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The influence of physicochemical properties of titanium nikelid with the surface layers modified with silicon or tanta-
lum ions was studied on in vitro cultured mesenchymal stem cells of the rats’ bone marrow. It was shown by the 
methods of laser scanning microscopy, light microscopy, MTT test that the ion-plasma modification of the titanium 
nikelid surface layers with silicon or tantalum ions improves the cytocompatibility of metal alloy. 
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Titanium nikelid (TiNi) alloys are known for 
their unique properties of shape memory, superelas-
tic [1] that allows their usage in medicine. However, 
there is a potential risk of toxic, allergic and nickel 
carcinogenic effect on cells and tissues during the 
washout from alloy [4]. An effective method of bio-
compatibility improvement of products from nickel 
and titanium alloys limiting the washout of nickel 
from alloy and improving the integration of the im-
plant with the surrounding tissue are the methods of 
ion-beam modification of the alloy surface [5].  

For screening of materials after various kind of 
treatments the transformed cell lines and mesen-
chymal stem cells (MSCs) are used. The selection 
of MSCs is due to the fact that they are cells of 
normal tissues, differentiate in vivo into cells of 
various organs and the viability, morphology, adhe-

sion, proliferation, directed differentiation of these 
cells can be studied in vitro during the evaluation of 
the influence of the physicochemical and morpho-
logical properties of the metal implant surface onto 
cells [2, 2]. 

Thereby, the aim of the work was to study the 
cytotoxicity of NiTi samples after modification of 
their surface with silicon or tantalum ion beams on 
the culture of mesenchymal stem cells of rat bone 
marrow in vitro. 

MATERIAL AND METHODS 

Materials 
The samples of TH1 alloy were tested, which 

surface was successively exposed to chemical etch-
ing, mechanical polishing and electropolishing 
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(TiNi samples) and ion-beam modification with mo-
nocomponent ion beams of chemically pure tantalum 
(samples TiNi_Ta) or silicon (samples TiNi_Si). The 
samples TiNi were comparison samples. For biologi-
cal experiments the samples were washed with water 
and sterilized for 90 minutes at 180 °C. 

Cells cultivation 
Rat bone marrow MSCs were used for experi-

ments. The cells were cultivated in α-MEM medium 
with 10 % fetal calf serum, 4 mM GlutaMax, 1 % 
antibiotic/antimycotics (Gibco) at 37 °C in an at-
mosphere of 5 % CO2 at saturated humidity condi-
tions. To determine the proliferative activity of the 
cells in the presence of samples the suspension of 
MSCs with the density of 5 × 103 cells/cm2 was 
placed on sterile samples in wells of 12-well plate. 
After 14 days of cultivation the cell viability in the 
wells was investigated by MTT method, the samples 
were washed, transferred to the new wells and culti-
vated for another 3 days to estimate the efficiency 
of colonies formation. After 3 days the samples 
were removed for MSCs visualization on the sam-
ples surface, the cells cultivation was continued and 
after 11 days the viability of the cells in MTT assay, 
the number and size of cell colonies on the surface 
of the wells were determined.  

Mitochondrial tetrazolium test (MTT) 
The viability of cells cultivated on the surface of 

the wells was determined using a soluble form of 
formazan WST1 (Roche, USA) according to manu-
facturer's instructions. The estimation of MTT assay 
results was carried out by comparing of the optical 
density of the solution from control and test wells at 

wavelength λ = 450 nm and reference λ = 655 nm 
on a plate spectrophotometer BioRad 680 (BioRad, 
USA). 

Visualization of cells on the samples surface 
The membranes and nucleus of MSCs cultivated 

on the surface of the samples were stained with 
fluorescent dyes Vybrant-CM-Dil and Hoechst (Life 
Thechnology, USA) according to the manufacturer's 
instructions. The nuclei and cell membranes visuali-
zation were performed on microscope LSM 780 
(C. Zeiss, Germany). 

Visualization of cells on the surface of wells 
MSCs cultivated on the surface of wells were 

stained with Giemsa (Panreac) solution according to 
the manufacturer's instructions, then watched in the 
light microscope «Stemi 2000C» (C. Zeiss, Ger-
many); the number and size of colonies were 
counted with «Axiovision» software. 

Processing of measurement results 
The statistical analysis was performed with 

standard Microsoft Excel software package. The 
statistical significance of differences between two 
groups of data was estimated with nonparametric 
Mann-Whitney U-test at the selected significance 
level p ≤ 0,05 for n = 3 in three independent ex-
periments. 

RESULTS AND DISCUSSION 

The influence of surface properties of titanium 
nikelid samples modified with silicon or tantalum 
ions on MSCs 

Fig. 1. The pictures of mesenchymal stem cells of the rat bone marrow on the surface of TiNi samples before and
after modification with silicon or tantalum ions; a – micrographs of cells; b – The pictures of cells structures 
and samples surface in the fluorescence channels; c – 3-D
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According to results of the laser scanning mi-
croscopy method (Fig. 1) with fluorescent dyes  
Vybrant-CM-Dil and Hoechst, the rat bone marrow 
MSCs were found on the surface of TiNi samples 
after 17 days of cultivation. The physico-chemical 
properties of the surface of samples TiNi_Si, 
TiNi_Ta and TiNi had no an acute toxic effect on 
cells cultured on their surfaces. The cells colonized 
the surface of all NiTi samples regardless of the sur-
face modification options. 

The influence of titanium nikelid samples modi-
fied with silicon or tantalum ions on proliferation of 
MSCs cultivated in the presence of the samples. 

According to MTT assay results no significant 
differences were found in mitochondrial respiration 
index of cells colonized the surface of the wells af-
ter their application to the surface of NiTi samples 
and cultivation for 14 days (Table 1). 

The samples TiNi_Si, TiNi-Ta and TiNi did not 
have acute toxic effects on mesenchymal stem cells. 
During the cells cultivation in the presence of TiNi 
samples, MSC on the surface of culture wells retained 
the proliferative activity. The effectiveness of the cells 
proliferation on the wells surface was not dependent 
of the variant of alloy surface modification. 

According to the results of the light microsco- 
py (Fig. 2), cells migrated from the surface  

of TiNi_Si, TiNi-Ta and TiNi samples preserved  
the clonal activity in vitro, forming the colonies  
and colonizing the surface of the plastic cultural  
wells. 

