules [17, 34, 37]. 
The glycation results in the Malliard reaction [111–
113], comprising two stages. As a result of the 
interaction of protein with glucose via the adducts of the 
Schiff base, the stable Amadori product is formed. In 

the course of further incubation, the Amadori product is 
transformed into an advanced glycation end product [17, 
113-115]. The glycation can be accompanied by both 
the protein modification and the attachment of the 
advanced glycation end product to the protein receptor 
[70]. The collagen glycation mechanisms involve 
complex processes, accompanying the occurring 
reactions [34, 37, 114, 116, 117]. Such end products of 
glycation as N(ε)-carboximetillysine (CML) and 
pentosidine are known to accumulate in the skin 
collagen with age and diabetes mellitus. Pentosidine is a 
fluorescent molecule; it can be detected using the 
methods of fluorescence analysis [37, 70, 114, 116, 118-
121]. Glucosepane related to nephropathic, retinopathic, 
and neuropathic complications [82, 120, 121], glyoxal 
[118], and pyrroline [70], are also known as advanced 
glycation end products, as well as other products of 
glycation and the substances, facilitating their 
accumulation [70, 121]. 

Since proteins comprise a considerable part of many 
tissues, their glycation leads to the change of the tissue 
structure, the restriction of tissue functioning [6, 34-38, 
70, 118], the metabolic disbalance and, finally, the 
organ malfunction [17]. Due to the fact that the structure 
of biological tissues determines their optical properties, 
it becomes possible to monitor these changes by optical 
methods, such as fluorescence spectroscopy [34, 36, 42, 
79, 84-87, 116, 118, 119, 122-128], refractometry [35, 
122], Raman spectroscopy [43, 44, 129], 
spectrophotometry in a wide range of wavelengths [39-
41, 47, 84, 86, 130-132], electron microscopy [18, 73, 
78], laser speckle-contrast imaging [45, 46], laser 
Doppler flowmetry [38, 84-86, 133], confocal 
microscopy [80] and optoacoustic spectroscopy [56]. 

To study the glycation of proteins, both the samples 
of tissues and cells from the objects with natural or 
artificially induced diabetes mellitus (in vivo glycation), 
as well as the samples that has been glycated under in 
vitro conditions are used. Studies of in vitro glycation 
refer, for example, to human placental type IV collagen, 
performed by fluorescence analysis, as well as by 
electrophoresis and densitometry [134]; collagen of 
bovine skin - using multiphoton microscopy [34]; 
hemoglobin - by optical coherent tomography [135-
137], refractometry and IR spectroscopy [122], as well 
as biochemical analysis [138]; albumin - using 
fluorescence spectroscopy [70], refractometry [122], 
and terahertz spectroscopy [138]; collagen of the 
tendon – through biochemical and biomechanical 
analyzes [139], as well as to collagen hydrogels - using 
multispectral fluorescence life time imaging (FLIM) 
[140]; by incubation in ribose [37, 134, 139, 140], 
glucose [70, 122, 135, 138, 141] or fructose [70, 141] 
solutions. All of them show a sufficiently effective 
glycation of proteins during 10-11 days of incubation, a 
change in the mechanical properties of tissues due to the 
formation of collagen cross-links. In work [82], an 
increase in the glucosapane content in the skin with age 
and with the development of hyperglycemia in patients 
with type 1 diabetes mellitus was recorded. 
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To determine the degree of glycation of proteins, the 
studies of the fluorescent properties of the glycated 
hemoglobin and different tissues [34, 36, 42, 116, 118, 
119, 123-127] have been performed earlier. The 
vascular walls modified as a result of glycation [142], 
the refractive properties of erythrocytes in healthy 
volunteers and patients with diabetes mellitus [35], and 
the optical properties of skin in patients suffering from 
diabetes mellitus [38, 126, 127] were investigated. 
Multiple papers are devoted to the development of 
methods for monitoring diabetes and its different 
complications, based on the detected changes of the 
optical properties in diabetic tissues in comparison with 
healthy ones [6, 17, 34-38, 41, 48, 77].  

After eight months of glycation of the rabbit 
Achilles tendon in ribose solution [139] the increased 
maximum load, deformation stress, Young modulus of 
elasticity, and viscosity, indicating the fact that the 
glycation increases the stiffness of the tendon matrix, 
were observed. The tendon glycation was found to lead 
to significant reduction of the soluble collagen content 
and considerable increase of insoluble collagen and 
pentosidine content. Thus, the obtained results show 
that the collagen crosslinks caused by glycation directly 
increase the stiffness of the matrix and change other 
mechanical properties of the tendon. 

The analysis of literature shows that the study of 
glycated biological tissues is a demanded and promising 
field of research in view of developing novel 
technologies for noninvasive or low-invasive 
monitoring of hard complications, their prevention, and 
treatment maintenance  

5 Optical and structural properties of 
biological tissues  

5.1 Blood and cardiovascular system 
The development of diabetes mellitus is related to 
increased risk of micro- and macrovascular 
complications (angiopathy) [8, 9, 13, 19, 62-64, 82], 
such as retinopathy that leads to blindness [8, 9, 10, 13, 
31, 60], neuropathy [8, 9, 13, 60], and nephropathy [8, 
9, 13, 60]. Diabetes mellitus considerably enhances the 
risk of vascular diseases that finally result in the 
cerebral stroke [13, 19, 60, 63]. The hyperglycemia 
accelerates the atherosclerotic processes [13, 61, 63], 
the atherosclerosis and the corresponding loss of 
elasticity of coronary artery walls cause stenosis and, 
therefore, reduce the blood supply to the cardiac muscle, 
which finally leads to angina pectoris, cardiomyopathy, 
and increased risk of myocardial infarction [12, 13, 63, 
64]. These serious complications are due to the 
glycation of proteins in vascular walls permanently 
washed by blood in the presence of increased free 
glucose content in blood [41, 129, 135, 138].  

Different methods are used to determine glycated 
hemoglobin or albumin, such as ion exchange, affine, or 
liquid chromatography, electrophoresis, colorimetric 
and immunochemical methods [70, 143]. First, these 

methods are invasive, since they imply blood sampling 
from the patient’s vein. Since the mean lifetime of 
erythrocytes amounts to three months, it is possible to 
get information on the glycation accumulated during 
three months only. Moreover, the accuracy of the 
measurement is affected by the increased concentration 
of bilirubin, glucose, lipids, and other substances [143]. 
Also, the level of free glucose in the blood is influenced 
by external factors, for example, such as eating and 
exercise, which limits the applicability of many 
diagnostic methods where blood measurements are 
required [7, 8], so it is necessary to develop new 
algorithms for processing measurement results reducing 
the influence of external factors. 

Optical methods of diagnosing the condition of 
biological tissues are widely used in biology and 
medicine, e.g., for determination of oxygenation degree 
and blood perfusion [144, 145]. The safety of these 
methods and the possibility to get information in real 
time explain their wide usage and permanent expansion 
of the application field in medicine [20, 38, 48, 146-
149]. Using optical radiation one can also extract 
information on the structure, composition, and 
properties of biological tissues, investigate metabolic 
processes avoiding negative effect on them [144]. An 
essential advantage of visible and near-infrared optical 
radiation is its capability of sufficiently deep penetration 
into biological tissues. The range from 600 to 2500 nm 
includes four “transparency windows”, i.e., the regions 
where the light attenuation by biological tissues is 
minimal. Since many biological tissues contain a lot of 
water, the spectral transparency windows correspond to 
the wavelengths, at which the light absorption by water 
is minimal. The first transparency window includes the 
wavelengths from 650 to 950 nm, for which the 
absorption of light by water is relatively weak, but the 
absorption by hemoglobin and myoglobin is present. 
The second transparency window is located between 
two maxima of water absorption and corresponds to the 
wavelengths from 1100 to 1350 nm. The third 
transparency window lies in the range from 1600 to 
1870 nm and the fourth window from 2100 to 2300 nm, 
which is convenient for probing the collagen-containing 
tissues [145, 150-152]. 

To assess the degree of hemoglobin glycation the 
Raman spectroscopy can be used [129]. In Ref. [35], 
microscopic studies with the Nomarsky interference 
microscope, combining a two-beam interferometer and 
a polarization microscope to enhance the contrast of 
phase images, showed a significant difference in the 
refractive properties of erythrocytes in healthy and 
diabetic patients. 

 In Ref. [41], the quantitative assessment of the 
glycated hemoglobin concentration in human blood was 
performed using the spectral analysis in the infrared 
wavelength range (from 780 to 2498 nm). The authors 
of Ref. [42] measured the fluorescence of blood plasma 
in 12 days after the alloxan injection to rats. It was 
shown that the shape of the fluorescence band at the 
excitation wavelength 320 nm is most indicative for 
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hyperglycemia in the blood plasma samples due to the 
formation of protein fluorescent link by non-enzymatic 
glycation. In Ref. [122], the optical properties of 
hemoglobin and albumin in aqueous solutions of 
glucose were studied. With the increase of glucose 
concentration in the solution, the authors observed the 
increase of the refractive index and the reduction of the 
absorption in the studied solutions, probably due to the 
protein-glucose binding. A decrease in the albumin 
absorbance in the terahertz range of wavelengths was 
observed with an increase in the incubation time of 
albumin (glycation in vitro) in solutions of glucose and 
fructose [138]. Also in this work, slow glycation in 
glucose in comparison with fructose and the dependence 
of albumin glycation rate on the pH of the sugar 
solution were obtained. 

The authors of Ref. [44] have shown the 
applicability of Raman spectroscopy to the assessment 
of glycated hemoglobin in vivo with the measurements 
performed on hand, ear and forehead. Using the Raman 
spectroscopy, the porphyrin conformations in 
erythrocyte hemoglobin were revealed in patients with 
diabetes mellitus [43]. Using the electronic 
paramagnetic resonance spectroscopy, the reduction of 
the erythrocyte membrane viscosity was found in 
patients with diabetes mellitus. The change of 
permeability was fixed in the plasmatic membrane of 
the erythrocyte, namely, the higher rate of Na-H 
exchange, the activity of Са2+-dependent К+-channels, 
the reduction of the Ca-ATPase activity in patients 
suffering from type II diabetes mellitus [43]. It was 
supposed that the change of viscosity and permeability 
of the erythrocyte plasmatic membrane could be the 
cause of the conformation change of the hemoglobin 
porphyrin, the reduction of binding activity and oxygen 
transport by hemoglobin under the conditions of 
diabetes mellitus [43].  

In the patent [130], a noninvasive method and a 
device for assessing the content of glycated hemoglobin 
were proposed based on measuring the light reflection 
spectra from the studied blood sample. The device 
consists of two measuring units, one of which contains a 
spectrophotometer, recording the absorption spectra, 
and the other one contains a Raman spectrometer.  

The possibility to use the absorption spectroscopy 
method for the assessment of the amount of glycated 
hemoglobin in the spectral range 200–850 nm was 
demonstrated in [131]. Good correlation between the 
results of spectroscopic method and the standard 
method of high-efficiency liquid chromatography was 
obtained. 

The method of quantitative analysis of the content of 
glycated hemoglobin in human hemolysate samples 
using near infrared (NIR) spectroscopy and the 
subsequent processing of the spectra by the moving-
window-partial-least-squares (MWPLS) method was 
proposed in [132]. The method allows to find the 
optimal wavelength ranges for determining the content 
of glycated and non-glycated hemoglobin. The optimal 
wavelengths for the analysis were in the over-current 

range of the NIR band and were from 958 to 1036 nm 
for hemoglobin and from 1492 to 1858 nm for glycated 
hemoglobin.  

In [153], the optical characteristics of diabetic 
erythrocytes using a three-dimensional quantitative 
phase imaging based on Common-Path Diffraction 
Optical Tomography (cDOT) were noninvasively 
studied. The morphological (volume, surface area and 
sphericity), biochemical (concentration and hemoglobin 
content) and mechanical (membrane fluctuations) 
parameters of individual cells were quantitatively 
determined from the measured three-dimensional 
tomograms for the refractive index and two-dimensional 
time-dependent phase images. As a result, statistically 
significant changes in morphological and biochemical 
parameters of diabetic erythrocytes were not obtained in 
comparison with nondiabetic, however, the 
deformability of the membrane of diabetic erythrocytes 
was shown to be lower. 

 Since in the case of diabetes mellitus the advanced 
glycation end products are dissolved in the blood 
plasma, they interact with the endothelium, affect the 
endothelium functioning, and cause the accompanying 
tissue hypoperfusion and hypoxia [63, 114]. In this way, 
the advanced glycation end products accumulate in 
vascular walls, i.e., the formation of crosslinks in the 
vascular walls occurs [114]. In turn, the endothelium 
damage gives rise to the development of atherosclerosis 
[13, 114, 142]. In the presence of diabetes mellitus, the 
risk of ischemia increases [64, 81].  

In comparison with the hemoglobin, which is subject 
to glycation only during 3 months, the glycation of other 
proteins occurs during a long time; therefore, the 
diagnostics of such proteins can provide more 
information on the condition of the organism in the 
process of diabetes mellitus development.  

In Ref. [73], basing on the histological sections 
stained by the lectin antibody, the exhaustion of lectin 
content in the endothelium of mice with four-week 
streptozotocin-induced diabetes was reported (Fig. 2). 
The perfusion recovery after ischemia was poorer in 
diabetic outbred mice (WT) than in linear mice (RAGE 
KO). Thus, the result can depend on particular animals 
under study. The studies [81] of human atrium samples 
in vitro performed after reoxygenation and perfusion 
that modelled ischemia revealed the cell apoptosis and 
necrosis stronger expressed in patients with type I and 
type II diabetes mellitus. In rats with streptozotocin-
induced diabetes, the apoptosis of myocardial cells was 
also observed [74]. 

