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Abstract—The possibility of a complex approach for studying changes in the system of blood microcirculation
and metabolic processes in the biotissue of lower extremities using optical noninvasive methods of laser dop-
pler f lowmetry (LDF), f luorescence spectroscopy, and diffuse reflectance spectroscopy in combination with
different modes of heating tests has been assessed. Seventy-six patients with type 2 diabetes mellitus, with 14
patients having visible trophic foot impairments, and 48 healthy volunteers have been examined. The param-
eters of LDF signals and spectra of f luorescence intensity and diffuse reflectance for foot skin have been ana-
lyzed. Statistically significant differences in the recorded parameters between the groups under study have
been found. It has been concluded that combined application of noninvasive methods of spectroscopy could
be used for diagnostics of complications both upon the occurrence of preliminary symptoms of diabetes,
when pathological changes are still reversible, and in the presence of impairments to prevent aggravation of
the disease and select an adequate correction of the treatment.
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INTRODUCTION
According to data published by the International

Diabetes Federation (IDF), 415 million people in the
world suffer from diabetes mellitus and more than 300
million people with impaired glucose tolerance are at
high risk. It is predicted that by 2040 there will be 642
million people with diabetes mellitus (DM). Hyper-
glycemia in DM can lead to serious diseases that affect
the hearth and blood vessels, eyes, kidneys, and nerves
by causing a few complications, which result in a high
risk of disability and are life-threatening.

One serious complication of DM that significantly
decreases quality of life is diabetic foot syndrome
(DFS). DFS unites a number of foot pathologies due
to the damage of nerves and blood vessels. This may
cause infections and ulcers, which increases the risk of
lower-extremity amputation and leads to early disabil-
ity and high economic costs for treatment and medical
and social rehabilitation. As a rule, surgical treatment
is long preceded by trophic disturbances in the form of
foot ulcers [1]. Recent studies note that early diagnos-
tics and treatment that include increased patient mon-

itoring reduce the occurrence of complications and, at
early preclinical stages, might reverse them.

All of these make early diagnostics of pathologies of
lower extremities in DM extremely important. It has
been suggested to use methods of spectroscopy, laser
doppler f lowmetry (LDF), f luorescence spectroscopy
(FS), and diffuse reflectance spectroscopy (DRS),
which have several advantages: painlessness of the
procedures, quick results, an absence of expensive
reagents and expendable materials, and minimum
effect on the subject being investigated and its proper-
ties [2, 3].

One of the causes of angiopathy of the lower
extremities in DM (diabetic angiopathy) and, as a
result, trophic disturbances in DFS is impaired micro-
circulation. Clinical studies demonstrate that patients
with diabetes mellitus have reduced oxygen supply to
lower extremities [4]. Hypoxia syndromes that are
associated even with minimum arterial insufficiency
lead to irreversible progress of disorders of the tissue
metabolism at different times, which is particularly
clearly manifested in patients with diabetic foot ulcers.
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Though the problems of impaired blood microcir-
culation in lower extremities in DM are studied in
detail, their contribution to DFS is still a subject of
study. According to [5], identification of impaired
blood microcirculation in a trophic ulcer, as compared
to the skin of the same foot region where the ulcer is,
is of particular significance. This is necessary for mon-
itoring of the local blood f low during healing of a tro-
phic defect. In addition, in severe cases, determination
of the severity of ischemia in a damaged extremity
upon diabetic angiopathy plays an important role in
the surgical approach for treatment of lower extremi-
ties with purulonecrotic lesions [6].

To determine the peripheral blood flow in patients
with DM, methods of dopplerometry and dopplerog-
raphy are most often used and the parameters of the
ankle-brachial index (ratio of the systolic pressure in
the shin artery to that in the brachial artery), which
reflect a decrease in the arterial blood f low, are
assessed [7]. Tissue oxygenation is determined by
transcutaneous oximetry (TcpO2); however, although
this method is considered a gold standard for determi-
nation of the oxygen status of tissues, it has not been
widely applied in the diagnostics in hospitals due to
physiological, methodological, and technical obsta-
cles. At the same time, the informativity of this
method and the possibility of using it in the presence
of infectious inflammation of foot, peripheral edemas,
and other concomitant pathological states that affect
the results of the study are still undetermined [4].