According to MTT assay (Table 2), the relative 
amount of viable cells migrated from TiNi-Ta and 
TiNi_Si samples surface did not significantly differ 
and was nearly 2 times higher in comparison with 
the number of viable cells migrated from TiNi sam-
ples surface. 

The average number of colonies (Table 3) formed 
by cells migrated from TiNi samples surface modified 
by silicon or tantalum ions did not significantly differ. 
At the same time, the average number of colonies 
formed by cells migrated from TiNi samples was more 
than 2-fold smaller than the number of colonies 
formed by cells from TiNi_Si and TiNi_Ta samples. 
The colonies formed by cells migrated from TiNi_Ta 
or TiNi_Si samples took in average about 50–60 % of 
the area of the cultural well surface. While the total 
area of the cells colonies migrated from TiNi samples 
was in average about 30 % of the area of the wells 
surface and was approximately 2-fold less in compari-
son with the cells from TiNi_Ta or TiNi_Si samples. 

This cells behavior could be possibly connected 
with both a decrease of the total number of viable 
cells and/or decrease of the population of fast pro-

Table 1
The influence of titanium nikelid samples on proliferation of rat bone marrow MSCs 

Sample 
The measure unit 

TiNi TiNi_Ta TiNi_Si 

The average value of optical density 0,882 ± 0,231 0,926 ± 0,187 0,956 ± 0,162 
The relative optical density in % 100,00 ± 7,06 104,99 ± 5,30 108,39 ± 4,62 

The optical density in wells with cells after MSCs application to the surface of samples with surface-unmodified TiNi after 14 
days of cultivation was taken as 100 %. For n = 3, the most representative data of 3 independent experiments are presented. 

Fig. 2. Micrograph of mesenchymal stem cells colonies formed on the surface of the plastic cultural wells by cells
migrated from TiNi samples; increase × 4 
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liferating cells due to cell death because of chemical 
elements toxicity and/or TiNi samples surface mor-
phology possibly affecting the attachment and/or 
differentiation of mesenchymal stem cells. 

CONCLUSION 

Based on the results of laser scanning micros-
copy, light microscopy and MTT assay the silicon 
or tantalum ion implantation is not toxic for mesen-
chymal stem cells and enhances the cytocompatibil-
ity of electropolished TiNi alloy. 
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Table 2
The influence of TiNi sample surface treatment with silicon or tantalum ions on the viability of cells migrated  

from TiNi samples surface and formed colonies on the cultural wells surface 

Sample 
The measure unit 

TiNi TiNi_Ta TiNi_Si 

The average value of optical density 0,342 ± 0,127 0,786 ± 0,153 0,910 ± 0,134 
The relative optical density in % 100,00 ± 6,04 229,82 ± 6,92 266,08 ± 7,30 

The content of cells in wells migrated from the surface of unmodified TiNi samples after 14 days of cultivation was taken as 
100 %. For n = 3, the most representative data of 3 independent experiments are presented. 
 

Table 3
The influence of TiNi samples surface treatment with silicon or tantalum ions on the formation of cells colonies  

migrated from TiNi samples surface to the surface of cultural plastic wells 

Sample 
The measure unit 

TiNi TiNi_Ta TiNi_Si 

The average number of colonies * 79 ± 10 163 ± 23 154 ± 15 
The relative number of colonies, % * 100,00 ± 12,66 206,33 ± 14,11 194,937 ± 9,74 
The relative area occupied by colonies on the 
culture wells surface, % ** 

26,17 ± 7,54 50,88 ± 13,50 56,29 ± 9,55 

** The number of colonies per well containing the cells migrated from unmodified TiNi sample surface after 14 days of cultiva-
tion was taken as 100 %.  

** The area of the well was taken as 100 %. For n = 3, the most representative data of 3 independent experiments are presented.
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С ИСПОЛЬЗОВАНИЕМ ТАНТАЛА ИЛИ КРЕМНИЯ  
НА ЦИТОСОВМЕСТИМОСТЬ НИКЕЛИДА ТИТАНА 
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Влияние физико-химических свойств никелида титана с приповерхностными слоями, модифицированными 
ионами кремния или тантала, изучали на культивируемых in vitro мезенхимальных стволовых клетках костно-
го мозга крысы. Методами лазерной сканирующей микроскопии, световой микроскопии, теста МТТ показано, 
что ионно-плазменная модификация приповерхностных слоев никелида титана ионами кремния или тантала 
улучшает цитосовместимость металического сплава.  
 
 

Ключевые слова: никелид титана, ионно-плазменная модификация, кремний, тантал, цитосовместимость. 
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Moral judgment can be defined as the evaluation of actions with respect to norms and values established in a society. 
In the modern world, morality is considered as the social capital, which determines a level of society well-being. Par-
ticipants were showed 24 moral dilemma and 24 control task vignettes represented artist-sketched cartoons of control 
and dilemma scenarios. For all participants and every experimental condition, the model of localization equivalent 
dipoles electroencephalogram (EEG) components was made. Individual localization of EEG electrodes was matched 
with the model of head electrodes localization used for determining the equivalent dipoles. Event-related spectral per-
turbations were calculated to estimate induced responses via the EEGLAB toolbox. The dataset was prepared for clus-
tering by the original PCA method. The correction for multiple comparisons was made by the False Discovery Rate 
method. To determine the correlations cortical sources of EEG activity with Social Intellect, sLORETA was applied to 
the data. Differences between moral dilemmas and control tasks without moral choice were found in delta, theta, alpha 
and beta diapasons in clusters localized in temporal and frontal lobe. Social intellect positively correlated with differ-
ence between the test interval and the baseline during making moral dilemma choice in theta in the left middle tempo-
ral gyrus and beta in the left middle frontal gyrus. 
 
 

Keywords: moral dilemmas, EEG, independent components, source localization, social intellect. 

The study of factors that determine social cogni-
tion and behavior in humans is an actual problem of 
modern neuroscience. Social cognition is defined as 
that mental activity through which we can under-
stand and know the social world [22]. The pheno-

menon of social cognition concerns morality. Moral 
judgment can be defined as the evaluation of actions 
with respect to norms and values established in a 
society (such as not stealing or being an honest citi-
zen). When judging a behavior as morally good or 
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bad, people refer to their internal representations of 
these norms and values (i.e. emotionally laden inter-
nal moral orientations or principles) [27]. In the mo-
dern world, morality is considered as the social 
capital, which determines a level of society well-
being. 