Diabetes mellitus disturbs the mechanisms of 
reperfusion, i.e., the activation of earlier existing arterial 
collaterals and generation of new vessels 
(arteriogenesis, angiogenesis), thus hampering the 
recovery after an ischemic stroke [63, 64]. The 
development of diabetes in outbred mice [73] was found 
to cause the smaller number of vessels and the 
accumulation of the advanced glycation end product in 
muscles and blood of all mice with diabetes. 
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Fig. 2 Histogram (a) and images of histological sections 
(b) reflecting the content of lectin (red) in WT and 
WT+DM outbred mice of the control and diabetic 
groups, and in RAGE KO and RAGE KO+DM linear 
mice of the control and diabetic groups, respectively 
[73]. 

Because of the change of the vessel structure, its 
physical properties also change. In Ref. [45], the effect 
of the iohexol solution (X-ray contrast solution, 
Omnipaque®) on the blood flow velocity in rats with 
alloxan-induced diabetes was studied using the laser 
speckle contrast imaging. In contrast to the control 
group, in diabetic rats the increase of blood flow rate 
was fixed, which could indicate the increased 
endothelial permeability under the development of 
alloxan-induced diabetes [45]. Using ultrasound to 
measure the elastic modulus of arteries, the authors 
showed that under type II diabetes mellitus the elasticity 
of arterial walls decreases [63, 154]. By means of laser 
Doppler flowmetry, the reduced blood flow rate was 
observed in the case of diabetes mellitus [38, 133]. 
Anomalous thickening of vascular walls in skin was 
also found [38]. 

The studies aimed at assessing the noradrenalin 
effect on the blood flow in mice with alloxan-induced 
diabetes were carried out [45]. Using the laser speckle 
contrast imaging, the reduction of venous and arterial 
blood flow caused by the noradrenalin injection was 
observed in mice with two- and four-week alloxan-
induced diabetes without subsequent restoration of 
blood flow after the noradrenalin injection (Fig. 3).  

Since heart is the main organ of the cardiovascular 
system, through which the process of blood circulation 
is implemented in the entire organism, it directly 
experiences the negative effect of the disease with 

numerous complications [12, 13, 63, 64]. In Ref. [12], 
the change of adipocytes and the excess accumulation of 
lipids on the heart epicardium in patients with diabetes 
mellitus was reported. Such changes enhance the 
development of heart diseases. In optical measurements 
[40], the reduction of the glycerol diffusion rate in ex 
vivo myocardium of rats with alloxan-induced diabetes 
mellitus was observed, which indicates the change of 
cardiac muscle tissue in the very first weeks of the 
development of alloxan-induced diabetes in rats. 

 

	
Fig. 3 Typical images of vascular blood flow after the 
noradrenalin injection to the control group of mice 
“non-T1D” (a), the mice with one-week “T1D-1w” (b), 
two-week “T1D-2w” (c), and three-week “T1D-4w” (d) 
diabetes [45]. 

The possibility of assessing the functional condition 
of the microcirculatory system in patients with diabetes 
mellitus using such optical noninvasive methods as the 
laser Doppler flowmetry, the diffuse reflection 
spectroscopy, and the fluorescence spectroscopy was 
demonstrated in Refs. [84, 86]. The obtained data have 
shown that the combined application of these three 
diagnostic technologies allows for revealing and 
prognosis the development of trophic disorders and the 
diabetic foot syndrome at earlier stages. The use of 
wavelet analysis for evaluating the regulatory 
mechanisms of peripheral blood flow during the heat 
tests makes it possible to study the changes in the 
vascular tonus autoregulation and the regulation of 
bypass blood flow by the sympathic fibers. This allows 
for indirect consideration of the blood flow innervation 
and can indicate the presence of neuropathies [84]. The 
authors of Ref. [86] stated that the hemoglobin 
introduces a considerable contribution to the spectra of 
diffuse reflection of human skin in the visible and near-
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Fig. 4 Images of glycated and control samples of bovine cornea, skin, and outer surface of aorta, obtained by means 
of multiphoton autofluorescence (green) and the second harmonic generation (red); “Сompositе” means two 
superimposed images: the autofluorescence one (green) and the second harmonic generation one (red). The laser 
wavelength is 700 nm and the power is 180 mW, the image size is 620 × 620 µm2 [34].  

 
infrared range. The variation of its content under the 
impairments in the microcirculatory layer of the foot 
skin due to the diabetic microangiopathy can be seen in 
the reflection spectra as the change of absorption and 
scattering properties of skin. 

5.2 Different tissues 
Type I diabetes mellitus develops due to the pancreas 
malfunction that leads to the chronical hyperglycemia 
and then to the excess glucose in the interstitial fluid 
disturbing the metabolism and the functioning of many 
organs [2, 5-11, 17, 57, 65-67, 89, 92]. Since all vital 
organs, such as myocardium, eye retina, and cerebral 
tissues are abundantly supplied with blood and, 
therefore, glucose, in the patients with diabetes mellitus 
they are glycated first. 

To find new efficient methods of the diabetes 
mellitus diagnostics and treatment, to prevent serious 
complications of this disease, multiple studies of the 
effect of diabetes mellitus on different properties and 
functioning of biological tissues and organs have been 
carried out. 

For example, in 12 days after the intra-abdominal 
injection of streptozotocin to rats [76] the swelling of 
liver and pancreas mitochondria was fixed that led to 
the damage of mitochondria and ATP deficiency. In 
Ref. [17], the effect of diabetes mellitus on the rat 
internals was studied. After the intra-abdominal 
injection of alloxan to the rats, the hyperglycemia, 
polydipsia, and polyuria were fixed in the animals. On 
the 15-th day after the alloxan injection, the histological 
sections of liver, kidney, spleen, and pancreas tissues 
were taken. After the analysis of the histological 
sections of the tissues, the morphological changes of 

different degree of severity in comparison with the 
control group of animals were revealed in the tissues. In 
the liver, the authors found significant decrease in the 
glycogen accumulation, in the pancreas the perivascular 
fibrous indurations were noted, the size and the number 
of pancreatic islands was decreased [17]. These results 
confirm the fact that within the frameworks of the 
alloxan-induced diabetes model in rats already in two 
weeks after the intra-abdominal injection of alloxan one 
can detect structural changes of tissues and organs 
caused by the accumulation of glycogen. In kidneys, the 
necrosis of individual cells with the development of 
diabetes was revealed. 

Since the high level of blood glucose leads to the 
growth of its content in the interstitial fluid, the 
glycation affects not only the blood proteins, such as 
albumin and hemoglobin [70, 129, 135, 138, 155], but 
also other proteins of the organism tissues. For example, 
in Refs. [58, 156] it was concluded that the glycation of 
collagen under diabetes mellitus facilitates the 
development of fibrosis. In turn, the structural changes 
of tissue proteins lead to the change of their optical 
properties. 

Based on the studies of the fluorescence properties 
of the advanced glycation end products of hemoglobin, 
skin, cornea, aorta, articular tendon [34, 36, 116, 118, 
119, 124, 157], and the corresponding changes in the 
nonlinear susceptibility of the tissue structures [34, 123, 
158], it was found that the glycation facilitates the 
increase of the tissue fluorescence intensity [34, 116, 
118, 119, 124, 125, 157] and the decrease of the second 
harmonic generation intensity [34, 123, 158] (Fig. 4). 

The authors of Ref. [79] studied the 
autofluorescence of skin and the condition of brain in 
vivo in patients with type II diabetes mellitus. The 
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Fig. 5 Histogram, microscopic images, and plots describing the increased size of adipocytes of the visceral (VAT) and 
subcutaneous (SAT) adipose tissue of the patients suffering from diabetes mellitus [87]. 

autofluorescence was found to grow both with age and 
with the development of diabetes mellitus. Using the 
magnetic resonance tomography (MRT) in patients with 
diabetes mellitus the reduction of the grey matter in the 
brain was observed, which, in turn, causes cognitive 
defects of different degree. 

In Ref. [80], it was found that in the group of 
patients with recently diagnosed type II diabetes 
mellitus the length and density of nerve fibers is 
significantly smaller than in the control group. Such 
studies have been performed by means of the skin 
biopsy and confocal microscopy of the eye cornea, for 
which the loss of nerve fibers and the accompanying 
injure of nerve conductivity were observed, indicating 
the early parallel involvement of both small and large 
nerve fibers into the pathological changes.  

In turn, the damage of nerve fibers (neuropathy) can 
lead to a neuropathic foot ulcer, the most severe skin 
injure arising when the reduced recovery capability of 
diabetic skin gives rise to infection, formation of 
gangrene, and, finally, leads to the amputation of lower 
extremities [58, 59]. The authors of Ref. [79] proposed a 
hypothesis that the autofluorescence of skin can reflect 
the formation of advanced glycation end products of 
other cell proteins, e.g., in neurons. 

Since proteins are the main components of many 
tissues, the glycation of proteins leads to significant 
change of the tissues structure [34, 37]. The 
permeability of a tissue for chemical agents is largely 
determined by the tissue structure and its changes 
caused by pathological processes, such as glycation. 
Therefore, the change of the agent diffusion rate in a 
tissue during a certain time interval can reflect the 
change of the tissue structure and, thus, can be used as a 
biomarker of the glycation degree [40, 95, 159]. The 
study of permeability of biological tissues for different 
agents is aimed at extracting information on the 
mechanisms of interaction of tissues with different 
chemicals, on the transport of drugs in tissues, on the 

effect of the agents on the optical, diffusion, 
morphological, and functional properties of biological 
tissues [48, 49, 52, 146, 147, 160-162]. These data are 
necessary for efficient application of different 
pharmacological preparations to treat diabetes mellitus 
and for developing noninvasive optical methods of 
disease diagnostics and monitoring [48, 163], since 
efficiency of treatment (diagnostics) is determined by 
drug (agent) diffusion rate, i.e., the time during which 
the drug (agent) molecules reach the target part of the 
organism.  

The slower diffusion of glucose in the kidney 
sample of diabetic mouse as compared to non-diabetic 
one was obtained in Ref. [47]. It was assumed that the 
diabetic kidney has a denser structure at the expense of 
the tissue glycation. The efficiency of the optical 
clearing of skin, kidney, and cornea samples in the 
terahertz wavelength range was higher for non-diabetic 
samples than for the diabetic ones at application of 
glycerol solution of different concentration [47]. 

About 80% glucose in the organism is transported to 
muscles [19]. The reduction of insulin production under 
the diabetes mellitus affects the absorption of glucose 
by muscle cells, which leads to muscle dystrophy and 
muscle mass reduction [164]. Using electron 
microscopy, the authors of Ref. [78] observed the 35% 
reduction of mitochondria size in patients with obesity 
and type II diabetes. The enlargement of vacuoles in 
muscle fibres, the lowering of NADH:O2-
oxydoreductase in patients with type II diabetes was 
also found. The authors concluded that at type II 
diabetes mellitus a failure of the bioenergetics capability 
of the mitochondria of skeletal muscles takes place. 

Larger fat cells were observed in patients with 
diabetes mellitus as compared to the healthy volunteers 
[83]. It was shown that the main phenotype of white fat 
tissue in humans without obesity and with type II 
diabetes mellitus is the hypertrophy of adipocytes, 
which can affect the inflammation of fat tissue, the 
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release of free fatty acids, the deposition of ectopic fat, 
and the sensitivity to insulin.  

In Ref. [87], using a fluorescence microscope it was 
found that the mean cross section of the fat tissue 
adipocytes extracted from the patients during surgical 
operation is higher in patients with diabetes mellitus 
than in those of the control group (Fig. 5). The reduction 
of fibrous tissue formation and the increase of adipocyte 
hypertrophy was also revealed in patients with diabetes 
mellitus suffering from obesity. The hypertrophy is a 
cause of the fat tissue malfunction [87]. 

The revealed changes of the ocular tissues 
autofluorescence in the patients with type II diabetes 
mellitus having no signs of diabetic retinopathy 
evidence in favour of the accumulation of advanced 
glycation end products in the eye tissues [165]. 

The studies of air expired by the patients with type II 
diabetes mellitus, prediabetic patients, and the control 
group patients revealed a correlation between the insulin 
sensitivity index (1/ISI0,120) and the content of the 
isotope 13C (δDOB

13C(‰)) in the expired air (Fig. 6). 
This correlation potentially can serve as a marker for 
noninvasive assessment of both prediabetic condition 
and the development of type II diabetes mellitus in 
humans [166]. This marker was implemented by oral 
intake of 13C-labelled D-glucose that is metabolised and 
produces 13C-labelled carbon dioxide (13CO2), which 
arrives at the lungs via the blood flow and then is 
expired [166]. 

 

	
Fig. 6 Distribution of 13C isotope content in the expired 
air (δDOB

13C(‰)) and the insulin sensitivity index 
(1/ISI0,120) depending on the level of glycated 
hemoglobin HbA1c (%) in the blood of the control 
group (Normal), prediabetic patients (Pre-diabetes), and 
of the patients with type II diabetes mellitus (Type 2 
diabetes) [166]. 