Noninvasive optical methods that have been pro-
posed, LDF, FS, and DRS, make it possible to obtain
information on the blood filling of blood vessels, con-
centration of skin chromophores and fluorophores,
and intensity of metabolic processes in the skin [2, 3,
8], among other things, for patients with endocrine
disorders.

Analysis of tissue oxygenation by DRS is based on
the difference in the absorption spectra of the main
tissue chromophores, oxyhemoglobin (HbO2) and
deoxyhemoglobin (Hb). By recording a diffuse reflec-
tance spectrum, it is possible to determine the oxygen
saturation of the tissue [9], among other things, in dia-
betic pathologies [10, 11] using the spectrum shape (its
slope, area under the curve) on the basis of mathemat-
ical simulations of the relation between the reflectance
and concentrations of the mentioned chromophores.
In addition, DRS, in contrast to transcutaneous oxim-
etry can be applied to study processes that proceed
directly in areas of severe metabolic impairments such
as trophic ulcers in diabetes [12].

LDF, which is based on tissue probing by laser
radiation and analysis of radiation that is reflected and
scattered by red blood cells moving in the tissue,
makes it possible to assess the perfusion in a microcir-
culatory part of the blood bed in patients with DM in
vivo [13, 14]. Additional possibilities for evaluation of
changes that occur in the system of blood microcircu-

lation are provided by the spectral analysis of the
recorded signal [15, 16]. Application of this mathe-
matical apparatus makes it possible to analyze differ-
ent mechanisms of regulation within a wide frequency
range (0.0095–1.6 Hz). An increase in the informativ-
ity of the diagnostics is promoted by application of dif-
ferent stress tests in combination with LDF. This
makes it possible to broaden the diagnostical possibil-
ities of the method and makes it possible to determine
not only the general functional state of the microcir-
culatory bed, but also its spare and adaptive capacities
[17].

It is known that changes in the activity of enzymes
of the respiratory chain are considered to be one of the
consequences of the impairments in cell functions that
are observed in diabetes mellitus [18–20]. Many
investigations that study the metabolism of epithelial
tissues, including skin, using f luorescence microscopy
and visualization methods are being carried out today.
The most probable changes in different pathologies
are changes in the accumulation of NADH (reduced
form) and FAD (oxidized) coenzymes. Detection of
these changes using f luorescence spectroscopy is
among the most promising areas of in vivo diagnostics.

Recent reviews [21, 22] and some other studies
demonstrate that changes in the NADH fluorescence
have been estimated in individual cells [23, 24], tissue
sections [25], and organs [26, 27]. Despite the suc-
cessful investigations of the NADH and FAD fluores-
cence that have been carried out in the last 50 years,
only a relatively small number of them have been per-
formed at the organ level. Moreover, the results of
experiments on a certain organ or part of the organism
are more likely to be successfully used in clinical prac-
tice than in research at the cellular and subcellular
levels.

In recent years, it has been demonstrated that, in
DM, in conditions of prolonged hyperglycemia, pro-
tein glycation is found to be elevated, which is accom-
panied by an increase in the so-called “advanced gly-
cation end products” (AGEs) that are involved in the
glycation of collagen and other proteins of the capil-
lary membrane and skin [28–31]. Advanced glycation
end products (e.g., Nε-(carboxymethyl)lysine, Nε-
(carboxyethyl)lysine, and pyrralin) that possess intrin-
sic f luorescence include pentosidine, which is respon-
sible for the formation of cross links between collagen
fibers [32–34].

Thus, from the point of view of f luorescence anal-
ysis, it is reasonable to consider a complex parameter
that would describe oxidative metabolic processes
(changes in the content of NADH and FAD) and car-
bon metabolism (accumulation of AGEs) in the tissue.

The proposed combined application of the meth-
ods of LDF, FS, and DRS in diagnostics may make it
possible to fully analyze pathological changes in the
tissues of patients with DM, which would potentially
increase the informativity and reliability of the
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obtained diagnostic results and make it possible to
reveal impairments in the system of blood microcircu-
lation and metabolic processes of the foot biotissue at
earlier stages.