It is difficult to model real moral situation in 
laboratory conditions, that is why we used an ex-
perimental paradigm was taken from Harrison and 
collegues (2008) study [10]. Nowadays studies of 
brain activity during moral choice were made by 
methods of positron emission tomography (PET) 
and functional magnetic resonance imaging (fMRI) 
[3, 7, 8, 27].  

These techniques allow to evaluate the level of 
metabolic activity in different parts of brain using as 
an indicator consumption of glucose or blood oxy-
genation. fMRI and PET techniques are extremely 
important and indispensable for the accurate spatial 
localization of the processes in brain, but have a 
number of limitations. Nature of the relationship of 
the metabolic processes and related neurophysi-
ological activity is not always clear. It is not clear as 
measured these techniques metabolic changes in 
neurons reflect the processes taking place in them 
[4]. Due to the low temporal resolution these tech-
niques, which is limited by the speed of blood flow, 
they do not give opportunities to investigate the dy-
namics of the processes of brain on a millisecond 
time scale. Known to date that brain functioning 
based on the principle of association structures of 
brain in functional systems required for the per-
forming current function and inhibition of conflict 
processes are not required at the current moment. 
According to modern views, the role of integration 
in functional systems perform oscillations of bio-
electrical activity of brain [2, 25]. The aim of the 
study was to investigate individual differences in 
oscillatory dynamics of structures of brain related to 
decision making during moral dilemma. 

MATERIAL AND METHODS 

Subjects 
The sample included 26 participants (11 men 

and 15 women; age range from 17 to 22 years). 
Sample consisted of healthy, right-handed volun-
teers with normal or corrected-to-normal vision who 
received a sum equivalent to about $7 (U.S.) for 
participation. All subject filled out Social Intellect 
questionnaire [21, 30]. All applicable subject pro-
tection guidelines and regulations were followed in 
conducting the research in accordance with the Dec-
laration of Helsinki. All participants gave informed 
consent to the study. The study has been approved 
by the Tomsk State University ethical committee. 

Instruments and Procedure 

The subjects sat in a soundproof and dimly il-
luminated room. Participants were showed 24 moral 
dilemma and 24 control task vignettes represented 
artist-sketched cartoons of control and dilemma 
scenarios accompanied by text descriptions. A pre-
liminary instruction was presented at the screen: 
«You will be presented with different scenarios de-
picting the hero in a choice situation; please imagine 
yourself on the hero’s place and make the choice 
pressing 1 for ‘yes’ and 2 for ‘no’». In each trial, the 
participant viewed a cartoon and accompanying de-
scription of a hero in a control or dilemma situation. 
In the last lines of the description, the participant 
was asked to press the spacebar when he/she had 
understood the situation. Next, a prompt appeared 
that asked: «If you were at hero’s place, would you 
buy the piece of furniture» or «would you push the 
fat man». For nonmoral dilemmas, response ‘yes’ 
implied the choice of an ‘active’ option (e.g., to 
purchase something). For moral dilemmas, response 
‘yes’ implied the choice of a utilitarian option (e.g., 
to sacrifice a fat man in order to save five people). 

Moral and control tasks were delivered ran-
domly, and the interstimulus interval randomly var-
ied between 4 and 6 s. For the EEG analysis, 1500 
milliseconds from –2000 to –500 before the vignette 
presentation (vignette presentation was taken as 0) 
was chosen as the baseline and three seconds before 
the button-press were chosen as the test interval. 

EEG Recording and Analysis 
EEG record was collected using 128-channels 

according to the extended International 10–5 system 
with sampling rate 1000 Hz. The signals were am-
plified using BrainVision actiCHamp hardware. In 
contrast to PET and fMRI, EEG is a two-dimen-
sional time-frequency distribution electric signal. 
EEG registered from scalp is a bioelectric activity of 
different areas of whole brain. Independent compo-
nent analysis was applied to separate this activity. 
Artifact components connected with eye move-
ments, muscle movements, pulse, artifact local ac-
tivity of channels were removed. For all participants 
and every experimental condition, the model of lo-
calization equivalent dipoles EEG components was 
made with DIPFIT function. Individual localization 
of EEG electrodes was matched with a model of 
localization of electrodes of head, which was used 
for determining the equivalent dipoles. The analysis 
included only those EEG components whose models 
of equivalent dipole have residual dispersion of cor-
tical maps that is no more than 15 % as compared 
with the most appropriate projection model of 
equivalent dipole of the head electrodes. Event-re-
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lated spectral perturbations (ERSP) were calculated 
to estimate induced responses using timef function 
of EEGLAB toolbox (http://www.sccn.ucsd.edu/ 
eeglab/). The ERSP [20] shows mean log event-
locked deviations from baseline-mean power at each 
frequency. Method of ERSP calculation realized in 
EEGLAB toolbox is described in Delorme and 
Makeig [5].  

Time-frequency decomposition of the signal 
produced by wavelet transform version of Morlet, 
overlap time window started from 3-cycle wavelet, 
the number of cycles increased linearly when 
reached a half of the number of cycles with the high 
frequency. This method allowed to obtain better 
frequency resolution at higher frequencies than the 
conventional wavelet which used a constant amount 
of cycles [5]. The dataset was prepared for cluster-
ing by the original PCA method [5]. The time-fre-
quency differences between groups and conditions 
had been estimated with using nonparametric per-
mutation statistic method. The correction for multi-
ple comparisons was made by the False Discovery 
Rate method [11]. This method is used instead of the 
Bonferroni correction if variables are highly corre-
lated with each other [32]. Reliable effects were ef-
fects which had significance level p < 0.05 after False 
Discovery Rate method was applied.  

To determine the correlations cortical sources of 
EEG activity with Social Intellect, sLORETA [26] 
was applied to the data. The sLORETA is a linearly 
distributed solution that is based on standardized 
values of the current density estimates given by the 
minimum norm solution. The sLORETA uses a 
three-shell spherical head model registered to the 
digitized Talairach and Tournoux (1988) atlas. The 
solution space is restricted to cortical gray matter 
and parahippocampal areas. The sLORETA yields 
images of standardized current source density of 
6430 voxels at 5 mm spatial resolution. Statisti- 
cal analysis of sources of induced oscillations in 
sLORETA was performed using regression of cur-
rent source density estimates on Social Intellect 
scores. Statistical significance was assessed using a 
randomization test which corrects for multiple com-
parisons [26]. For this study, the significance level 
was set to p < 0.05. 