5.3 Skin 
With the development of diabetes mellitus, the skin 
becomes susceptible to various infections, the skin 
fibrosis is observed, the skin becomes more dry and 
vulnerable (because of the malfunction of leucocytes), 
and the patient suffers from skin itch. These symptoms 
are manifestations of diabetes mellitus complications 
related to the hyperglycemia and glycation of proteins. 
There are many skin diseases facilitated by diabetes 
mellitus [19, 58, 59]. With age, structural changes occur 
in the skin, such as enlargement of pores, thinning of 

dermis, loss of bulk collagen, atrophy of blood vessels 
and flattening of dermis-epidermis junction [167]. 
These age-related changes are enhanced by the 
development of diabetes mellitus [63]. The skin 
fluorescence can reflect the age-related changes, the 
kidney diseases, as well as the changes induced by 
smoking [126]. The skin autofluorescence enhancement 
was observed in diabetic patients with retinopathy and 
nephropathy [127]. The excitation light wavelength 
varied from 300 to 420 nm with the peak excitation at 
370 nm. The normalized autofluorescence signal was 
calculated by division of the mean radiated light 
intensity in the range 420–600 nm by the mean intensity 
of the excitation in the range 300–420 nm [127].  

As can be seen from the works [79, 126], the 
increase in the fluorescence intensity associated with the 
development of diabetes, and with the aging, so it is 
important to distinguish the contribution of age and 
disease in the results of the study. It was shown in [168] 
that the number of glycated collagen increased only by 
33% in patients not suffering from diabetes mellitus at 
the age of 20 to 85 years. While the fluorescence of the 
final glycation products in diabetics increased five-fold, 
strongly correlating with age. In patients with diabetes, 
glycation of collagen increased three-fold compared to 
non-diabetic subjects, strongly correlating with the 
content of glycated hemoglobin in the blood, but not 
with age. Thus, for a certain age, appropriate glycation 
levels in tissues can be identified. With diabetes, these 
indicators are significantly increased. 

 Many papers are devoted to the study of optical and 
structural parameters of skin in the process of diabetes 
mellitus development and its modelling. Unfortunately, 
the conclusions based on different studies are often 
contradictory [57]. Thus, in Refs. [169, 170] the 
hydration of stratum corneum was shown to reduce in 
humans and mice in vivo in the process of diabetes 
mellitus development, the reduction of water content 
being not related to the barrier malfunction of 
epidermis. However, in Refs. [169, 171] it was stated 
that in the case of diabetes mellitus the transepidermal 
loss of water does not increase. The authors of 
Ref. [170] state that long-term hyperglycemia disturbs 
the barrier function of the skin and its permeability. 

In mice with model diabetes mellitus, the reduction 
of keratinocyte proliferation in epidermis was observed 
[57, 171, 172], while in Refs. [170, 172] no such 
changes were observed in the experiments with rats and 
mice of other age. Contradicting results were also 
obtained in the studies of epidermis thickness in the 
case of diabetes [57]. In some papers the authors 
conclude that the epidermis thickness does not change 
[170, 172, 173] under the conditions of long-term 
hyperglycemia in rats and the diabetes mellitus in 
humans and mice, however, other authors using other 
model of diabetes mellitus or animals of other age state 
that the thickness either decreases [171, 172, 174], or 
increases [175]. The ultrasonic measurement of skin 
thickness in patients with diabetes mellitus revealed the 
skin thickness increase [176]. In Ref. [172], the 
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Fig. 7 (A) Image of collagen fibrils obtained using atomic force microscopy (AFM). White and red arrows point at the 
intact and fragmented/disordered fibrils, respectively. (B) 3D images of collagen fibrils, obtained using the AFM. (C) 
Roughness of collagen fibrils estimated using the Nanoscope Analysis software (Nanoscope_Analysis_v120R1sr3, 
Bruker-AXS, Santa Barbara, CA). (D) The tensile strength. (E) The traction force. (F) The deformation of collagen 
fibrils determined using the AFM PeakForceTM Quantitative NanoMechanics mode and Nanoscope Analysis software 
[179]. 

conclusions could be different due to different age of 
mice under study. The contradiction of results could be 
also due to the use of different models of diabetes 
mellitus. The change of collagen distribution in dermis 
was observed by means of histology and microscopy in 
diabetic patients with complications, in contrast to those 
having no complications [177]. The inconsistent results 
require checking or specifying the features of the 
experiment that could cause the contradictions. 

The formation of advanced glycation end products 
reduces the elasticity and solubility of collagen, 
enhances its stiffness [58, 178]. The results presented in 

Ref. [179] confirm that the accumulation of fragmented 
skin collagen and the presence of molecular crosslinks 
in the case of diabetes mellitus impairs the structural 
integrity of skin collagen and its mechanical properties. 
In the studies of aging diabetic skin, the expressed 
crosslinks of collagen fibres were demonstrated. The 
atomic force microscopy (AFM) has shown that in the 
case of diabetes the collagen fibrils of skin are 
fragmented and disordered (Fig. 7(A, B)), and the key 
mechanical properties are essentially changed [179]. 
The quantitative analysis of AFM data has shown that 
the mean roughness of collagen fibrils as a measure of 
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Fig. 8 Kinetic curves of optical clearing (a-f) and diffusion coefficients of glucose (g) in the skin of mice of the 
control group (a, c, e) and diabetic group (b, d, f) obtained with the 30%- (a, b), 43%- (c, d), and 56%- (e, f) 
solutions of glucose [39]. 

their arrangement increases in diabetic dermis by 176% 
(Fig. 7(C)), from 16 nm to 29 nm, which can be related 
to the increased content of matrix metalloproteinases 
(MMPs) that lead to fragmentation of collagen fibrils. 
The fragmentation of fibrils impairs the structural 
integrity of collagen and, thus, changes the mechanical 

properties of the dermis. The basic mechanical 
properties, such as the tensile strength (Fig. 7(D)) and 
traction force (Fig. 7(Е)), were found to increase by 
197% and 182%, respectively, while the deformation of 
collagen fibrils was reduced by 58% (Fig. 7(F)) in 



D.K.	Tuchina,	V.V.	Tuchin:	Optical	and	structural	properties	of	biological	tissues…		 doi:	10.18287/JBPE18.04.020201	

J	of	Biomedical	Photonics	&	Eng	4(2)	 	 29	Jun	2018	©	J-BPE	020201-21	

diabetic dermis in comparison with the non-diabetic 
one. 

The mechanical properties of the collagen hydrogel 
after incubation in solutions of ribose and 
glutaraldehyde (GTA), which promote the formation of 
collagen cross-links, were studied in paper [140] using 
multispectral fluorescence lifetime imaging (FLIM). In 
the case of collagen incubation in GTA, in contrast to 
ribose, correlations were observed between the 
fluorescence lifetime and the mechanical properties of 
collagen. It has been shown that the nature and degree 
of collagen cross-links have a significant effect on the 
elasticity of the tissue also under the action of ribose. 

Under the in vitro glycation of murine skin in the 
glyoxal solution [118] the transepidermal loss of water 
was increased, the content of saturated fatty acids in the 
peidermis significantly increased. Moreover, the barrier 
function of the epidermis was impaired. The skin 
immersed in the solution of glyoxal acquired a yellow 
hue. The presence of advanced glycation end products 
in the skin was detected using autofluorescence, the 
intensity of which was increased. 

Ref. [39] presents the result of studies of glucose 
diffusion in ex vivo skin of mice with alloxan-induced 
diabetes mellitus by measuring the collimated 
transmission of visible light through the skin samples. 
The glucose diffusion in the skin of mice with alloxan-
induced diabetes was found to occur by up to 2.5 times 
slower in comparison with the control group (Fig. 8). 
Close results were obtained for the glucose solutions of 
three different concentrations: 30%, 43% and 56%. 
Analogous reduction of glycerol diffusion rate was 
observed in the ex vivo skin samples from rats with 
alloxan-induced diabetes mellitus [40].  

The optoacoustic spectroscopy was used for the 
study of advanced glycation end products in skin in the 
case of in vitro glycation [157]. The principle of 
optoacoustic spectroscopy is based on the 
transformation of the energy of pulsed or time-
modulated optical radiation into thermal and further 
acoustic waves when interacting with an object, while 
as a spectrally non-selective detector of absorbed energy 
at different wavelengths a microphone or an ultrasonic 
transducer is served [180]. The conditions of 
physiological hyperglycemia were provided by 
immersion of porcine skin samples in the ribose solution 
during 17 days. As a result, the increase of the 
optoacoustic signal with the incubation time and the 
maximal absorption of light by the glycated skin in the 
wavelength range 540–620 nm was observed [157]. 
Possibly, the increased intensity of the optoacoustic 
signal with the growth of skin glycation degree is 
related not only to the high light absorption by glycated 
skin (in the wavelength range 540–620 nm), but also to 
the increased efficiency of light-to-sound conversion 
due to greater tissue elasticity because of the crosslinks 
between the fibres. In this paper, the increase of 
fluorescence intensity and the decrease of the second 
harmonic generation intensity are also demonstrated for 
the glycated skin (Fig. 9). 

	
Fig. 9 Microscopic images of porcine skin incubated 
during 17 days in a) phosphate buffer solution, and b) 
ribose solution. Superimposed images of 
autofluorescence (green) and second harmonic (red) 
intensity are shown. The images were obtained at the 
depth 35 µm, the scale bars correspond to 50 µm [157]. 

The patent [128] proposes a device whose operation 
principle is based on fluorescence, by which it is 
possible to determine the final products of glycation of 
collagen, to measure their concentration in skin, the oral 
mucosa or sclera tissues in order to diagnose diabetes 
mellitus or pre-diabetic condition. The area of the tissue 
contactly or contactlessly illuminated by light of 
wavelengths selected from a wide range, fluorescence of 
the tissue caused by the exciting radiation is recorded, 
after that the analyzing system of the device determines 
the degree of glycation of the tissue from the measured 
spectral properties. 

In Ref. [85], authors evaluated the possibility of 
combined measurements of skin fluorescence and blood 
perfusion using the laser Doppler flowmetry for the 
diagnostics of type II diabetes complications in the 
lower extremities of the patients. The blood 
microcirculation was topically stimulated by heating. 
The experimental studies have shown that the patients 
with diabetes mellitus demonstrate enhanced 
fluorescence and lower perfusion response to the local 
heating, which can play the role of markers for different 
degrees of diabetic complications.  

Ref. [88] describes a method of noninvasive in vivo 
monitoring of hyperglycemic state in mice with 
streptozotocin diabetes, based on mm-wave 
spectroscopy, which has been experimentally confirmed 
using live animal models as objects. The transmission 
coefficient of the skin fold at the nape of mice of 
various lines was measured at 25 uniformly located 
frequencies in the range 0.075–0.110 THz. Skin 
transmission was several times higher for animals in the 
hyperglycemic state and depended little on the presence 
of white or black hair, or its absence in mice. 

6 Conclusion 
The effect of diabetes mellitus development on the 
biological fluids and tissues is widely studied, and the 
development of different research techniques 
additionally stimulates the growing interest to this 
disease. In view of diagnostics, it is of primary value to 
detect the earliest changes in the tissues, related to the 
progress of diabetes mellitus at its initial stage. As can 
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be seen from the review, many optical methods are 
applicable to the diagnostic study and monitoring of the 
degree of glycation of biological tissues and fluids in 
the development of diabetes. These include 
refractometry, Raman spectroscopy, fluorescent 
spectroscopy, spectrophotometry over a wide range of 
wavelengths, laser speckle-contrast imaging, laser 
Doppler flowmetry, optical coherence tomography, 
confocal microscopy and optoacoustic spectroscopy, 
multiphoton fluorescence microscopy and harmonic 
generation. Among a variety of optical methods, one of 
the promising, because of the simplicity of 
implementation and the possibility of non-invasive 
diagnostics, is the fluorescence spectroscopy method, 
which allows for recording the presence of final 
glycation products in tissues. Also promising are 
refractometric and phase methods, including using 
optical coherence tomography and three-dimensional 
diffraction tomography. The methods of terahertz 

spectroscopy and imaging can also be referred to 
promising methods for studying glycated biological 
tissues and fluids. The problem of non-invasive 
monitoring of early structural changes in biological 
tissues associated with diabetes gradually loses its status 
as "unresolved". 
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1 Introduction 
Random optical interference gives rise to granular 
patterns with bright and dark regions called speckle. 
Light scattering techniques, including those involving 
laser speckle analysis have been used to study dynamic 
biological systems over the last several decades [1-4].  
Speckle based imaging techniques have seen 
tremendous advancements since the 1990s and are now 
well-established in the field of biomedical optics [5-7].  
Within speckle fields are locations of phase 
discontinuity where the intensity of the field is zero and 
the phase is undefined. Such phase singularities were 
first described by Nye and Berry [8]. A few years later 
they reported an analysis of phase singularity lines 
within fields of multiple beam interference [9]. Detailed 

studies regarding the statistics of the amplitude 
distribution in such interference fields were conducted 
by Baranova et al [10]. Although the existence of these 
phase singularities have been known since the 1970s, 
their in-depth study in speckle fields [11] has garnered 
interest much more recently.   

Speckle fields, ( , )t\ r , like other electromagnetic 
fields, can be written as a general solution of the 
Helmholtz equation as  

� � � � � �,, Α , t ,i tt e I\  r rr  (1) 

where Α(𝐫, t) is the amplitude and 𝜙(𝒓, 𝑡) is the phase 
of the field, both at  location r and time t. The real and 
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imaginary parts of this speckle field can be separated, 
with phase singularities occurring in locations where 
both the real and imaginary parts are zero (Fig. 1). 
 

	
Fig. 1 Zero-contours of real and imaginary field 
components. The red (solid) lines represent where 
Re ψ( ) = 0  and the black (broken) lines represent where

Im ψ( ) = 0.  The points of their intersection are the 
locations of phase singularities. 