This study was aimed at an experimental investiga-
tion and analysis of potential possibilities of combined
recording of parameters of blood flow, f luorescence,
and reflectance spectra of the skin by spectroscopy in
order to determine microcirculation and tissue
impairments in the lower extremities of patients with
diabetes mellitus.

MATERIALS AND METHODS

The experimental studies involved 76 patients
(28 men and 48 women) with diabetes mellitus in the
Endocrinology Department of the Orel Regional
Clinical Hospital (Russia). The study included
patients with type 2 DM with a prolonged course of
the disease and highly glycated hemoglobin, which
were at risk for the development of the diabetic foot
syndrome. All the patients were divided into two
groups: a group of patients with visible trophic foot
pathologies (eight men and six women, average age of
53 ± 13 years) and a group of patients without visible
trophic pathologies (20 men and 42 women, average
age of 54 ± 10 years). In addition to visible trophic
ulcers, the first group of patients had a more pro-
longed course of diabetes, higher creatinine and urine
values (which can indicate kidney dysfunctions), and a
higher percentage of diagnosed complications (dia-
betic polyneuropathy, diabetic retinopathy, diabetic
nephropathy, diabetic microangiopathy of lower
extremities). The exclusionary criteria for carrying out
experimental studies were acute periods of diseases of
the cardiovascular and respiratory systems, gastroin-
testinal tract, liver, kidneys, and blood, diagnosed
edemas, varicose veins, and thrombophlebitis, i.e.,
states that could affect the diagnostic results. The con-
trol group included 48 health volunteers (16 women,
32 men) with an average age of 46 ± 6 years.

Experimental studies were carried out according to
a developed research protocol that was approved by
the Ethics Committee of the Orel State University
Named after I.S. Turgenev (November 3, 2015, record
of meeting no. 7). All the participants of the experi-
mental studies were acquainted with the content of the
study and signed an informed consent form indicating
their willingness to participate in the measurements.

In complex experimental studies, the f luorescence
of the biotissue (by FS), tissue perfusion by blood (by
LDF), and coefficient of the diffuse reflectance of the
skin in the spectral range from 500 to 600 nm (by
DSR) were assessed. All the studies were carried out in
a supine position 2 h after food intake. The test subject
adapted to the environment for no less than 10 min.
The studies had two stages using two experimental set-
ups without a change in the position of the patient.

At the first stage of the study, the diffuse reflec-
tance spectra of the foot skin of patients were recorded
using a setup, the scheme of which is given in Fig. 1. It
includes a lighting unit, A broadband tungsten halo-
gen radiation source (HL-2000-HP-232R, Ocean
Optics, United States). A fiber-optic probe (R400-7,
Ocean Optics, United States) that had seven fibers (six
illuminating fibers that are located around one reading
fiber) was used to deliver irradiation from the lamp
and to collect the reflected signal. The diagnostic vol-
ume and probing depth for this probe within the spec-
tral region of the hemoglobin Q bands (540–580 nm)
are 1.0–1.3 mm3 and 0.4–0.5 mm, respectively, as
shown in [35]. In addition, the area of the study
includes the epidermis and papillary dermis.
Reflected light that is collected by the optic fiber is
directed to a CCD of a small-size spectrometer
(FLAME, Ocean Optics, United States). To control
the system, a personal computer was used, with data
storage and reproduction being carried out using the
Ocean View software (Ocean Optics), which was sup-
plied with the spectrometer.

To record reflectance spectra, an initial calibration
was carried out beforehand. The reflectance spectra
were calculated according to the formula

where  is the measured diffuse reflectance (DR)
in the biological tissue,  is the measured DR
of the WS-1 diffuse reflectance standard, and  is
the background spectrum that was obtained with the
light source turned off.

This normalization makes it possible to exclude the
effect of irradiation intensity of the source and sensi-
tivity of the receiver on the measurements of spectral
dependences. The distance from the fiber-optic probe
to the studied surface was the same upon the calibra-
tion and measurements.