RESULTS 

We got 12 clusters and six of them had signifi-
cant differences. The first cluster showed significant 
effect during three seconds before the button-press 
when making a choice. Delta synchronization was 
observed for moral condition, in contrast for control 
condition delta desynchronization was obtained. 
Central dipole was located in the right superior tem-

poral gyrus (Brodmann area (BA) 22). The second 
cluster showed significant effect during last 2 sec 
but one before making a choice. Delta desynchroni-
zation was more pronounced for control task. Theta 
synchronization was more pronounced for moral 
condition. Central dipole had symmetric localization 
to first cluster in the left temporal gyrus (BA 22). 
The third cluster had localization in the right middle 
temporal gyrus (BA 37). Alpha desynchronization 
was more pronounced for moral condition during 
three seconds before making a choice. The fourth 
cluster localized near rectal gyrus in the right frontal 
lobe (BA 11). Delta synchronization and alpha de-
synchronization was more pronounced for moral 
condition during three seconds before making a 
choice. Central dipole of the fifth cluster localized 
near the middle frontal gyrus (BA 6). Delta syn-
chronization was more pronounced for moral condi-
tion during last 2 sec but one before making a choi-
ce. Beta desynchronization was less pronounced for 
moral condition during 3 sec before making a choi-
ce. The sixth cluster included the posterior cingulate 
cortex (PCC). Delta and theta synchronization was 
obtained for moral condition, delta and theta desyn-
chronization was obtained for control task during 
last 2 sec but one before making a choice. Beta de-
synchronization was less pronounced for moral 
condition during last 2 sec but one before making a 
choice. 

sLoreta regression analysis of Social intellect on 
the difference between the test interval and the base-
line during making moral dilemma choice yielded 
positive correlations for theta and beta2 diapasons 
(Figure).  

For theta, the strongest effect is observed in the 
left middle temporal gyrus, BA 21 (MNI coordi-
nates X = –60, Y = 0, Z = –15) r = 0.587, Extreme 
p = 0.007, for beta2 in the middle frontal gyrus, BA 
10 (MNI coordinates X = –25, Y = 50, Z = 0) 
r = 0.602, Extreme p = 0.007 (Figure). 

DISSCUSSION 

The long-standing rationalist tradition in moral 
psychology emphasizes the role of reason in moral 
judgment. A more recent trend places increased em-
phasis on emotion [8]. Results of this study show 
that oscillatory responses in the moral condition 
differ significantly from ones in the nonmoral con-
dition. The difference is most strong in delta and 
theta bands, which are known to be involved in 
emotion processing, and in brain regions associated 
with emotion. Many studies show that delta and 
theta bands are associated with emotional and moti-
vational processes [13, 15]. Cluster 1 and cluster 3 
are found in the right (‘emotional’) hemisphere and 
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in its temporal lobe, which undoubtedly is involved 
in emotion processing [19]. Our results are in line 
with Greene and colleagues [7, 8] and Knyazev and 
colleagues findings [17]. Also higher Social intel-
lect was associated with larger theta synchronization 
(difference between the test interval and the base-
line) in temporal lobe in moral condition. This im-
plies that higher sensitivity to moral issues and it 
might be essential for understanding the implica-
tions choices in moral dilemmas.  

Other significant effects were also found in the 
alpha frequency band (cluster 3 and 4), but they were 
in the opposite direction. In this case, the difference 
between the test interval and the baseline was lower 
(i.e., more negative) in moral than in nonmoral con-
dition. It could be suggested that is related with diffi-
culty of making a decision in moral condition be-
cause the degree of desynchronization of alpha corre-
lates with the complexity of the task and reflects the 
amount resources included in the task [6].  

Another clusters (4 and 6) localized in the orbi-
tofrontal prefrontal cortex (OFB) and the PCC. The 
OFC represents the affective value of primary rein-
forcers and it learns to associate other stimuli with 
these to produce representations of the expected 
reward value, thus, playing a key role in emotion 
[28]. The OFC activation during moral decision-ma-

king has been shown [1, 31]. In this study subject 
were asked to report his/her prospective behavior in 
respective situation. This aspect of the task might be 
responsible for the involvement of the cortical mid-
line structure such as the PCC, because this struc-
ture is included in self-processing and social cogni-
tion [16, 24].  

In our study, higher Social intellect was associ-
ated with larger difference between the test interval 
and the baseline during moral condition in theta in 
the left temporal lobe and beta2 diapason in the left 
OFC. The right OFC was found to be activated dur-
ing passive viewing of moral stimuli compared with 
nonmoral stimuli [9], while the activation of the left 
OFC has been related to processing of emotionally 
salient statements with moral value [23]. In recent 
years, we have witnessed a surge of interest to the 
question of so-called cross-frequency coupling of 
brain oscillations. It has been repeatedly shown that 
low-frequency oscillations of mostly delta and theta 
bands are able to affect high-frequency oscillations 
of beta and gamma bands [12]. This coupling is 
functionally relevant [33] and some evidence shows 
that it might increase in emotionally engaging states 
[14, 18, 29].  

In this study, more effects were found in low 
delta, theta and were located in emotional areas 

Fig. sLORETA results of a regression analysis of Social intellect scores on the difference between the test
interval and the baseline during making moral dilemma choice. The strongest effect is observed in the
left middle temporal gyrus, brodmann area 21, X = –60, Y = 0, Z = –15 for theta, for beta2 in the
middle frontal gyrus, brodmann area 10, X = –25, Y = 50, Z = 0 
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such as temporal cortex, while more higher fre-
quency (alpha and beta) effects were located in 
frontal cortex which related with decision making. 
Overall, the pattern of results is in line with the idea 
that in moral condition, the subject appears to be in 
a state of higher emotional engagement and per-
ceives this situation as more self-related than in 
nonmoral conditions. 
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КЛАСТЕРИЗАЦИЯ НЕЗАВИСИМЫХ КОМПОНЕНТОВ ЭЭГ  
ДЛЯ ОПРЕДЕЛЕНИЯ ИНДИВИДУАЛЬНЫХ ОСОБЕННОСТЕЙ РЕАКЦИЙ, 
СВЯЗАННЫХ С МОРАЛЬНЫМ ВЫБОРОМ 
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Моральное суждение может быть определено как оценка действий в соответствии с нормами и ценностями, 
установленными в обществе. В современном мире мораль рассматривается как социальный капитал, который 
определяет степень жизнеспособности общества. Участникам были показаны нарисованные художником изоб-
ражения 24 моральных дилемм и 24 контрольных заданий, с описанием представленных на них ситуаций. Для 
всех участников и для каждого экспериментального условия сделана модель локализации эквивалентных ди-
полей компонентов электроэнцефалограммы (ЭЭГ). Индивидуальная локализация ЭЭГ электродов была со-
вмещена с моделью локализации электродов головы, которую использовали для определения эквивалентных 
диполей. Связанные с событием спектральные пертурбации рассчитаны для оценки индуцированных ответов 
с помощью программы EEGLAB. Кластеризация произведена методом главных компонент, поправка на мно-
жественные сравнения – методом контроля ложных эффектов. Для определения корреляции активности ЭЭГ 
участков мозга с социальным интеллектом использован анализ sLORETA. Различия между моральными ди-
леммами и контрольными заданиями без морального выбора найдены в дельта-, тета-, альфа- и бета-диа-
пазонах в кластерах, локализованных в височной и лобной долях. Социальный интеллект положительно кор-
релировал с разницей между тестовым интервалом и фоном во время принятия выбора в ситуации моральной 
дилеммы в тета-диапазоне в левой средней височной извилине и в бета-диапазоне в левой средней лобной из-
вилине. 
 