In the immediate vicinity of and surrounding these 
singular points, the optical phase rotates in either a 
clockwise or counter-clockwise direction over at least a 
full 2π  radians and the structures are subsequently 
referred to as either negatively charged or positively 
charged optical vortices, respectively [12]. The number 
of 2π  rotations of the phase is known as the topological 
charge of the vortex, expressed mathematically as 

nt =
1
2π

∇φ(x, y)dl
C
!∫ ,   (2) 

where the line integral is along a closed loop, l, around 
the vortex. Optical vortices always occur in pairs of 
opposite topological charge, and as a consequence of 
conservation of charge, there must always be an equal 
number of positively and negatively charged vortices in 
the scattered field 

It should be noted here that the generation of optical 
vortices does not require special circumstances.  It is a 
phenomenon that accompanies any interference of 
randomly scattered plane waves [13].  However, 
experimentally, it has been observed that helically 
phased beams play a vital role in the formation of phase 
singularities [14]. These beams, particularly the 
Laguerre- Gaussian mode (LG01) have been shown to be 
produced from a combination of Hermite-Gaussian 
modes HG01 and HG10 [15]. An alternative method of 
generation was demonstrated in 1990 where a 
diffractive element such as a grating with a dislocation 
was used to obtain a helically phased mode from the 

Gaussian beam of a laser [16].  Subsequently, the 
generation of optical vortex beams has also been 
achieved using spiral phase plates [17] and spatial light 
modulators [18]. 

While the angular divergence of the wave-front was 
already described by Baranova et al [10], it was noted 
by Allen et al. [19] that helically phased beams carried 
orbital angular momentum with them. This was in 
addition to the already commonly known momenta 
associated with the polarization state and photon spin. A 
helical mode whose azimuthal component has the 
profile eiφ  with φ  being the phase, has been shown to 
have an angular momentum of lℏ per photon. This fact 
that the helical beams contained angular momentum, 
has been the basis of multiple applications of optical 
vortices involving trapping and rotating micro-particles 
[20-22]. Further advancements were done when 
particles were made to revolve in an annular ring by 
using a circularly polarized LG01 beam with a large 
azimuthal component [23]. Developments in remote 
sensing and wireless communication have also focused 
on these beams containing orbital angular momentum 
[24]. Additionally, analyzing the spatial coherence in a 
one-dimensional projection of the optical vortex field 
has been used as a method to delve into the information 
content of an optical vortex [25-26]. 

Thus, we note that the field of singular optics is a 
rapidly expanding one, both as a science for 
understanding the properties of beams creating these 
fields, as well as in engineering to apply this 
understanding. It has been previously shown [27] that 
the optical vortices in an interference field translate in 
both time and space due to an interplay of three factors, 
the amplitude gradient, phase gradient and intensity 
gradient. However, these motions have not yet been 
correlated to the dynamics of the physical systems 
which caused the interference. The work presented in 
this paper is targeted towards gaining a better 
understanding of the behavior of these optical vortices 
and their potential use in understanding dynamical 
biological systems. 

2 Methods 
Sequences of 50 speckle patterns with user-defined 
correlation behaviors were simulated using the concept 
of a copula [28] in the MATLAB environment. 
Decorrelation rates are defined in terms of the number 
of frames it takes for the overall speckle pattern 
autocorrelation coefficient, Γ I , to reduce to a value of 
1/e. Three different rates of decorrelation behavior 
between the frames were studied, with their 
autocorrelation coefficients falling to 1/ e  in 11, 6 and 3 
frames, during the 50 frame simulation. Herein, they 
shall be referred to as the slow, medium and fast rates of 
decorrelation, respectively. For each of the rates, three 
different decorrelation behaviors (or modes) were 
studied. One mode was of constant sequential 
autocorrelation coefficient ( Γ I = 0.9984 for slow 
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Fig. 2 Locating optical vortices in a speckle field. (a) A speckle image. (b) Its pseudo-phase representation. (c) Location 
of positive (blue circles) and negative (red points) vortices. The colorbar in (a) indicates relative intensity while those in 
(b) and (c) indicate phase. The axes represent spatial coordinates. 

decorrelation rate; Γ I = 0.99 for medium decorrelation 

rate and Γ I = 0.96 for fast decorrelation rate) between 
frames. The second behavior was one that displayed a 
Gaussian decorrelation line shape. This decorrelation 
behavior has generally been understood to be associated 
with ordered dynamics [29]. The third behavior 
examined, Lorentzian decorrelation, is linked to 
Brownian dynamics. In general, biological systems 
likely exhibit a combination of ordered and Brownian 
(or disordered) dynamics.    

Once the 50 speckle patterns were generated for 
each decorrelation behavior studied, we created a 
pseudo-phase representation for each of the patterns 
using a two-dimensional Hilbert filter (Fig. 2(b)) [11]. 
The location of optical vortices in the speckle were 
identified and tracked on a frame-by-frame basis 
through these sequences (Fig. 2(c)).  

This was done using a series of convolution 
operations on the phase distribution over the speckle 
fields as shown in Eq. (3) and Eq. (4) [11]. This series 
of convolution operations gives non-zero values only at 
the locations of phase singularities. These values are the 
topological charge nt  at those locations.  

nt = φ(x, y)⊗D1 +φ(x, y)⊗D2 +
+φ(x, y)⊗D3 +φ(x, y)⊗D4 ,

 (3) 

where φ(x, y)  represents the pseudo-phase of the 
speckle field, ⊗  is the convolution operator and  

D1 =
0 1
0 −1

⎛

⎝⎜
⎞

⎠⎟
; D2 =

1 −1
0 0

⎛

⎝⎜
⎞

⎠⎟
;

D3 =
−1 0
1 0

⎛

⎝⎜
⎞

⎠⎟
; D4 =

0 0
−1 1

⎛

⎝⎜
⎞

⎠⎟
.

  (4) 

It is to be noted that Eq. (3) represents a discrete 
evaluation of the topological charge that is expressed in 
Eq. (2). The location of a positive (negative) topological 

charge is called a positive (negative) vortex. Physically, 
the two different charges represent the two opposing 
senses of rotation, clockwise and anti-clockwise, of the 
phase of the speckle field in the complex plane. 
Tracking any particular vortex, as it traverses through 
the frames, results in what has been termed a vortex trail 
[11]. 

Physically, coherent light scattering from dynamic 
biological systems over a period of time leads to 
temporal decorrelation of the speckle pattern in the 
observation plane. In our simulations, the individual 
frames can be considered as snapshots of the speckle 
field as it decorrelates over time. Thus, traversing 
through frames is equivalent to the temporal movement 
of a vortex. In this context, frame numbers can be 
considered as discrete points in time. 

Identifying the x and y coordinates of each optical 
vortex as it passes through the frames, gives rise to a 
trail from its point of generation to its point of 
annihilation. Occasionally, a trail also ends due the 
vortex leaving the field of observation. A trail is called 
either a positive or a negative trail, according to the sign 
of the topological charge contained in the vortex that 
created it. When a negative and a positive vortex 
intersect at a single spatial and temporal location, they 
annihilate each other and both trails that they were 
forming end [11]. 

A challenge in the simulations discussed herein was 
to draw the boundary between a continuous trail and a 
new trail starting close to where a trail ended in the 
previous frame. As the locations of the vortices were 
defined in the terms of discrete pixels, it was essential to 
decide how close two vortices in adjacent frames must 
be to be considered the part of the same trail. Based on 
empirical observations of multiple simulation results, it 
was determined that a change of four or more pixels in 
any direction would be considered to be the beginning 
of a new trail. 

To create the vortex trail displays like the ones 
shown in Fig. 3, the vortices in each frame were located 
as described above, using the series of convolution 
operators. The location of each vortex, found in this 
fashion, was then stored on a frame-by-frame basis. 
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While this enabled us to obtain the visual representation 
of the vortex trails, the following algorithm was 
followed to investigate the statistics of the trails. 

 

	
(a)	

	
(b)	

Fig. 3 Typical displays of vortex trails, as the vortices 
(red points: negative, blue circles: positive) are tracked 
through the 50 frames (a). Slow decorrelation with 
autocorrelation coefficient falling to 1/ e  in 11 frames 
(b). A faster decorrelation with autocorrelation 
coefficient falling to 1/ e  in 6 frames. 

The coordinates of the vortices found in each frame 
were stored in an individual list. This was followed by 
locating the first vortex in the first frame (or 
equivalently, the first list) and searching for a vortex in 
the second frame such that it was within four pixels in 
any direction of the coordinates of the previous vortex 
found. If such a vortex did not exist, then the trail ended 
and a new trail began with the next vortex in the first 
frame. If a vortex was found within the pre-defined four 
pixel radius, we moved to the third frame and searched 
for a vortex within the same radius with the coordinates 
of the second frame as the center location. In this 
manner, each trail continued until no vortex was found 
within the set radius of 4 pixels, or all the frames were 
exhausted. After all the trails starting from the first 
frame were tracked, the algorithm searched for trails 

starting from second frame using vortices that were not 
already considered to constitute any of the previously 
formed trails. This process continued through the final 
frame. A pictorial description of this algorithm is shown 
as a flowchart in Fig. 4. 

 

	
Fig. 4 Flow chart representing the algorithm followed to 
track individual optical vortex trails. 

Once the individual trails were tracked, various 
parameters of the motion of the vortices were 
investigated.  One parameter investigated was the 
average length of the positive and negative trails, as 
well as the overall average length of all trails regardless 
of charge. This was defined in terms of the number of 
frames the average trail survived. Another parameter 
studied was the average displacement of the vortices, as 
they traversed through the frames (equivalently, through 
time). For this, the positive and negative centers of the 
frames were determined. A positive (negative) center 
(Xc ,Yc )  of a frame is defined as the mean location of 
all the positive (negative) vortices in the frame: 

Xc =
xi

i=1

n

∑
n
;Yc =

yi
i=1

n

∑
n
,   (5) 

where (xi , yi )  is the coordinates of the ith  vortex in the 
frame and n is the total number of positive (negative) 
vortices in the frame. The overall center of the frame 
(Xco ,Yco )  is the weighed mean location of the positive 
and negative centers: 

Xco =
npXcp + nnXcn
np + nn

;Yco =
npYcp + nnYcn
np + nn

,  (6) 

where (Xcp ,Ycp )  is the location of the positive center 

and (Xcn ,Ycn )  is the location of the negative center; np
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Table 1 Average trail lengths and number of trails of each type (C: Constant; G: Gaussian; L: Lorentzian). The trail 
lengths are given as the number of frames the trail lasted. Total number of frames in the simulation = 50. 

 Slow Decorrelation Medium Decorrelation Fast Decorrelation 

 C G L C G L C G L 

Positive   Trail Length 9.85 8.71 10.09 3.93 4.04 4.42 2.02 2.14 2.48 

Negative   Trail Length 9.78 8.64 10.39 3.73 4.21 4.51 1.94 2.05 2.45 

Positive Trail Nos. 71 80 64 169 163 154 323 304 282 

Negative Trail Nos. 68 83 61 176 164 148 331 314 274 

	
and nn  represent the number of positive and negative 
vortices in the frame, respectively. We defined the 
mobility, M , for each type of vortex as the mean 
distance moved by their center, per frame (Eq. (7)): 

Mcp,cn,co =
1
N −1

× ( i X cp,cn,co −
i−1Xcp,cn,co )

2 + ( iYcp,cn,co −
i−1Ycp,cn,co )

2 ,
i=2

N

∑  
(7) 

where Mcq represents the mobility of the qth type of 
vortex and i X cq ,

iYcq( )  is the location of the center of 

qth type of vortex in the ith frame. As indicated, q can 
represent positive (p), negative (n) or overall (o). N is 
the total number of frames in the simulation. 

Additionally, the distance between the positive and 
negative centers of each the frame was studied. We have 
termed this distance as the charge separation, G(i). 
Poincaré plots [30] were used to analyze the charge 
separation. Poincaré plots are used to display 
consecutive measurements against each other, i.e., the ith 
element of a series X, X(i) is plotted against the (i-1)th 
element, X(i-1). This is continued for all set of 
consecutive data points on X.  

Once all the data points are plotted as above, 
standardized metrics SD1 and SD2 for the data set are 
measured [31] with the following definitions	

SD1=Var( 1
2
X (i −1) − 1

2
X (i))

1
2 ;

SD2 = 2 Var X( )− SD12{ }
1
2  ,

  (8) 

where Var(X) stands for the variance of the data series 
X. 

An ellipse fitting process is then employed over the 
Poincaré plots. This ellipse has semi-major axis length 
of SD2 and semi-minor axis length of SD1 with the 
major axis inclined at 45o to the horizontal axis of the 
Poincaré plot (Fig. 7). The metric SD1 represents the 
short-term variations of the quantity measured (such as 
standard deviation in successive differences), while SD2 
is what remains when contribution of SD1 is removed 

from the variance (Eq. 7) and thus indicates the long-
term variations. The shape of the obtained ellipse 
indicates the comparative effects of each type of 
variation. The more dominant long-term variations are, 
the higher is the magnitude of the semi-major axis 
(given by SD2), resulting in a more elongated ellipse. 

3 Results and Discussion 
The average trail lengths and number of trails for each 
type of vortex is noted in Table 1.  

The effects of decorrelation line shapes and rates 
were investigated (see above).  By weighting the trail 
length of each type (positive and negative) by the 
corresponding number of trails, the overall average trail 
length of each type and rate of decorrelation was 
obtained. These results are displayed in Fig. 5.  