The diffuse reflectance spectra were recorded in
the control point of the line between the first and sec-
ond metatarsal bones of the foot (the schematic
arrangement of the fibers is given in Fig. 1). Moreover,
patients with visible trophic impairments in the form
of ulcers had additional diffuse reflectance spectra
recorded directly in the ulcer and at 1 cm from it (the
so-called “intact region”).

At the processing stage, hemoglobin index Н and
degree of its oxygenation Y were calculated and ana-
lyzed according to the method that was suggested by
J.W. Feather et al. [36, 37] and constructed on the
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basis of measurements of the gradient of the spectrum
of optical density in the region of 535–575 nm:

where  is the optical density, which is a
quantitative characteristic of skin absorption, and the
subscripts indicate the wavelength in nanometers, at
which the optical density is measured.

This approach to calculation of the hemoglobin
index makes it possible to quantitatively estimate the
hemoglobin content in the skin tissue independently
on the degree of its oxygenation, and it is applied, in
particular, in studies on the blood content of the skin
tissue under mechanical compression [38].

At the second stage of the complex experimental
studies, the biotissue f luorescence was assessed using
FS and tissue perfusion of blood was estimated by
LDF. The perfusion parameters and amplitudes of the
biotissue f luorescence were simultaneously recorded
in almost the same tissue volume by a LAZMA MC
diagnostic complex (SPE LAZMA Ltd., Russia) [39].
The Doppler channel had a laser unit with an emission
wavelength of 1064 nm applied to it, and, to excite f lu-
orescence, sources at emission wavelengths of 365 and
450 nm were used. The same fiber-optic probe that
had a diameter of 3 mm was used to deliver probing
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radiation and to collect secondary radiation that was
reflected from the tissue. The probing fiber of the
LDF channel had a diameter of 6 μm, and the receiv-
ing fiber was 400 μm in diameter. The source-to-
receiver distance for the LDF channel was 1.5 mm.
The FS channel had probing and receiving fibers that
were 400 μm in diameter. The source-to-receiver dis-
tance was 1 mm. The numerical aperture of the fibers
was 0.22. In conducting studies using the data that
were obtained in [40], special attention was paid to
minimization of the mechanical pressure that was
applied to the skin by the probe.

Thermal probes were implemented using a device
of a LAZMA-TEST complex (SPE LAZMA Ltd.,
Russia). In the experimental studies an optical probe
was installed on the dorsal surface of foot at a point
that was located in the plateau between the first and
second metatarsal bones (the control point that is
given in Fig. 1). The scheme of the experimental setup
for studying hemodynamic parameters and biotissue
fluorescence, the location of the optic probe of the
LAZMA MC complex, and that of the thermal probe
of LAZMA-TEST during the experimental investiga-
tions are given in Fig. 2.

Each analysis of the second stage included four
periods: a basic test for 4 min, cooling to 25°C for
4 min, and local heating tests for 4 min with tempera-
tures of 35 and 42°С each. Thus, the total duration of
the measurement was 16 min (scheme of the experi-
ment is given in Fig. 2). Cooling to 25°С was due to the
differences in the initial temperature in the region
under study and the necessity to make the initial con-
ditions of the skin temperature in the region under
study equal in all the subjects. The sequence of the
experimental investigations is given in Table 1.

Amplitudes of f luorescence AF365 and AF450 that
were normalized to the intensity of backreflected exci-
tation radiation and average tissue perfusion by blood
Im at each stage of the functional test were analyzed.

All the parameters that were obtained as a result of
processing of the data of the first and second stages of

Fig. 1. Scheme of an experimental setup for analysis of the diffuse reflectance spectra of skin. 

Lighting unit

Fiber optic probe

Intact region

Ulcer

Spectrometer

Control 
point

Flame

Table 1. Research technique using temperature probes

No. Stage Temperature, °С Time, min

1 Basic test No normalization 4
2 Local cooling 25 4
3 Local heating 35 4
4 Local heating 42 4
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the experiment were tested for normality and homoge-
neity of variances when compared using the Kolmog-
orov–Smirnov test and Levene’s tests, respectively.
The significance of the statistical differences in the
samples was assessed by one-way ANOVA. The value
p < 0.01 was considered significant.