 

Ключевые слова: моральные дилеммы; ЭЭГ; независимые компоненты; локализация источников; 
социальный интеллект. 
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The high bactericidal effect of cold argon plasma generated by low-current spark discharge plasma jets at atmospheric 
pressure has been revealed. It has been found that the direct contact of low-current spark plasma jets helps perform 
effective inactivation of bacteria. 
 
 

Keywords: argon plasma, microorganisms, low-current spark, plasma jets, plasma inactivation, atmospheric 
pressure glow discharge. 

Currently, an increasing focus rests on the re-
searches in the gas-discharge process properties that 
determine their sterilizing and disinfecting abilities 
for protection of industrial materials, equipment and 
electronics from biodegradation and microbiologi-
cally induced corrosion [5, 12]. Plasma treatment of 
living tissues has the desired therapeutic steriliza-
tion, wound healing, hemostasis, and skin disease 
curing effects [4, 6]. This area has become of par-
ticular importance in recent years due to the increas-
ing demand for new low-temperature efficient, reli-
able and high-performance sterilization and decon-
tamination technologies.  

A special place among plasma methods is occu-
pied by the study of discharges generating the low-
temperature (cold) non-equilibrium plasma at at-
mospheric pressure [1, 7–11, 13]. As the sources of 
low-temperature non-equilibrium atmospheric pres-
sure plasma various types of gas discharges are 
viewed, among which the atmospheric pressure cre-
eping, corona, barrier and pulsed discharges should 
be noted. Despite the broad range of works [9, 10], 
dedicated to the study of different discharge charac-
teristics, and proven high efficiency of discharges in 

biomedical laboratory applications, the atmospheric 
pressure cold plasma antiseptic treatment has not 
been practiced widely. This is due, firstly, to the fact 
that the cold plasma sources currently represent 
technically sophisticated equipment with low eco-
nomic efficiency. Secondly, for the treatment of 
bioobjects, living tissues of animals and humans 
atmospheric pressure discharges are used at high 
voltage of 10–40 kV, which requires a high security 
level. Therefore, the choice of discharge parameters 
under which a safe and non-destructive effect is ob-
served, is one of the main physical problems of 
plasma medicine. 

The aim of this paper is the study of bactericidal 
properties of low-temperature non-equilibrium ar-
gon plasma generated by high-voltage low-current 
discharges. 

EXPERIMENTAL PROCEDURE  

To generate low-temperature (cold) argon plas-
ma two types of non-equilibrium plasma generators 
have been developed on the basis of low-current 
high-voltage discharges.  
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An approach is based on the use of atmospheric 
pressure glow discharge. A discharge is generated in 
a special electrode construction (Fig. 1A) with a mul-
tipoint divided cathode and flat metal anode [2]. The 
stability of discharge in the transition of negative co-
rona to discharge gap spark breakdown is achieved 
via low gas flow through the discharge gap.  

The other approach (Fig. 1B) is based on the use 
of atmospheric pressure low-current spark discharge 
plasma jets formed in an argon flux [11]. Cathode 1 
(point with a radius of curvature r = 30 μm) is 
placed in a cylindrical nonconducting housing R = 
= 2 cm. Anode 2 is a metal cylinder 1.5 cm long and 
2 cm in diameter. To stabilize the discharge the 
point was loaded with adjustable ballast resistance 3 
Rb > 1MΩ. The housing has through holes for argon 
flux supply arranged so that cold argon plasma 
formed by a system of low-current spark plasma jets 
is spread via the argon flux in a direction away from 
the interelectrode spacing, like a flame. Argon con-
sumption G = 5 × 10–5 kg/s was measured using a 
flowmeter PM – A – 0,16 GUZ. 

The study involved the Escherichia coli M17 
strains in the natural association and vegetative 
form. The microbial treatment efficiency in an at-
mospheric pressure glow gas-discharge chamber 
was evaluated using metal wafers (test strips). The 
decontamination completeness was determined by 
placing the test strips in an indicator medium.  

To evaluate the sensitivity of microorganisms to 
cold argon plasma generated by low-current spark 
discharge plasma jets a method was used based on 
measuring the diameter of the microbial environ-
ment affected areas. Therefore, a medium was in-
oculated with test microorganisms. 100 μl of work-
ing suspension were added into a Petri dish with 
nutrient medium Agar GRM or RPA, and carefully 
rubbed with a spreader. The plates with medium 
inoculated with microorganisms were placed in a 
discharge chamber under plasma jets. Plasma-trea-
ted media were incubated in an incubator within 24 

hours at 37 °C, and then the diameters of formed 
affected areas were measured.  

RESULTS AND DISCUSSION 

The bactericidal efficacy of diffuse argon plas-
ma formed in the repetitively pulsed negative co-
rona and atmospheric pressure glow discharge mode 
(Fig. 1A) was tested in the bacteria of natural asso-
ciation of microorganisms. Test strips with micro-
organisms were placed on a flat anode, the plasma 
treatment time of wafers ranged from 2 to 5 min. 