 
Fig. 5 Average trail length for each decorrelation type, 
under three different rates of decorrelation.  
(Slow: (1/e) = 11 frames; Medium: (1/e) = 6 frames; 
Fast: (1/e) =3 frames; Total frames in simulation = 50. 
The statistics are from 20 measurements, each 
measurement comprising of all 50 frames initiated from 
a randomly generated speckle pattern; Error bars 
represent 1 standard deviation 

The Lorentzian decorrelation behavior typically 
resulted in longer and fewer trails compared to Gaussian 
decorrelation, given the same rate of decorrelation  
(p < 0.01) for both the slow and fast rates of 
decorrelation shown in Fig. 5. The Student’s t-test for 
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Table 2 The average displacement of each type of vortex center as they travel through the frames (C: Constant; G: 
Gaussian; L: Lorentzian). All distances are given in terms of coordinate points. Each frame was a square of 64 × 64 
coordinate points. 

 Slow Decorrelation Medium Decorrelation Fast Decorrelation 

 C G L C G L C G L 

Positive Displacement 2.63 2.58 2.14 4.30 4.67 3.37 5.07 5.14 4.40 

Negative Displacement 2.96 2.97 2.29 4.26 4.50 3.71 5.17 5.56 4.57 

Overall Displacement 2.66 2.62 2.10 4.02 4.38 3.38 4.89 4.91 3.95 
 

difference of means was used for all statistical 
significance testing in this study. Additionally, it was 
also observed that as the rate of decorrelation increases, 
the average trail length of each mode became shorter. 
For each type of decorrelation, the number of vortices in 
each frame roughly remained independent of all other 
simulation conditions. The number of vortices identified 
was on the order of half of the number of coherence 
areas in each speckle field [32]. Thus, longer trails 
directly resulted in fewer number of trails. In addition to 
elongated trail lengths, slower decorrelation was also 
found to be associated with lesser number of individual 
trails. The third mode, constant rate of decorrelation  
( Γ I = 0.9984 for slow, Γ I = 0.99 for medium and  

Γ I =  0.96 for fast decorrelation, respectively), formed 
the shortest, and by extension, the most number of trails 
at the medium and fast decorrelation modes. At the 
slowest decorrelation rate, the constant decorrelation 
mode formed trails longer than the Gaussian mode, but 
shorter than the Lorentzian mode. 

 
Fig. 6 Average vortex displacement (or mobility) for 
each mode, under three different rates of decorrelation 
(same as Fig. 5). The statistics are from  
20 measurements, each measurement comprising of all 
50 frames initiated from a randomly generated speckle 
pattern; Error bars represent one standard deviation 

The next parameter that was investigated was the 
mobility, M , of the vortices. Mobility was defined in 
terms of the average displacement incurred by the center 
of each type of vortex field, while moving between 
consecutive frames. From Table (2), we can observe 
that the vortices experienced higher mobility under 
Gaussian decorrelation, as compared to Lorentzian 
decorrelation (p < 0.01). Additionally, increasing the 
rate of decorrelation resulted in higher motion of the 
vortices (p < 0.01). Combining the results from both the 
tables above, it can be seen that the longer trails were 
associated smaller displacements. 

To study the variations in charge separation, 
Poincaré plots [7] were employed. As noted above, 
these plots are used to investigate the long-term and 
short-term variations in a variable.  In this case, the 
variable in question was the charge separation over the 
50 frames. A typical Poincaré plot from this set of 
measurements is shown in Fig. 7. 

 
Fig. 7 A typical Poincaré plot obtained for charge 
separation G i( )  . The magnitude of descriptor SD1 
indicates short-term variability in the value of the 
separation, while SD2 indicates the long-term 
variability. In this plot, SD1 = 1.01 and SD2 = 1.85. The 
lengths are in terms of coordinate points. This 
simulation was done for a 64 × 64 pixel speckle field. 

It was observed that slow decorrelation resulted in 
elongated ellipses on the Poincaré plot, which is a result 
of higher SD2/SD1 ratio. As mentioned earlier, this is 
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(a)	 	 	 	 (b)	 	 	 	 	 (c)	

Fig. 8 Ellipses from the Poincaré plots of charge separation G(i) for (a) Gaussian (b) Constant and (c) Lorentzian 
decorrelation behavior. (O : Slow decorrelation;  X : Medium decorrelation; - :Fast decorrelation). It can be noted that 
the ellipses are prominently elongated for the slowest rate of decorrelation, indicating a high SD2/SD1 ratio. This 
elongation of the ellipse indicates a greater effect of long-term variations on the conditions under which the 
measurement has been made. 

the ratio of the long-term variability to the short-term 
variability. Thus, we notice that as the decorrelation rate 
increases, the short-term variations tend to become more 
prominent as compared to the long-term variations. This 
ratio tends towards a value of 1.0 at higher decorrelation 
rates. The SD2/SD1 ratios can be visualized by placing 
the obtained ellipses in overlap with each other, as 
shown in Fig. 8. 

 It can be seen that the use of Poincaré plots of 
charge separation gives a stronger indication of the rate 
of decorrelation, rather than the lineshape of the 
decorrelation. Thus, this can be used as an indicator of 
the rate of dynamics in a system as is discussed below 

4 Conclusion 
In this paper, a new approach to studying dynamic 
systems by tracking phase singularities (or optical 
vortices) has been presented. Speckle patterns for 
biological systems inherently contain phase 
singularities, or optical vortices, points around which 
the phase of the field rotates. In this work we have 
related the observed dynamics of the optical vortices in 
a simulated speckle field, to the type and rate of 
decorrelation in the field. This decorrelation is a 
representative of the dynamic behavior of scatterers 
that, under coherent illumination, produced the speckle 
field under observation [29].  

Analyzing the location of vortices at discrete time 
points in a speckle field simulated using a pre-defined 
rate of decorrelation, we note the expected result that as 
the rate increased, the lengths of the vortex trails 
decreased. In this study, the rate of speckle 
decorrelation was assumed to correspond to the rate of 
activity in the scattering object. Thus, in a scattering 
medium with fast motion among particles, the 
individual phase singularities tend to survive for shorter 
periods of time. Faster activity was also shown to result 
in a higher degree of vortex displacement per frame in 
the location of the singularities. Additionally, we 
compared different modes of activity; a Lorentzian 

decorrelation relationship between frames, 
corresponding to Brownian or unordered form of 
activity among the scatterers and a Gaussian 
decorrelation relationship, corresponding to an ordered 
mode of activity among the scatterers. The ordered 
motion resulted in more mobile phase singularities as 
they traversed through time. This also corresponds to 
shorter durations for which the trails existed.  We 
remind the readers that the mobility, M, is defined as the 
average displacement per frame of the mean location 
(center) of the vortices. A possible reason for low vortex 
mobility for Brownian motion could be the 
homogeneous line profile of the scatterer distribution in 
a Lorentzian flow model [33]. This homogeneity results 
in no preferential direction for the vortices to move. 
This results in the average summed motion to be less 
than the Gaussian flow model, which has an 
inhomogeneous line profile of the scatterers [33]. We 
also examined a technique of analyzing sequential 
vortex data using Poincaré plots, by separating the long 
and short-term variations and calculating their relative 
prominence with regards to each other. When applied to 
the average charge separation per frame, this technique 
did not indicate any significant difference between the 
different modes of decorrelation. However, reducing the 
rate of decorrelation did result in the Poincaré ellipses 
elongating, indicating a higher prominence of the long-
term variations.  A possible reason could be that faster 
decorrelation did not allow sufficient time for the long-
term trends in the data to dominate over the short-term 
trends. We note here that at no point at all do the short-
term variations SD1  dominate over the long-term 
variations SD2 . In the case in which SD1> SD2 the 
ellipse would be more “broad” than “long’, i.e., the 
major and minor axes would have reversed. Thus, the 
use of Poincaré plots was more useful in comparing the 
different rates of activity, rather than the different 
modes of activity. 

Note that actual phase information is not available in 
the intensity speckle patterns, and thus we took the 
approach of calculating pseudo-phase estimate maps 
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using convolution operators [11]. While this approach 
will not necessarily re-create the true phase of an 
imaged speckle pattern, the behavior of the vortices is 
not affected.  Also, the simulation only takes into 
account a limited spatial window of the speckle field. 
Thus, there are instances of minor topological charge 
imbalance (about 1 extra vortex in 4000 total vortices) 
in some of the simulations. This usually occurred in 
situations where a vortex was close to the edge of the 
observation window, and the opposite topological 
charge corresponding to this lone vortex was just 
outside the window. This oppositely charged vortex 
typically appeared within the window in the very next 
frame, thus balancing out the charges. This can be 
thought of as a case where a pair production happens 
right at the edge of the window, but only half the pair is 
within the window at that instant. It is also to be noted 
we are currently not in a position to speculate on the 
physical significance of some of the parameters noted 
here (such as the charge separation, G(i)). As such, they 
are introduced only as a measureable feature with some 

sensitivity to the simulation dynamics (in the case of 
G(i), sensitivity to the rate of activity). 

We conclude by noting that the analysis in this paper 
can potentially be used to add to our current 
understanding of light scattering and propagation, the 
physics of coherent wave fields, and the field of singular 
optics. This can, in turn be used to improve existing 
microscopy and imaging techniques, particularly those 
aimed at quantifying biophysical dynamics. Simulating 
additional biological features such as tumors and other 
complex systems containing dynamics scattering 
elements, and identifying them using the dynamics of 
optical vortices as done in this paper, is among the 
possible directions in which this research can progress.  
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1 Introduction 
One of the trends in the development of regeneration 
medicine is the application of high-intensity laser 
radiation for stimulating the recovery of tissue blood 
supply, structure and functions of vital organs of the 
human organism. Such approach, in particular, allowed 
the development of a new method of treatment of the 
ischemic heart disease, the transmyocardial laser 
revascularization revascularisation, in the process of 
which deep channels are created in the ischemic muscle 
by the high-power laser action. The laser perforation of 
the cardiac muscle initiates the process of angiogenesis, 
i.e., the growth of microcapillaries in the zone of the 
laser impact. The mechanisms of laser revascularisation 
include the following: i) the development of aseptic 
inflammation in the perforated region in response to the 
laser impact with subsequent regeneration and 
development of microcapillaries; ii) the thermal impact 
on the tissues surrounding the laser channel, activating 
different cell elements that are sources of growth factors 
playing the key role in simulating the angiogenesis 
process; iii) the formation of multiple microscopic 
ruptures of the tissue in the channel walls caused by the 
shockwave impact that establishes a new level of 
oxygen consumption in the affected volume, improving 
the blood supply. To date it is established that the 
improvement and long-term stability of the patient’s 

clinical indicators depend both on the radiation 
wavelength and on the mode of laser tissue perforation 
(continuous-wave, pulsed, etc.), which determine the 
positive effect of the procedure [1]. It is experimentally 
shown that the neovascularisation of the ischemic 
myocardium is observed both directly in the region of 
the laser channel [2], and within 3-5 mm zone around 
the channel [3], thus essentially increasing the 
revascularisation domain in the ischemic myocardium. 

The method of laser perforation is also developed in 
application to other human tissues and organs. The 
positive effect of laser revascularisation is known for 
the ischemic muscles of lower extremities, where it is 
implemented via an optical fibre with the lasers at the 
wavelength 0.98 and 1.06 µm [4]. After the laser optical 
fibre perforation of cirrhotic rat liver (wavelength  
1.06 µm), the regeneration of the hepatic tissue with the 
signs of new microcapillaries and gall ducts formation 
in the region of laser channels was observed [5,6]. 
These studies were carried out according to the 
following scheme: the laser perforation of the biological 
object was carried out with the specified radiation 
power and exposure time. Then the histochemical and 
microscopic study of the tissue sections was performed, 
and the relation between the laser radiation parameters 
(power, exposure time) and the structural changes of the 
tissue was established. However, no information on the 

https://doi.org/10.1074/jbc.m706162200
https://doi.org/10.1074/jbc.m706162200
https://doi.org/10.1007/bf02030877
https://doi.org/10.17586/0021-3454-2015-58-10-847-854
https://doi.org/10.1002/lsm.21077
https://doi.org/10.1070/qe2014v044n01abeh015343
https://doi.org/10.1070/qe2014v044n01abeh015343
https://doi.org/10.1070/qe2014v044n01abeh015343
https://doi.org/10.1002/lsm.22202
https://doi.org/10.1002/lsm.22202
https://doi.org/10.1088/1612-202x/aa6b1a
https://doi.org/10.1088/1612-202x/aa6b1a
https://doi.org/10.1117/12.822302
https://doi.org/10.1117/12.822302
https://doi.org/10.1117/1.3614565
https://doi.org/10.1117/1.jbo.22.9.091515
https://doi.org/10.1117/1.jbo.22.9.091515


O.I.	Baum	et	al.:	Thermal	effect	in	laser	perforation	of	liver	 doi:	10.18287/JBPE18.04.020302	

J	of	Biomedical	Photonics	&	Eng	4(2)	 	 17	Jun	2018	©	J-BPE	020302-3	

laser-induced effects in the perforated region for these 
tissues is available. Other types of lasers are not used 
for these purposes at present time. 

The thermal stimulation of angiogenesis is 
considered as the basic model of myocardium 
revascularisation using laser perforation [1]. The target 
for the laser-induced thermal angiogenesis induction can 
be the cell membranes. The interaction with the 
membrane short-lived microscopic domains (rafts) is a 
necessary stage of activating the key enzymes 
controlling the angiogenesis [7]. The differentiation of 
myoblasts in the process of muscle fibre regeneration is 
probably caused by the possibility of raft structure 
formation in the cell membranes [8]. The functioning 
and interaction of different types of cells comprising the 
liver in the process of regeneration is also largely 
dependent on the possibility of thermal induction of 
rafts in them [9]. The IR laser radiation enhances the 
fluidity of lipids in cell membranes in vitro [10], 
facilitating the modification of their microdomain raft 
structure [11]. The temperature of the phase transition 
of cell membranes from the unordered state to the 
ordered one depends on their composition and for 
natural lipids ranges from 38 to 66°С [12]. The creation 
of temperature fields initiating thermal induction of raft 
transition around the laser channels is a promising 
approach to the development of laser stimulation 
method for the regeneration of liver and muscle tissue. 