For the second stage of the study, which included
analysis of the LDF signals and fluorescence spectra
of patients, linear discriminant analysis was used to
determine a discriminant function that would make it
possible to synthesize a required decision rule and, so,
to classify a reappearing object in one of the three
groups under analysis on the basis of the measured
parameters. The main idea is to determine if different
sets differ in the mean of any variable (or linear com-
bination of variables) and then use this variable to pre-
dict the belonging of a new object to one or another

group. The quality of the discriminant analysis was
estimated using an ROC curve.

RESULTS AND DISCUSSION
The first stage of the experimental studies has

revealed that the patients with DM that have foot tro-
phic disorders have an elevated hemoglobin index.
The statistical significance of the differences in this
parameter (Table 2) was confirmed when the data
from the spectra that were obtained in the control
point were processed and compared with the hemo-
globin index in the control group. The hemoglobin
index in the control point of the feet of patients with-
out ulcers does not statistically significantly differ
from the same parameter that has been recorded in the
volunteers of the control group. It can be also seen that
the hemoglobin index that has been calculated accord-

Fig. 2. Scheme of an experimental setup for analysis of the hemodynamic parameters of the f luorescence spectra of skin. 

Thermoelectric
 cooler

Optic fiber
LAZMA-TEST LAZMA MC

Table 2. Results of the calculation of the hemoglobin index and degree of its oxygenation for different foot points in groups
under study

* Statistically significant difference in the values of the hemoglobin index as compared to the hemoglobin index for the control group,
p < 0.01.

Area 
under 
study

Ulcer region Point at 1 cm
from ulcer

Control point at the 
line between

the first and second 
metatarsal bones in 
patients with ulcers

Control point at the 
line between the first 

and second 
metatarsal bones in 

patients without 
ulcers

Control point in 
volunteers from 
control group

H 0.47 ± 0.40 0.15 ± 0.08 0.17 ± 0.10* 0.09 ± 0.08 0.07 ± 0.06
Y, % 41.6 ± 4.6 42.0 ± 1.1 41.7 ± 1.4 41.8 ± 6.6 42.5 ± 5.4
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ing to the spectra directly from the ulcers is higher
than that in intact regions; however, these differences
have not reached statistical significance.

Moreover, for the first stage of the study, the degree
of oxygenation of skin hemoglobin was calculated by
DRS. There have been no significant differences in
the parameter in the groups under study. The results of
the calculation of the degree of oxygenation for
patients with endocrine disorders and healthy volun-
teers are given in Table 2. Statistical processing was
carried out similarly to the processing of the data for
hemoglobin index.

The experimental studies of the second stage by
LDF and FS have demonstrated that patients with
DM have elevated values of normalized f luorescence
amplitudes and weaker perfusion response to local
heating from 35 to 42°С. The group with the presence
of pronounced complications had significantly differ-

ent such parameters from the control and general
group of patients with diabetes (Table 3, Fig. 3).

The results of the computation of the hemoglobin
index in the control point show that high blood filling
is observed in patients with focal impairments of the
tissue metabolism in their feet. This parameter can be
affected by the fact that the groups with trophic disor-
ders included patients with a more prolonged course
of diabetes and higher glycated hemoglobin, the opti-
cal properties of which could contribute to the diffuse
reflectance spectra that were obtained. The hemoglo-
bin index directly characterizes blood filling the skin,
and its elevated values that have been measured
directly in ulcer regions can be accounted for by a
blood flow to these regions due to the inflammation
and healing processes, which can be observed in
patients with complications of DM. The wide range of
this parameter can be explained by different types and
stages of the development of trophic ulcers under

Fig. 3. Results of experimental studies: (a) normalized amplitudes of f luorescence and (b) average perfusion at the stages with
heating to 35 and 42°C. *Statistical significance of differences, when compared to healthy volunteers, p < 0.01; **statistical sig-
nificance of differences, when compared to patients with endocrine disorders without ulcers, p < 0.01. 
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Table 3. Results of experimental studies

* Statistical significance of differences, when compared to healthy volunteers, p < 0.01.
** Statistical significance of differences, when compared to patients with endocrine disorders without ulcers, p < 0.01.