The study of bacterial survival in the repeti-
tively-pulsed negative corona plasma showed that 
after treating the wafers for 2 and 5 min (discharge 
current I = 250 μA) bacteria perish totally (tubes 1, 
2 Fig. 2). In the atmospheric pressure glow dis-
charge mode (discharge current I = 700 μА, treat-
ment time t = 2 and 5 min), where the discharge is 
homogeneous self-sustained discharges covering the 

Fig. 1. Schematic representation of electrode structure. A: 1 – cathode; 3 – ballast resistances; 3 – ano-
de; 4 – power supply; B: 1 – point cathode; 2 – cylindrical anode; 3 – ballast resistance; 4 – po-
wer supply 

 
Fig. 2. Results of bactericidal effect of cold argon plas-

ma. N – untreated wafer; K – control; 1, 2 – pul-
sed corona treatment, t = 5 and 2 min, respec-
tively; 3, 4 – atmospheric pressure glow discha-
rge treatment, t = 5 and 2 min, respectively
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entire interelectrode spacing, bacteria perish totally 
as well (tubes 3, 4 Fig. 2). Microbial growth after 
cold argon plasma treatment is absent for the seven 
days of test strips cultivation in the liquid medium. 

The bactericidal properties of low-current spark 
discharge plasma jets were studied for their effects 
on the vegetative form of the Escherichia coli 

strains. Fig. 3 shows a picture of low-current spark 
discharge cold argon plasma jet generator. Low-cur-
rent spark discharge plasma jetting time ranged 
from 5 to 60 s. Distance h from the plasma source to 
the surface of microorganism growth ranged from 
0.5 to 3 cm.  

The current-voltage characteristic of discharge 
is dropping, and the nature of current flow in the 
plasma channel is an established mode of periodical 
current pulses (Fig. 4). In the formation of discharge 
current pulse two specific areas can be marked out: 
the initial narrow peak with amplitude Im ~ 280 μA 
(area 1) and the second longer area (T ~ 70 μs) that 
essentially determines the period T of discharge cur-
rent pulse. The low-current spark plasma jetting in-
fluence on microorganisms is registered as round 
transparent areas, which are the microorganism 
growth inactivation zones (Fig. 5).  

The bactericidal properties of low-temperature 
non-equilibrium argon plasma generated by plasma 
jets have been studied for the influence on the Es-
cherichia coli strain vegetative forms compared to 
antibiotics of various inhibitory effect.  

It has been shown that the effect of different an-
tibiotics on the Escherichia coli bacteria for 18 h 
results in different affected areas depending on the 
toxicity of antibiotic. In the case of plasma inactiva-
tion, a 30-second treatment causes complete destruc-
tion of bacteria on an area (S = 2 cm2) substantially 
equal to that referring to the most toxic antibiotics. 

The data obtained show high sensitivity of mi-
croorganisms to cold argon plasma treatment 
(Fig. 6) [11]. Minimal plasma inactivation time of 
the E. coli cells is 5 s at 0.5 cm from the side section 
of electrode structure. At a distance increased to 
3 cm the number of survived microorganism macro-
colonies is considerably greater. Increasing the 
plasma treatment time up to 40 s at a distance of 
3 cm causes a considerable reduction (by 74 %) of 
survived microorganisms (Fig. 7, 2). The determina-
tion of argon plasma inactivation ability carried out 
by counting the colonies shows that after a minute 
of treatment only a few grown-up microorganism 
macrocolonies survive.  

It should be noted that the inactivation area is 
not restricted by the anode diameter, within which 
low-current spark plasma jet are formed. As it can 
be seen in Fig. 8, increasing the time of microbial 
environment treatment with low-current spark plas-
ma jets allows efficient inactivation of a much lar-
ger area. At that, the diameter of inactivation area in 
direct contact of plasma jets with the surface of mi-
crobial environment increases more than in remote 
exposure. The results obtained correspond with the 
results shown in [3]. So the diameter of inactivation 
area increases with increasing time of treatment of 

Fig. 3. Cold argon plasma generator based on low-
current spark plasma jets: A – microorganism
inactivation in a Petri dish, B – side view of
discharge 

 
 

Fig. 4. Low-voltage spark discharge current pulses.
Interelectrode spacing d = 1,25 cm, amperage
I = 500 μА, Rб = 21 МΩ; [I] = 100 μА/div, [t] =
= 0.2 ms/div 

 
 

Fig. 5. Cold argon plasma influence on the vegetative
form of the Escherichia coli strain. Exposure
time = 30 s. Test medium on the left 
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Pseudomonas aeruginosa bacteria on solid agar 
with atmospheric pressure cold plasma jets (99.5 % 
helium and 0.5 % oxygen).  

CONCLUSION  

The high bactericidal efficiency of low-current 
high-voltage discharge cold argon plasma is dis-
played. The study of bacterial survival in the repeti-
tively-pulsed negative corona plasma and atmos-
pheric pressure glow discharge showed that after 
treating the wafers for 2 min in each mode the mi-
croorganisms are totally inactivated. It has been 
found, that increasing the time of microbial envi-
ronment treatment with low-current spark plasma 
jets allows efficient inactivation of a much larger 
area than the anode electrode cross section. 

This work was supported by the Russian Foun-
dation for Basic Research (project no. 15-44-04209 
r_sibir_a). 
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РАЗРАБОТКА БАКТЕРИЦИДНОГО ОБОРУДОВАНИЯ  
И ИССЛЕДОВАНИЕ ПРОЦЕССОВ ОБЕЗЗАРАЖИВАНИЯ ПАТОГЕННЫХ 
МИКРООРГАНИЗМОВ ХОЛОДНОЙ АРГОНОВОЙ ПЛАЗМОЙ  

Александр Петрович СЕМЕНОВ1, Баир Батоевич БАЛДАНОВ1,  
Цыремпил Валерьевич РАНЖУРОВ1, Эрдэм Олегович НИКОЛАЕВ1,  
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Показана высокая эффективность бактерицидного действия холодной аргоновой плазмы генерируемой плаз-
менными струями слаботочного искрового разряда при атмосферном давлении. Установлено, что прямой кон-
такт плазменных струй слаботочной искры позволяет проводить эффективную инактивацию бактерий микро-
организмов. 
 
 

Ключевые слова: аргоновая плазма, микроорганизмы, слаботочная искра, плазменные струи, плазменная 
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MATHEMATICAL MODELLING OF THE TUMOR MARKERS NETWORK 
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This paper is devoted to a numerical analysis of the solutions of the equations system describing the dynamics of the 
concentration of p53 and Mdm2 proteins in their interaction. The detailed study of the solutions was made when the 
mathematical model parameters deviated from the basal values. The system states in which the threat of the cell un-
controlled apoptotic death accelerated the organisms aging processes or the excessive suppression of p53-induced 
apoptosis increased the tumors risk have been investigated within the numerical experiments. The mechanism of the 
system managing under stress conditions has been studied. 
 