The present paper is aimed at the study of the 
possibility to determine and control the location and 
parameters of the thermal stimulation zone in the tissue 
caused by laser perforation with an optical fibre at the 
wavelength 1.56 µm in application to the problem of 
laser-induced liver regeneration. 

2 Materials and methods 
As a source of radiation, we used the fibre LSP laser 
with the wavelength 1.56 µm (NPO “IRE-Polus”) with 
the power up to 10 W, operating in the continuous-wave 
mode. The power of radiation at the output face of the 
fibre 600 µm in diameter was from 2 to 8 W, the 
velocity of the fibre movement into the tissue was 
changed stepwise from 0.1 mm/s to 1 mm/s. To measure 
the power at the fibre output we used the power meter 
(Coherent, Inc., USA).  

The material for ex-vivo studies were the samples of 
liver from a one-year-old white pig.  

The samples were placed on an immobile platform. 
The sample perforation was implemented by moving the 
fibre into the tissue using the motorised linear translator 
with the specified velocity. The straight-through 
perforation of biotissue samples was performed. After 
the perforation the samples were frozen, the longitudinal 
and transverse sections were prepared in the channel 
region, and the thermally damaged zone (TDZ) of the 
tissue was investigated microscopically around the laser 
channel, including the carbonisation and the coagulation 
zone (Fig. 1). 

	
Fig. 1 A typical view of the thermally damaged zone 
(TDZ) of the tissue around the laser channel in the 
sample of liver in vitro after perforation with the optical 
fibre (the entrance of the fibre into sample occurs from 
the left), the scale bar corresponds to 1 mm. 

The TDZ width was measured as the distance from 
the laser channel wall to the boundary of the 
coagulation zone, visually observed as the whitish 
tissue, its colour being a result of coagulation under the 
heating in the process of perforation up to the 
temperature 70°С [13]. The microscopy of TDZs was 
implemented using the MBS-10 microscope with 100× 
magnification.  

The width of the thermal stimulation zone (TSZ) in 
the process of tissue regeneration corresponded to the 
temperature range 38-66°С [12] and was determined 
using the calculation method according to the developed 
theoretical model.  

The temperature distribution over the tissue surface 
was measured using an infrared imager, the infrared 
camera FLIR A655sc (FLIR Systems, Inc. Sweden), 
with the resolution of 640×480 pixels at 50 Hz, 
640×120 pixels at 200 Hz, and the response time 8 µs, 
operating in the wavelength range from 7.5 µm to  
14 µm. The temperature sensitivity amounted to 50 mK 
within the temperature range (-20°С – +150°С). For 
comparison with the theoretical calculation, we 
measured the temperature in the process of fibre 
insertion into the sample at the outer side surface and at 
the face of the sample for the given distance from the 
fibre axis. 

Fig. 2 presents a schematic diagram of the 
considered space domain, superimposed on the thermal 
image of the temperature distribution at the side surface 
of the biotissue sample separated from the fibre axis by 
the distance of 2-3 mm. The temperature distribution 
was measured along and across the axis of the optical 
fibre motion. The transverse distributions were 
measured at the fixed distances of 2 mm (Section 1) and 
8 mm (Section 2) from the entrance (left-hand) surface 
of the sample at the moments, when the optical fibre 
reached these marks. Correspondingly, for different 
velocities of the optical fibre movement into the tissue 
sample, the transverse distributions were measured at 
different time intervals from the beginning of 
irradiation. For example, for the velocity 0.2 mm/s the 
time moments were t1 = 10 s and t2 = 40 s; for the 
velocity 0.5 mm/s they were t1 = 4 s and t2 = 16 s. 
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Fig. 2 Calculation scheme of moving the optical fibre 
into the tissue (from left to right) superimposed with the 
thermal image of temperature distribution. The 
boundaries of the biotissue sample and the sections 1 
and 2 separated by 2 and 8 mm from the input surface of 
the sample are shown. 

In the theoretical part of the study, in order to 
determine the thermal stimulation zones and their 
behaviour depending on the laser irradiation parameters, 
we constructed a theoretical model of heating the 
biotissue with the fibre, moving into it. The simulation 
of the liver tissue heating by the laser radiation is based 
on the heat conduction theory. We solved the heat 
conduction equation with the volume source, created by 
the laser radiation, damping with the depth according to 
the Booger-Lambert-Beer law, and expanding as the 
optical fibre is moved into the tissue.  

The density of the incident energy flux at the 
biotissue surface, supplied by the optical fibre, has the 
Gaussian transverse spatial distribution with the 
effective beam radius that allows for the divergence of 
the beam with penetration depth. The divergence was 
approximated by a linear function determined from the 
comparison of numerical and experimental data in two 
sections, separated by the given distance.  

For the numerical simulation, using the software 
package «Mathematica 5.0» the finite difference method 
and the Frankel-Dufort scheme were applied [14]. 

3 Theoretical model of laser perforation of 
biotissues using an optical fibre 

The model is based on the heat conduction equation (1) 
with the moving source of heat G(x, y, z, t), created by 
the laser radiation, delivered via the optical fibre with 
the diameter 600 µm, moved into the tissue with the 
velocity that can be varied from 0.1 mm/s to 0.5 mm/s 
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where a is the thermal diffusivity. 
A similar heat source was considered and the 

detailed description of the influence of different 

parameters of laser radiation on the result of thermal 
heating was presented in the paper [15], devoted to the 
design of the control system aimed at the conservation 
of the nasal septum functional properties in the laser 
reshaping procedure. The action of a similar heat source 
on the tissues of tendons [16-17] and sclera [18-19] of 
the eye was studied with thermomechanical stresses 
taken into account, and in Refs. [20-22] with the 
analogous source at the wavelength 1.56 µm the data on 
the biological tissue regeneration were obtained. The 
difference of the model used in the present paper from 
the earlier ones is the movement of the volume heat 
source. 

In the present study, we solve the problem with 
moving source of radiation having the Gaussian 
distribution in the plane perpendicular to the direction of 
motion. The Booger-Lambert-Beer law with the 
effective absorption index κ (2) describes the damping 
of radiation with the depth of propagation into the 
biological tissue. The density of the incident energy flux 
at the sample surface has the Gaussian spatial 
distribution with the effective beam radius r0 (x) . The 
radiation passed through the optical fibre generates a 
thermal field that propagates in the liver. Due to the 
inhomogeneity of the biological tissue and multiple 
scattering inside it, the Gaussian source of heat expands 
with the motion into the sample. This expansion is 
considered by introducing the dependence of the 
effective radius r0 (x)  upon the coordinate x . In the 
first approximation for numerical simulation, this 
dependence was taken linear 

G(x, y, z,t) = q(t,v)exp - y
2 + z2

r0 (x)
2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
κ exp(-κ x)

cρ
,  (2) 

where q(t,v)  is the integral power of the laser radiation 
depending on time and the velocity of motion v of the 
heat source, c is the specific heat capacity, ρ is the 
density.  

The boundary condition (3) corresponds to the 
continuity of heat flux and temperature at the boundary 
between two media, x = hm : 

λm
∂T m(hm ,  y,  z,  τ )

∂x
= λm+1

∂T m+1(hm ,  y,  z,  τ )
∂x

;

T m(hm ,  y,  z,  τ ) = T m+1(hm ,  y,  z,  τ ).
 (3) 

Here λm  is the heat conductivity, m is the number of 
the considered layer.  

For each considered layer of space m, the heat 
conduction equation can be written allowing for the 
form of the heat source and the reflection from the 
interface r

mK  between the media 
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∂T (x, y, z,τ )
dτ

− am

∂2T (x, y, z,τ )
∂x2

+

+ ∂2T (x, y, z,τ )
∂y2

+

+ ∂2T (x, y, z,τ )
∂z2

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟

=

= (1− Km
r )q(t,v)exp − y

2 + z2

r0 (x)
2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
κ exp(−κ x)
cmρm

.

 (4) 

Here cm  is the layer heat capacity, ρm  is its density, 
κ  is the light absorption index. 

For the biotissue region where the boiling of water is 
not achieved, only the thermal source is taken into 
account in the right-hand side of Eq. (4). With the 
increase of exposure time and the achievement of 
boiling temperature, the heat expenditures for 
evaporation become essential. The bulk growth of 
temperature in this region decelerates and the specific 
flow carried away by the vapour approaches the mean 
value of (0.7÷ 0.8)∗q(t,v) , according to Libenson [23], 
which allows a correction of the right-hand side of the 
heat conduction equation near 100°С. In this case, a 
wave of evaporation propagates into the substance, the 
velocity of which increases, while the size of the heated 
domain vt ≈ at  gradually decreases. When the wave 
of evaporation overtakes the thermal wave, the role of 
heat conductivity is reduced to the determination of 
temperature before the steady-state evaporation front. 
Thus, the problem of localising the heat simulation 
zone, where the processes of angiogenesis are triggered 
at the cellular level (38-66°С) can be considered basing 
on Eqs. (1)–(3).  

For the numerical modelling, we used the finite 
difference method and the three-layered Frankel-Dufort 
scheme for time variable. In the finite-difference form, 
the heat conduction equation for the numerical 
simulation is written as 

Tix , iy , iz
j+1 −Tix , iy , iz

j−1

2dt
=

= am

Tix+1, iy , iz
j −Tix , iy , iz

j+1 −Tix , iy , iz
j−1 +Tix−1, iy , iz

j

dx( )2
+

+
Tix , iy+1, iz
j −Tix , iy , iz

j+1 −Tix , iy , iz
j−1 +Tix , iy−1, iz

j

dy( )2
+

+
Tix , iy , iz+1
j −Tix , iy , iz

j+1 −Tix , iy , iz
j−1 +Tix , iy , iz−1

j

dz( )2

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

+
(1− Km

r )
cvmρm

q(t,v)×

×exp −
(iy −1)dy −

ymax − ymin
2

⎡

⎣
⎢

⎤

⎦
⎥
2

+ (iz −1)dz −
zmax − zmin

2
⎡

⎣
⎢

⎤

⎦
⎥
2

r0 (x)
2

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

×

×κ m exp(−κ m[ix −1]dx).

 

The temperature at the current step of the time 
evolution was expressed in terms of the temperature 
values at two preceding layers: 

Tix , iy , iz
j+1 = Tix , iy , iz

j−1

1− 2dtam
1

dx( )2
+ 1

dy( )2
+ 1

dz( )2
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

1+ 2dtam
1

dx( )2
+ 1

dy( )2
+ 1

dz( )2
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

+

+2dtam

Tix+1, iy , iz
j +Tix−1, iy , iz

j

dx( )2
+

+
Tix , iy+1, iz
j +Tix , iy−1, iz

j

dy( )2
+

+
Tix , iy , iz+1
j +Tix , iy , iz−1

j

dz( )2

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

+ 2dt
(1− Km

r )
cvmρm

q(t,v)×

×exp −
(iy −1)dy −

ymax − ymin
2

⎡

⎣
⎢

⎤

⎦
⎥
2

+ (iz −1)dz −
zmax − zmin

2
⎡

⎣
⎢

⎤

⎦
⎥
2

r0 (x)
2

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

×

×κ m exp(−κ m[ix −1]dx).
 

The numerical problem was solved using the 
software package «Mathematica 5.0». 

4 Discussion and comparison of 
experimental and numerical simulation 
results  

Below we present the results of numerical simulation of 
temperature fields and the experiments with thermal 
imaging measurements of these fields at different 
velocities of the laser fibre moving into the tissue.  

In the process of tissue perforation with the optical 
fibre, a layer of carbonised (charred) tissue is formed at 
the front face of the fibre, analogous to the carbonised 
zone around the channel. Its thickness at the fibre face 
was smaller than 80-100 µm, while the size of 
carbonisation zone around the laser channel amounted 
to 20-100 µm depending on the laser radiation power. 
As shown by direct measurements, the power change at 
the output fibre face covered with the carbonised tissue 
after the perforation does not exceed 7-10% of the 
initial power, i.e., not more than 10% of laser radiation 
is absorbed by the carbonised tissue at the fibre face. 
Therefore, in our calculations we did not take the 
absorption of radiation by the carbonised layer into 
account. 

For the velocity of fibre motion 0.2 mm/s, we 
compared the experimental and theoretical temperature 
distribution curves (Fig. 3) and selected the rates of 
thermal source broadening with the depth, providing 
good agreement of theoretical and experimental results. 
The laser power at the face of the optical fibre was 
equal to 5 W. 
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a	

	
b	

Fig. 3 Temperature fields at the distance 2 mm (in 10 s 
after the beginning of perforation) (а) and 8 mm (in 40 s 
after the beginning of perforation) (б) from the sample 
surface for the velocity of the fibre 0.2 mm/s. The 
empty circles show the data of thermal imaging and the 
solid curves plot the simulation results. 

Basing on the selected rate of the heat source 
expansion, the temperature distribution curves for the 
velocity 0.5 mm/s were calculated and superimposed on 
the corresponding experimental curves. One can see 
good agreement between the computer simulation using 
the selected expansion rate of the heat source and the 
experiment (Fig. 4). 

The temperature field was calculated at the back 
surface 20 s before the through perforation of the 
biotissue sample by the moving optical fibre. The 
results are confirmed well by the experimental data of 
thermal imaging (Fig. 5). 