Parameter Patients with ulcers Patients without ulcers Control group

Normalized amplitude AF365, 
rel. units

3.8 ± 0.7*(**) 2.7 ± 0.8* 2.1 ± 0.8

Normalized amplitude AF450, 
rel. units

2.5 ± 0.6*(**) 1.8 ± 0.7* 1.2 ± 0.4

Perfusion Im, PU 3.8 ± 1.6 5.3 ± 2.2 5.0 ± 1.9
Perfusion Im, PU at 25°C 3.6 ± 1.4 4.7 ± 2.0 4.4 ± 1.6
Perfusion Im, PU at 35°C 5.0 ± 1.4*(**) 6.6 ± 2.4* 8.7 ± 3.1
Perfusion Im, PU at 42°C 9.2 ± 4.6*(**) 12.3 ± 3.5* 19.9 ± 4.6
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study. Studying changes in the hemoglobin index in
patients with diabetes can be further used for the
development of an approach for evaluations of healing
of ulcers and monitoring of the skin response during
treatment of patients with diabetes.

The statistically significant differences in the f luo-
rescent signals for the groups under study are
explained as follows. As was mentioned, AGEs are
involved in the development of diabetes complica-
tions. Rapid formation of intracellular AGEs pro-
motes protein dysfunctions, and their accumulation
can be an objective marker for advanced glycation in
tissues. In addition, a widely accepted index of glyca-
tion in tissues, HbA1c, describes glycation processes
that have occurred for a short period (approximately
three months), while changes in the accumulation of
AGEs in the skin characterize a more prolonged
period. By taking the long lifetime of collagen mole-
cules and stability of AGEs into account, it is possible
to use skin f luorescence as an indicator of the integral
effect of hyperglycemia over a lifetime.

Diabetes is known to lead to tissue hypoxia [41–
43]. In the case of hypoxia, the aerobic respiratory
pathway in cells is impaired and mitochondrial oxida-
tion of coenzymes slows down. In connection with
this, accumulation of NADH and FAD can serve as a
characteristic of tissue hypoxia with its contribution to
the total f luorescence signal and be a marker of general
oxygen deficiency in tissues. At the same time,
changes in the concentrations of NADH and FAD
during oxidative phosphorylation are very compli-
cated, and their dynamics can be nonlinear over the
entire cell life. This should be considered when inter-
preting the obtained data and in further studies in this
field.

It has also been shown [44–46] that accumulation
of AGEs can suppress NO synthesis in endothelial
cells. This may also explain the differences in the per-
fusion response to the stimulation test. Perfusion
growth at local thermal probing occurs mainly due to
two mechanisms. At skin heating to 34−35°С pepti-
dergic nerve fibers are activated. This is caused by acti-
vation of type 1 thermosensitive vanilloid receptors of
sensory fibers (TRPV-1) [47]. At skin heating to 42°С,
vasodilatation is connected with NO release from
endothelial vessels [48, 49]. Topographically, both
arterioles and capillaries are involved in the regulatory
response to local heating. In diabetes mellitus, dys-
function of all parts of a microcirculatory bed and tis-
sue systems consistently occurs, including of vessel
endothelium and perivascular nerve fibers. Thus, a
thermal probe is pathogenetically appropriate for
diagnostics of these disorders at DM. A decrease in the
perfusion growth at skin heating to 35°С is an objective
criterion of dysfunction of sensory nerve fibers as a
component of diabetic neuropathy. A decrease in the
perfusion growth at skin heating to 42°С reflects defi-

ciency in endothelium-dependent mechanisms of
vasodilatation.

Thus, skin f luorescence and tissue perfusion by
blood upon a thermal probe may be a marker of differ-
ent degrees of complications from DM onset to the
formation of trophic ulcers.

To synthesize a decision rule, we suggest that the
analyzed parameters be the normalized amplitudes of
skin f luorescence and perfusion that are obtained at
the second stage of the experimental investigation. It
has been preliminarily established that these parame-
ters are statistically independent and their values,
which have been calculated for the groups of patients
and control, differ significantly.