 

Keywords: tumor markers; p53-Mdm2-network; time delay equations; numerical modelling.  

The p53 protein (tumor necrosis factor), in-
volved in many life and death processes, including 
the formation of tumors and aging, is expressed in 
all the cells of the organism. Mdm2 protein is con-
sidered to be the key negative p53 regulator. The 
mechanism for the functioning of the p53–Mdm2 
system is very complex, so the answers to questions 
that are important in clinical practice are often 
found to be mutually exclusive. In particular, it has 
been found that the imbalance in the p53 and Mdm2 
interaction can be the cause for serious pathological 
changes in organs and tissues. Thus, the consequen-
ces of the faults, caused by the excessive production 
of p53 and the superactivation of the p53-dependent 
apoptosis, are often serious diseases such as neu-
rodegeneration (Alzheimer’s, Parkinson’s, multiple 
sclerosis, epilepsy), osteoporosis, growth arrest, and 
premature aging of the internal organs. At the same 
time, the loss of the p53 protein’s function is found 
in approximately 50 % of human malignant tumors. 
Therefore, the inactivation of p53 is also conven-
tionally seen as an undesired and dangerous event, 
while in antitumor therapy the restoration of an ac-
tive p53, including as a result of the artificial break 
of the interaction between p53 and Mdm2, is 
thought of as one of the key elements ensuring the 

normal passage of signals stopping growth stop 
and/or apoptosis in cancer cells. It is necessary also 
to take into account that p53-dependent apoptosis 
induced in normal tissues can become the cause for 
serious side effects, thus limiting the efficiency of 
the antitumor therapy. In this connection, the artifi-
cial inhibition of p53 in certain tumors, especially in 
those without functional p53, can have a protective 
effect, supporting the normal functioning of the tis-
sue in the process of regeneration. 

Thus, the investigation of the function of the 
p53 and Mdm2 proteins and of the mechanism of 
their interaction is paramount both for developing 
new approaches to cancer treatment and determin-
ing the prevention strategy for many diseases, in-
cluding measures to slow the aging processes. Many 
aspects of this problem have so far remained little 
known and thus are now at the center of attention 
among researchers [1–3, 5] (these works contain 
detailed bibliographies). Under these conditions, the 
mathematical simulation of the interaction of the 
p53 and Mdm2 proteins is one of the effective and 
accessible methods of analysis of the development 
of the p53–Mdm2 system and of exits from peak 
situations. 
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MATHEMATICAL MODELS AND NUMERICAL 
TECHNOLOGIES 

We consider in this work two interrelated ma-
thematical models of the p53–Mdm2 network. The 
first (basic) model of the proteins concentrations dy-
namics includes the system of two nonlinear equa-
tions with the retarded argument [4] (see also [5, 6]): 

 dy1/dt= s – a f (y1(t), y2(t), kf) – by1(t), (1) 
dy2/dt = c1g(y1(t – τ), y2(t – τ), f, kg) – c2y2(t), (2) 
where the interaction of the proteins is determined 
by nonlinear functions f and g. Here y1 and y2 are 
concentrations of the p53 and Mdm2, respectively;  
s is the rate of p53 production; a is the rate of p53 
degradation by means of ubiquitination; b is the rate 
of p53 spontaneous degradation; c1 is the rate of 
Mdm2 production, including that by its interaction 
with p53; c2 is the rate of Mdm2 protein degrada-
tion; kf is the constant of the p53–Mdm2 complex 
dissociation constant; and kg is the p53 protein and 
Mdm2 gene dissociation constant (a more detailed 
biological description of the parameters is found in 
[4]). The initial data for system (1)–(2) are given as the 
functions of «history» ϕk(θ): yk(θ) = ϕk(θ), θ ∈ [–τ, 0], 
k = 1,2. The basal values of the parameters [4] are 
coordinated with the data from different laboratory 
studies. The time delay parameter τ determines in 
the Mdm2 reaction to a change in the state of the 
p53 protein (more detail see in [1–3]). 

The second model describes hypothetical stages 
of process and uses the simplest ODE system of 
sufficiently higher dimension. We show numerically 
that in the passage to the limit in which the second 
model has infinitely many stages we obtain model 
based equation with retarded argument.  

The characteristic features of the present model 
are nonlinearity, time delay, and the possible rigid-
ity of the system and bifurcation of solution under 
some combinations of parameters. A sufficiently 
detailed description of the algorithm’s testing pro-
cedure is present in [6]. The solution of problem 
(1)–(2) is based on the widely known method of 
steps. From considerations of the simplicity of the 
numerical implementation, in all the calculations the 
delay value τ was taken as a multiple of the step of 
the computational grid (on condition that the grid 
step is a rather small value, this limitation avoids 
having a substantial effect on the character of the 
solution). At each time step, the problem’s solution 
is found by numerical methods with the attraction of 
iterations by nonlinearity. For the sake of conven-
ience of the numerical implementation, the system 
of equations (1)–(2) can be nondimensionalized 
with the use of the delay value τ as the time scale. 
This procedure is equivalent to compressing the time 

axis τ times. In doing this, one should take into ac-
count that in transition to a fairly high τ the accu-
mulation of errors caused apparently by rigidity is 
typical for the system in the transformed form. To ex-
clude undesirable computational effects, the choice of 
the numerical method and controlling the influence of 
the grid step on the solution have been given the clos-
est attention. The methodical calculations of system 
(1)–(2) were performed on a sequence of grids with a 
resolution ranging from 1 to 10000 points per second. 
Based on these tests, in the numerical experiments, the 
grid with a resolution of not more than 100 points per 
second was acknowledged as optimal. 

Based on the results of the test calculations and 
comparison of a sufficiently high number of known 
numerical methods for the solution of problem, the 
explicit Adams method with iterations by nonlinear-
ity was used. In doing this, the defect of the multistep 
methods related to the need for a special approach to 
the simulation of the solution at the first points, in 
case of equations with delay, is compensated by cal-
culations on sufficiently high time intervals. 

In [4–6] it is shown that under basal conditions 
system (1)–(2) has stationary solution only as im-
movable limit point (y1

basal, y2
basal) at any values of 

delay, including τ = 0, and in the disturbance of the 
basal state points the Andronov-Hopf bifurcations 
can be observed. All the approximated coordinates 
of the immovable points are with sufficiently high 
precision in keeping with the analytical stationary 
solution [4]. 