 

	
a	

	
b	

Fig. 4 Temperature fields at the distance 2 mm (in 4 s 
after the beginning of perforation) (a) and 8 mm (in 16 s 
after the beginning of perforation) (b) from the sample 
surface for the velocity of the fibre movement 0.5 mm/s. 
The empty circles show the thermal imaging data and 
the solid curves represent the simulation results. 

We performed the calculation aimed at the 
determination of the TSZ position with respect to the 
axis of the laser channel and at the comparison with the 
experimental data. Fig. 6 presents the dependences of 
the TSZ width corresponding to the temperature range 
38-66°С and the boundary of the zone, where the 
coagulation temperature was observed (70°С) on the 
radiation power for the motion of the fibre into the 
tissue sample with the velocity 0.5 mm/s. For 
comparison, the experimental data for the boundary of 
coagulation zone are presented. 
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a	

	
b	

Fig. 5 (a) Temperature distribution at the back surface 
of the liver sample (perpendicular to the fibre axis) at 
the moment when the output face of the fibre moving 
with the velocity 0.1 mm/s was at the distance of 2 mm 
from this surface. (b) The asterisks show the data of 
thermal imaging and the solid curve shows the results of 
simulation. 

 

Fig. 6 Dependence of the TSZ width on the radiation 
power for the velocity of fibre movement into the 
biotissue sample equal to 0.5 mm/s. The experimental 
data for the coagulation zone boundary (Tcoagulation) 
are also presented. 

Fig. 7 presents the calculated dependences of TSZ 
width and the boundary of coagulation zone on the 

velocity of the fibre movement into the biotissue for the 
radiation power 5 W. 

 

Fig. 7 Dependences of the TSZ width and the 
coagulation zone boundary position on the velocity of 
the optical fibre movement into the depth of biotissue at 
the power 5 W. 

As follows from Fig. 6, good correlation is observed 
between the experimental and theoretical dependence 
for the tissue coagulation zone boundary. At the 
constant perforation velocity the TSZ width increases 
with the laser power and its boundary shifts into the 
tissue from the axis of the laser channel. At the constant 
power of radiation, the TSZ width decreases with the 
increase of the perforation velocity (Fig. 7), and its 
boundary shifts towards the axis of the laser channel. 

5 Conclusions 
The possibility to control the position and parameters of 
the zones of biotissue thermal stimulation depending on 
the conditions of the laser perforation in application to 
the problem of laser-induced regeneration of liver is 
investigated. For the fixed radiation power, with the 
increase of the fibre motion velocity the zones of 
thermal stimulation approach the axis of the laser 
channel. For the fixed velocity of the fibre motion, the 
same result is provided by the reduction of the laser 
radiation power, which offers the possibility of 
controlling the position of thermal stimulation zones. 
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1 Introduction 
Skin cancer is one of the most common forms of cancer 
in Russia and the world [1]. There are three main types 
of skin cancer: basal cell carcinoma (BCC), squamous 
cell carcinoma (SCC) and malignant melanoma (MM). 
Optical methods have been extensively used to diagnose 
neoplasms, since they are non-invasive and can be 
applied to real-time analysis [2-4]. One of the promising 
methods of non-invasive skin lesion examination is the 
analysis of the tissue intrinsic fluorescence. Laser 
induced autofluorescence (AF) spectroscopy is an 
effective method for early detection of skin cancer 
because of its high sensitivity, simple measurement 
technique, and the absence of contrast agents in the 
studied tissue [5]. Economic efficiency of AF 
spectroscopy for cancer diagnosis is an important factor 
in the possible use of the method in clinical studies. 

The empirical analysis allows for distinguishing the 
diseased tissue, but in many cases, it is impossible to 
establish a clear connection between the final cancer 
diagnosis and biochemical changes in malignant tissues. 
For example, the registered fluorescence spectrum can 
be analyzed to determine the spectral contributions of 
constituent components to obtain the concentration of 
individual fluorophores. Nevertheless, the tissue is a 
multi-scattering medium, and fluorescence depends on 
various factors: the concentration of fluorophores, their 
localization, scattering and absorption of other 

chromophores, the geometry of the 
excitation / collection probe, and others. These effects 
can distort the shape of the spectrum and radiation 
intensity. For example, significantly altered AF spectra 
will be recorded for two skin tissues samples of 
different phenotypes with the same composition and 
concentration of fluorophores, due to the absorbing 
properties of melanin.  

A proper measurement evaluation of fluorescence 
intensity in healthy tissue and pathology areas will be 
possible if the penetration depth of the probing radiation 
is known. This fact would provide information about 
fluorophores and blood vessels (upper or deep plexus of 
blood vessels) involved in the signal shaping. 

Recent advances in computer modeling are an 
essential tool for studying the biological basis of the 
registered signals in the fluorescence studies. They 
contribute to better identification of important 
fluorophores present in specific tissues. The purposes of 
the study are qualitative assessment, modeling the 
autofluorescence spectral characteristics changes of 
healthy skin and tumors induced by 450 nm laser, and 
obtained results comparing with a previously 
experimentally registered AF spectra within this range 
[3, 6]. 
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2 Modeling methods of skin 
autofluorescence 

2.1 Modeling the light in tissues by Monte 
Carlo method 

The mathematical description of light absorption and 
scattering characteristics may be performed in two 
ways: using analytical theory or radiation transfer 
theory (RTT). The analytic theory is based on the 
Maxwell equations and is the most fundamental 
approach. However, its use is limited by difficulty of 
accurate analytical solutions obtaining. On the other 
hand, the radiation transport theory estimates the 
transfer of photons through absorbing and scattering 
media, without considering Maxwell's equations. The 
RTT is widely used to describe the interactions of 
optical radiation in tissue. It has been experimentally 
confirmed in many cases that RTT predictions are 
sufficient [7-9].  

The stationary equation of the radiation transfer 
theory for monochromatic light is studied in details in 
the book [7]. It describes the average power change of 
the flux density at a certain point and in a certain 
direction, taking into account the scattering properties of 
the medium. The main challenge of RTT is diffuse 
component definition of the beam intensity, since 
scattering of photons is random. Therefore, different 
approximations are used, according to the intensity 
change is caused by the absorption or scattering of light.  

Several approximation classes have been proposed 
in recent decades, including analytical models based on 
the theory of probabilistic photon migration, Kubelka-
Munk theory, diffusion approximation theory, and a 
combination of various analytical methods. The 
advantage of analytical models is a relatively simple 
form of solution, but specified boundary conditions are 
required. Alternative approaches are various 
modifications of the Monte Carlo method. It is able to 
take into account the probe geometry and the complex 
structure of the tissue. However, this method requires 
relatively high processing power. 

Radiation transport in tissues is modeled by the steps 
tracking of photon random walk using the Monte Carlo 
(MC) method [10]. To simulate fluorescence, an 
additional parameter – the quantum yield is included to 
describe the probability that an absorbed photon can be 
converted to a fluorescent photon at a different 
wavelength [11]. The initial direction of the fluorescent 
photon is isotropic due to the nature of the fluorescent 
radiation. The absorbing and scattering properties of the 
tissue model will influence on the fluorescence intensity 
in addition to the quantum yield and lifetime. 
Fluorescence modeling is usually more time consuming 
task than simulating diffuse reflection due to the 
additional propagation of fluorescent photons. 

The most common application of the MC method in 
tissue optics is the modeling of optical measurements, 
such as diffuse reflection, transmittance and 

fluorescence for a given tissue model and the geometry 
of illumination / collection probe [12, 13]. 

2.2 Review of Monte Carlo models of skin 
autofluorescence in the visible region  

It is useful to consider the basic approaches of the MC 
models construction for AF spectrum registration of 
skin on the example of the following works. Ref. [14] 
presented the results of an experimental study of the 
autofluorescence spectra of human skin in vivo induced 
by UV radiation (337 nm) and external mechanical 
pressure applied to the skin. These results were 
compared with the results of Monte Carlo simulation of 
the skin autofluorescence with various blood content. 
The proposed skin model made it possible to evaluate 
changes in the blood and melanin content. The skin 
model consisted of four layers. The fluorescent 
properties of the model were determined by melanin, 
hemoglobin, and collagen. In fact, collagen was only 
chosen as the fluorophore, melanin and hemoglobin 
were absorbers in the path of the AF signal. In this 
model, the authors ignored epidermal fluorescence 
because of the low contribution of fluorescent photons 
passing through the dermis. 

The contribution of each layer to the AF spectrum of 
skin registered in vivo was shown in Ref. [15]. A 
standard seven-layer model (stratum corneum, 
epidermis, papillary dermis, upper vascular plexus, 
reticular dermis, deep plexus of vessels, dermis) was 
used. The AF spectra for each layer were registered 
using a microscope and excited laser with a wavelength 
of 442 nm. The contribution of each layer to the 
resulting skin AF spectrum was assessed in the 
simulation, rather than the effect of individual 
fluorophores. 

The effect of individual fluorophores on the final AF 
spectrum was demonstrated in Ref. [16]. The aim of the 
work was experimental confirmation of MC 
fluorescence modeling in turbid phantom models. A 
simulation of the absorption and scattering coefficients 
effect on fluorescence of a turbid medium was carried 
out. The phantom skin model consisted of three 
components: two fluorophores (flavin adenine 
dinucleotide and green fluorescent protein) and one 
absorber (India ink). The excitation wavelength of 
460 nm was matched with the excitation maxima of 
both fluorophores. Optical properties and the quantum 
yield of fluorescence measured on tissue phantoms were 
experimentally obtained to MC simulation. The results 
of MC simulation showed a good agreement between 
the model and experimentally measured results. 

In another paper on the AF modeling of tissue using 
a fiber-optic sensor [17], real skin fluorophores have 
been used. Fluorescence was excited by 450 nm 
radiation. NADH and collagen were chosen as 
fluorophores, although their excitation peak was shifted 
to the shorter wavelength range of 330-340 nm. The 
multilayer skin model included: stratum corneum, 
epidermis, papillary dermis, reticular dermis and was 
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implemented in the optical modeling system TracePro. 
The effect of melanin on the AF spectrum was also 
taken into account. 

In the reviewed models, the choice of fluorophores 
was not obvious and modeling of the skin pathological 
stages was not performed. A detailed analysis of the 
possible skin components (fluorophores and 
chromophores) for modeling and their spectral 
characteristics are described in the following 
paragraphs. 

3 Multilayer skin model for 
autofluorescence induced by 450 nm 
laser 

Highlights were taken into account in constructing of 
skin AF model (a set of layers, fluorophores) based on 
an analysis of existing models and the literature. A 
wavelength of 450 nm was chosen to excite AF and 
compare the model results with experimentally 
registered AF of skin and neoplasms. The modeling 
environment was TracePro Expert - 6.0.2, Lambda 
Research Corporation. Multilayer skin model was 
designed. The main difference of the proposed model 
was a set of fluorophores for skin AF modeling induced 
by 450 nm radiation. The features of the absorption 
spectra (the maximum value located in the range 440-
460 nm) determined the choice of each fluorophore.  

To obtain a fluorescent response, human skin was 
represented as a model consisting of five planar layers: 
epidermis, papillary dermis, upper plexus of 
microvessels, reticular dermis and deep vascular plexus 
[7, 18]. The thickness of individual skin layers: the 
epidermis – 100 µm, the papillary dermis – 200 µm, the 
surface plexus of microvessels – 100 µm, the reticular 
dermis – 600 µm and the deep plexus of the vessels – 
200 µm. To simulate AF the skin area was selected with 
the size of 40 mm × 40 mm. 

The optical characteristics of individual layers were 
repeatedly studied [7, 14, 15, 19, 20]. The absorption 
and scattering coefficients, anisotropy and refractive 
indices of each layer for normal skin and neoplasms 
were presented in the book [7]. It is also necessary to set 
the following parameters for fluorescence modeling: 
1) quantum yield, 2) molar extinction coefficient, 
3) molar concentration, 4) excitation spectra, 
5) emission spectra. The values of relative absorption, 
excitation, and emission must be normalized to import 
data in the TracePro environment. 

Since the fluorescent properties of the skin are 
determined by the fluorescent properties of the 
fluorophores contained in layers, the choice of 
components is a key moment in the modeling of the skin 
AF signal. Most studies to detect and evaluate AF 
signals of skin and neoplasms are performed using 
radiation in the spectral range of 330-450 nm [21]. The 
excitation spectra of most endogenous fluorophores, 
such as structural proteins, coenzymes, pigments, 
endogenous porphyrins, are located in this spectral 
range. Excitation in the 280-330 nm region was used to 

study amino acids such as tryptophan and tyrosine. 
Their fluorescent signal is correlated with the tissue 
health. Endogenous fluorophores were chosen with an 
absorption maximum in the 440-460 nm region, which 
play an important role in the formation of fluorescent 
properties of normal and pathological skin tissues, based 
on the analysis of spectral characteristics (excitation and 
emission spectra). Spectral data and fluorescent 
properties (quantum yield, peak of molar extinction) 
were selected according to the analysis of review 
articles on the skin intrinsic fluorescence [21-23], and 
papers devoted to the investigation of individual skin 
components fluorescence [24-31]. Part of the spectral 
data was obtained using the OMLC web resource 
(https://omlc.org/index.html), which provides databases, 
software, articles and free web guides on biomedical 
optics, supported by Scott Prahl and Steven Jacques. 
The following fluorophores were chosen to the designed 
model: melanin (absorption range of 250-1100 nm), 
carotenoids (absorption range of 400-550 nm with 
maximum values at 440 and 480 nm), flavins 
(absorption range of 300-500 nm with maximum values 
at 370 and 445 nm ), bilirubin (absorption range of 300-
600 nm with a maximum value of 450 nm) and 
lipofuscin (absorption range of 430-600 nm with a 
maximum value of 480 nm). 