Figure 4a gives the results of linear discriminant
analysis. Discriminant functions are synthesized so as
to provide high sensitivity, provided that they have
good specificity. The lowest level of error can be
obtained when the f luorescence intensity at 365 nm is
combined with the perfusion level upon stimulation of
the microcirculation at 42°С. For the first rule of clas-
sification for the control group and the group of
patients with diabetes without ulcers, the sensitivity
and specificity that were obtained were 0.92 and 0.90,
respectively. For the second classification rule for
patients with diabetes and those with ulcers, they were
0.86 and 0.85, respectively. The direct diagnostic cri-
terion is a classification model in the form of discrim-
inant functions that make it possible to classify the
functional state of the area under diagnosis (shown in
Fig. 4a).

The fact that the experimental data can be grouped
means that the variations in the indices of the impair-
ment of the biotissue (skin f luorescence and perfu-
sion) from the control group are rather reproducible
and similar in all the patients.

Figure 4b gives ROC curves that are calculated for
the obtained discriminant functions.

To compare the quality of different classification
rules, it is convenient to use an integral characteristic,
AUC (Area Under Curve), which is the area under the
ROC curve. In our case, both for the first classifica-
tion rule (control group and general group of patients
with diabetes) and for the second (general group of
patients with diabetes and group of patients with com-
plications), AUC = 0.93. These indices are evidence of
a high quality of the classifier that has been proposed.

Pathological changes in the functioning of the
microcirculatory bed in patients with DM are deter-
mined by microangiopathies, in the development of
which chronic hyperglycemia plays a crucial role. FS
makes it possible to determine if there has occurred
accumulation of glycation products in the biotissue of
the patients using the f luorescence of AGEs. In turn,
accumulation of glycation products causes endothelial
dysfunction by affecting NO synthesis, which can be
diagnosed using LDF by determining average tissue
perfusion by blood. Reduction in the perfusion in the



962

OPTICS AND SPECTROSCOPY  Vol. 123  No. 6  2017

POTAPOVA et al.

tissues of patients, together with elevated glycated
hemoglobin, is likely to affect the hemoglobin index,
which can be recorded by DRS. Thus, the results of
the processing of combined noninvasive investigations
of the foot tissue by spectroscopy make it possible to
implement a complex approach for evaluation of
microcirculation and tissue impairments in patients
with DM.

CONCLUSIONS

The use of diffuse reflectance spectroscopy, laser
doppler f lowmetry, and fluorescence microscopy in
combination or individually can have important clini-
cal applications, since they can help identifying
patients with different degrees of microcirculation
impairments in the lower extremities.

Hemoglobin makes a significant contribution to
the diffuse reflectance spectra of the human skin in
the visible and near-infrared ranges. A change in its
content under conditions of impairment of the micro-
circulatory bed of the foot skin due to diabetic micro-
angiopathy can be seen in the reflectance spectra as a
change in the absorption and scattering properties of
the skin.

The quantitative estimation of the blood content in
skin can be made by calculating the hemoglobin
index, the use of which makes it possible to objectively
assess the skin color and quantitatively estimate blood
filling in the region under study in patients with DM;
this can be used when the dynamics of ulcer healing is
evaluated. The proposed novel method of combined
processing of LDF signals and fluorescence spectra of
the biotissue was successfully tested in clinical studies
and can be used for the diagnostics of microcirculatory
disorders in patients’ feet.

Thus, diffuse reflectance spectroscopy, LDF, and
fluorescence can be used both in combination and
individually as additional noninvasive diagnostic tech-
niques in diabetic foot units for long-term observation
of high-risk patients together with such conventional
methods for detection of complications of DM as foot
examination, assessment of neurological status
(assessment of vibration perception), and determina-
tion of pain, tactile, and temperature sensitivity, etc.
The application of the suggested decision rule in the
form of a combination of discriminant functions will
make it possible for a researcher or clinician not only
to determine the presence of complications of diabetes
mellitus, but also to evaluate their severity. The meth-
ods that have been presented in this study may indicate
the danger of microcirculatory disorders and serve for
assessment of therapeutic procedures for prevention of
the progress of diabetic complications.
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