3.1 Skin fluorophores 
Each fluorophore is discussed in detail in the presented 
model. Melanin is a high molecular weight pigment that 
is synthesized in specialized cells called melanocytes, 
which are located in the basal cell layer [32]. 

Carotenoids are natural organic pigments of yellow, 
orange or red color. Carotenoids are antioxidants in the 
human body that come with nutrition. Natural sources 
of carotenoids are a mixture of lycopene, beta-carotene, 
alpha-carotene, lutein, and zeaxanthin, which can be 
converted into each other. Beta-carotene was chosen as 
an example of carotenoids in the model. It is one of the 
chromophores of the upper dermis layers [20, 25]. 

Flavins are complex enzymes, the prosthetic groups 
of which are riboflavin derivatives [33]. Riboflavin is a 
biologically active substance that plays an important 
role in health support. The biological role of riboflavin 
is determined by the occurrence of its derivatives: flavin 
mononucleotide (FMN) and flavin adenine dinucleotide 
(FAD), which are part of a large number of important 
oxidation-reduction enzymes as coenzymes. In the skin, 
flavins are located in the basal layer and dermis [32]. 

Bilirubin is a bile pigment, one of the main 
components of bile in humans and animals. It is formed 
normally as a result of the proteins cleavage containing 
heme: hemoglobin, myoglobin, and cytochrome. 
Hemoglobin exhibited absorbing properties and 
contained in the dermis and blood [20]. 

Lipofuscin is a yellow-brown, intracytoplasmic 
autofluorescent pigment, consisting of a 
glycolipoprotein matrix, it contains in all tissues and 
organs of human [34]. Lipofuscin is also called aging 
pigment, which accumulates in the skin with age. But, 
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the accumulation of lipofuscin can be associated with 
pathological processes in the body [35]. Lipofuscin has 
similar properties to melanin for dermatology 
specialists, but lipofuscin has a more intense fluorescent 
response [34, 36]. Lipofuscin was considered as a 
fluorophore in the modeling of non-melanoma 
neoplasms.  

Based on the above-described data of fluorophores, 
the fluorescent properties of the epidermis were 
characterized by eumelanin located in the lower part of 
the layer. The fluorescent properties of the dermis are 
determined by beta-carotene and flavins localized in the 
upper and lower layers, respectively. The fluorescent 
properties of the dermis with superficial plexus of 
vessels were characterized by bilirubin. Lipofuscin in 
the modeling of the skin pathologies was placed in the 
upper layer of the epidermis. In the simulation of 
pigmented tumors (malignant melanoma) eumelanin 
with fold increased content was localized in the upper 
layers of the epidermis. The final distribution of 
fluorophores over the skin layers in the model is shown 
in Fig. 1. 

To simulate fluorescence, the fluorescent properties 
of the components were set: the quantum yield, the peak 
of molar extinction. In addition to fluorescent 

properties, a possible fluorophore concentration in the 
skin was determined. The parameters of the 
fluorophores used in the model are presented in Table 1 
[24, 29, 31, 37, 38]. 

 

 
Fig. 1 Fluorophores localization in the multilayer model 
of healthy skin. 

 

Table 1 Fluorescent properties of skin components. 

Fluorophore Quantum yield, 
ɣ 

Peak of molar 
extinction, ε 
[l/mol·cm] 

Molar 
concentration, 
Cmol, [mol/l] 

Absorption 
coefficient, µa 

[cm-1] 
Eumelanin 0.0004 2500-3000 0.88·10-2 10 
Lipofuscin 0.01 31 000 10-3 23.6 
Riboflavin 
(Flavins) 

0.26 13 153 6.4·10-5 0.4 

Beta-Carotene 
(Carotenoids) 

0.0001 138 590 2.3·10-5 2.6 

Bilirubin 0.003 55 016 1.9·10-4 10.5 
 

The molar concentrations of fluorophores 
characteristic for the skin were taken from Refs. [38-
42]. The table indicates that the absorption coefficient, 
which is directly proportional to the product of the 
molar concentration and the peak of the molar 
extinction, takes the highest values for eumelanin, 
lipofuscin and bilirubin. These components are mainly 
responsible for the absorption of radiation. Taking into 
account the quantum yield of fluorophores, the 
fluorescent contribution of each of them was estimated. 
Flavins and lipofuscin exhibit the strongest fluorescent 
properties. 

3.2 Model of the optical scheme for skin 
fluorescence registration 

The common optical scheme was used for registration 
of the skin fluorescent response. The scheme is shown 
in Fig. 2.  

 

 
Fig. 2 Model of the optical scheme for skin fluorescence 
registration. 

This optical scheme is standard for registration of 
samples fluorescence in TracePro. It consists of a 
detector, two focusing systems and a light source at 
450 nm with a deflector for less scattering of rays. Each 
focusing system includes two lenses and a filter. The 
focusing system, which is closer to the source, is a 
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monochromator and serves to extract the radiation with 
a narrow wavelength. The second focusing system 
contains a longpass filter to suppress the probe 
radiation. The transmission and absorption 
characteristics of the filters elements and optical glass 
were matched for a wavelength of 450 nm (narrow-band 
filter - FF01-448/20, longpass filter - Di02-R442). The 
light source and the detector are perpendicular to each 
other to prevent the detector illuminating by the 
scattered radiation from the source. 

4 Results and discussion 
The depth of radiation penetration with a wavelength of 
450 nm was initially analyzed in our model. This fact 
should be reviewed since the results of model 
experiments in published papers [15, 17] were applied 
for a combination of layers or for a limited set of 
fluorophores, respectively. The simulation results are 
shown in Fig. 3, each point corresponds to the average 
value of the radiation power at the upper boundary of 
each layer. The figure indicates that only 11% of the 
initial value (average power at the upper border of the 
epidermis) remains at the upper boundary of the 
reticular dermis (400 µm). And only 4% of radiation 
power falls on the layer with the deep plexus of the 
vessels. It follows that the main part of the incident 
radiation flux is localized in the three upper layers of the 
skin to 400 µm (epidermis, papillary dermis, surface 
plexus of vessels) in which the fluorophores under 
consideration are located. The obtained dependence is 
well correlated with the results of modeling in [15, 17]. 
In the work of Zeng group [15] the fluorescent 
properties of each layer were set by experimentally 
registered spectra and the propagation of 442 nm 
radiation was simulated. The main part of the radiation 
decayed to 300 µm, and at a depth of 570 µm, radiation 
was practically absent. In Ref. [17], radiation with a 
wavelength of 450 nm was also concentrated in the 
upper layers, the depth reached 450-500 µm and 
penetrated into the epidermis, the papillary dermis and 
captured the upper vascular plexuses. At the same time, 
the results of MC modeling were confirmed by 
analytical calculations, the difference was not more than 
5%. 

 
Fig. 3 The average power dependence of the incident 
radiation with a wavelength of 450 nm from the 
penetration depth in the skin model. 

The main task of this work was skin model 
development using matched fluorophores for 

comparison with the experimental AF spectra of skin 
and neoplasms induced by 457 nm laser [6]. In Ref. [6], 
the analyzed spectral range of the registered values was 
shifted to the long-wavelength region relative to the 
excitation wavelength. Therefore, the AF response was 
modeled in the range of 540-720 nm for comparison 
with the experimental results. The signal in the near-IR 
region (720-750 nm) was not considered, since the last 
two intensity values (690 and 715 nm) were close to 
zero. The multilayer skin model was developed for the 
northern phenotype (concentration of eumelanin in the 
lower layer of the epidermis was 0.88 · 10-2 mol/l). To 
model lesions in the skin model, the additional 
fluorophore was localized in the upper layers of the 
epidermis. For “tumor” model lipofuscin concentration 
was 0.4 · 10-3 mol/l, for malignant melanoma the 
concentration was 10-1 mol/l. The simulation results are 
shown in Fig. 4.a, which are compared with the 
characteristic experimental AF spectra of basal cell 
carcinoma, malignant melanoma and healthy skin  
(Fig. 4.b). 

 
(a) 

 
(b) 

Fig. 4 Normalized model AF spectra of normal skin, 
tumor (lipofuscin) and malignant melanoma 
(eumelanin) for the northern phenotype (a) and 
experimental AF spectra of healthy skin, basal cell 
carcinoma and malignant melanoma (b).  

Despite the small number of points, the figure 
highlights the characteristic common features: the 
relative intensity increase of the “tumor” AF signal in 
comparison with normal skin and “MM”; displacement 
of the “tumor” maximum in the long-wave region (620-
640 nm); the presence of two characteristic peaks in the 
“tumor” spectrum (560 and 625 nm); a close 
arrangement for normalized spectra of normal skin and 
“MM”. As was shown in Ref. [6], the positions and the 
maxima intensities of the AF spectra can provide 
information on the chemical composition of the 
examined samples. Thus, these features indicate the 



D.N.	Artemyev:	Mathematical	model	of	skin	autofluorescence	induced	by	450	nm	laser	 	 doi:	10.18287/JBPE18.04.020303	

J	of	Biomedical	Photonics	&	Eng	4(2)	 	 30	Jun	2018	©	J-BPE	020303-8	

changes in the pathological neoplasms compared to 
healthy skin. The main fluorophores emitting in the 
spectral range 550-700 nm are lipopigments, flavins and 
porphyrins [43, 44]. Lipids and flavins form the peak in 
the region 570-590 nm. Lipopigments have an 
absorption maximum at 340 nm and an emitting 
maximum at 560 nm. Flavins are characterized by 
strong absorption in a wide range from 200 to 500 nm 
with strong absorption maxima at 220, 260 nm, less 
absorption at 380, and 460 nm. The maximum intensity 
of flavin emission is located in a band centered at 
555 nm [45]. Porphyrins are characterized by wide 
absorption in the region of 300-470 nm with a 
maximum value in the 400-410 nm band. The emission 
of porphyrins has a complex shape with two maxima 
around 615-630 and 660-670 nm [43, 44, 46]. Thus, the 
local maximum of AF spectra observed for the 560-
570 nm band is characterized by the presence of flavins 
and lipopigments in the skin tissues, and the porphyrins 
determine the shape of the AF spectra in the red region 
of the spectrum. 

 
Fig. 5 The intensities changes of neoplasms normalized 
AF spectra relative to normal skin in model (dashed 
line) and experimental studies (solid line). 

In this study, it was important to determine the 
fluorophores responsible for the intensity changes of the 
neoplasms AF spectra compared to normal skin. To 
analyze these dependence, normal skin spectrum was 
subtracted from the values of the neoplasms intensities 
for modeling and experimental study. Before 
subtraction, the experimental values were shifted to the 
shortwave region by 15 nm due to the calibration of the 
spectrometer. The obtained dependence of the AF 
spectra intensities changes is shown in Fig. 5. Fig. 5 
indicates good qualitative agreement of the model 
results for normal skin and MM AF spectra with the 
experimental results. The greatest changes of the 
intensities were characteristic for the 580-600 nm band 
in both cases. The difference in the intensities of the 
normalized spectra in this band in the model and in the 
experiment does not exceed 20%. And the largest 
deviations of model values from the experiment do not 
exceed 10% over the entire spectral range. The 
modeling results of intensities change for tumor relative 
to normal skin are in poor agreement with experiment. 
For model values of AF tumor spectra, an increased 
intensity in the range of 550-640 nm was characteristic, 
and an inverse trend was observed for the BCC 
experimental study. This result figures out that model 
tumor can not be a BCC. The increased values of AF 

intensity in comparison with normal skin for the 
examined area are characteristic for squamous cell 
carcinoma [47]. 

The shape of the AF spectra differs between the 
model and the experiment. This is primarily due to the 
limited number of fluorescence sources (points on the 
abscissa axis) and an incomplete set of fluorophores. 
The model did not consider fluorophores whose 
absorption maxima do not locate within the 440-460 nm 
band. However, the part of radiation can be absorbed by 
fluorophores and re-emitted in the considered spectral 
range. Porphyrin is a fluorophore that can make 
significant changes to the model AF spectrum. This 
fluorophore was not presented in the model due to the 
shift of the absorption maximum to the short-wave 
region of the spectrum (400-410 nm). 

The simulation results confirmed the differences of 
the pathology spectra in comparison with healthy tissue 
may be caused by different concentrations of melanin, 
flavins and lipopigments, while bilirubin and 
carotenoids do not significantly change the model 
spectrum.  

5 Conclusion  
The multilayer model of skin and pathologies using 
fluorophores (melanin, carotenoids, flavins, bilirubin 
and lipofuscin) was proposed. The fluorophores were 
matched with an excitation wavelength of 450 nm. 
Model AF spectra of healthy skin and neoplasms were 
obtained. Because of the large number of simulation 
events (each count on the abscissa axis is essentially an 
independent source of fluorescence), the number of 
points in the model spectrum (540-715 nm) was limited. 
Thus, the analysis of the AF spectrum was carried out in 
specific positions with a step of 25 nm. For the 
considered positions, the intensities difference for the 
model spectra of the “malignant melanoma” and the 
normal skin had a good qualitative agreement with the 
experimental results. Higher values of intensities were 
obtained for the malignant formations in the long-
wavelength region of the spectrum (550-640 nm) which 
are characteristic for squamous cell carcinoma. The 
presence of characteristic peaks in the model spectrum 
is primarily determined by flavins and lipopigments. 
And an increased concentration of lipopigments may 
indicate the pathological changes. 
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