Attention was given to the question of the influ-
ence of the choice of the initial data on the solution 
of the problem (1)–(2). A series of numerical ex-
periments were made, in which either zero values or 
constant stationary basal values of concentrations y1 
and y2 with the introduction of stress perturbations 
in them ranging from 10 % to 4 orders (both de-
creasing and increasing, alternately for each com-
ponent of solution y1 and y2 or simultaneously for 
both) were used as the «history» functions ϕk(θ). In 
doing this, the time delay parameter was also varied, 
and the values of the parameters of the system s, a, 
b, c1, c2, kf and kg were taken as basal. In addition, 
the numerical experiments, in which as the initial 
data on interval [–τ, 0] the periodic solutions of this 
problem were used, and hereinafter at all the calcu-
lations were made under basal conditions. The cal-
culations show that in all t > 0 the considered stress 
situations caused by the change of the initial level of 
protein concentration, the character of the solution 
of system (1)–(2) does not practically change inde-
pendent of the value of the delay and the initial con-
centration levels: y1(t) and y2(t) returns to the earlier 
found limit y1

basal, y2
basal; i.e., the solution of the prob-

lem has a stable focus. In using as the initial data the 
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stationary values of concentrations y1
basal and y2

basal 
with the introduction in them of stress perturbations 
ranging from 20 % to 2 orders (towards a decrease 
and increase, alternately for each component and 
simultaneously for both, the delay parameters also 
varied) similar results were obtained.  

In addition, numerical experiments were perfor-
med, in which different numerical methods were used 
for the reproduction of a periodic solution (delay τ 
reached the bifurcation value τbif). The stationary so-
lution is the focus corresponding to a rather small 
τ < τbif was used as the initial data. The comparison of 
the solutions obtained with the use of the predictor--
corrector method with iterations by nonlinearity and 
the Runge-Kutta method of order 4 has shown that 
both numerical methods yield rather close solutions, 
and the introduction of the iterations allows a consid-
erable increase in the accuracy of the calculation by 
using of the predictor-corrector method. The solutions 
obtained by use of the Adams method of order 4 and 
those by the Runge-Kutta method of the same order 
were found to be the closest. In the calculations, where 
the obtained periodic solutions were used as the initial 
data, a comparison of the methods yields similar re-
sults. Then the real order of accuracy of the method on 
such solutions ranges from 1 to 2.83. 

DEPENDENCE OF THE SOLUTIONS ON THE 
CHANGE OF THE MODEL PARAMETERS 

We have carried out a numerical study of the re-
action of system to stresses in the form of a deviation 
of the parameters from the basal values. The numeri-
cal experiments were made in a sufficiently large 
interval of the delay values ranging from a few sec-
onds to many hours, which is characteristic of the 
given biological system (see, for example, [1–3]). 

Fig. 1 provides some data on the obtained solu-
tions that correspond to the alternatively deviation 
of the parameters from the basal values. It has been 
found that the basic part of the solutions are im-
movable points (focuses). Moreover, the calculated 
coordinates of the immovable points in the phase 
plane agree, with a rather high degree of accuracy, 
with the analytical stationary solution of problem 
[4], i.e., with the solution of system (1)–(2) at the 
corresponding values s, a, b, c1, c2, kf and kg. In the 
course of these numerical experiments, it has been 
found that the dissociation constants kf and kg be-
come bifurcation parameters, providing the start of 
periodic oscillations in the p53–Mdm2 network, at 
the time of delay typical of real conditions. 

The analysis of the numerical data shows that 
within the accepted model, in the deviation of one 
of the parameters of the system from the basal 
value, there may appear the following typical situa-

tions: a) a considerable accumulation of p53 at a 
rather low level of its inhibitor Mdm2; b) a consid-
erable accumulation of Mdm2 at a lower level of 
p53; c) rapid attenuation of the oscillations of pro-
tein concentrations with the achievement of constant 
stationary values close to the basal ones; and d) pe-
riodic oscillations. The calculations show that time 
delay is one of the key parameters affecting the state 
of the p53–Mdm2 system. The attenuating solutions 
are typical for most of the arising situations, which 
testifies to the stable reaction of the system to the 
deviation of the parameters from the normal values. 
We note that although the periodic oscillations of 
the concentrations in the p53–Mdm2 system, with 
regard to some characteristic constant values, which 
are often rather close to the basal values; however, 
the maximum values of the concentrations achieved 
in this may become critical for the normal function-
ing of the system and the organism as a whole.  

Note that the obtained data do not conflict with 
the known ideas on the phenomenon being simu-
lated and allow the conclusion on the adequacy of 
the considered mathematical model of the p53–
Mdm2 grid. In particular, the presence of oscilla-
tions of the p53 and Mdm2 concentrations taking 
place almost in the counterphase are in correspon-
dence with the known data of the laboratory experi-
ments (see, for example, [1–3] and references in [5]). 

RESTORATION OF THE P53—MDM2 FEEDBACK 

The analysis of the data presented in the previ-
ous section shows that a considerable part of the 

 
Fig. 1. The stationary solutions of the problem with the 

alternating variation of parameters: solid lines – 
immovable points (1, 1´, 2) and the limit cycles 
(3, 4) of the numerical solutions; dashed lines – 
analytical stationary solutions [2]; 5 – the sta- 
tionary solution under basal conditions 
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solutions of system (1)–(2) (including solutions with 
an immovable point) correspond to situations in 
which the disturbance of the feedback of proteins 
p53 and Mdm2 is characteristic. The negative and 
positive consequences of these disturbances in real 
medico-biological processes have been discussed 
above. In this section we will consider in greater 
detail the most characteristic of the noted situations 
and present the results of the numerical experiments 
aimed at finding solutions that are more favorable 
for the live organism–understood as the achieve-
ment of the basal values of the levels of concentra-
tion of proteins.  

The methodology of the numerical experiments 
in this section is as follows: we will try to compen-
sated disturbances of the feedback in the p53–
Mdm2 network that are the result of a stress for 
some parameter of system (1)–(2) by the repeated 
stress for one of the remaining parameters. This 
methodological technique is fairly well known in 
medico-biological studies as suppression, i.e., total 
or partial suppression of the first (direct) mutation 
by the second (suppressor) mutation, which may 
lead to the partial or total restoration of the normal 
phenotype. Our purpose is to find that parameter of 
the mathematical model, whose change will lead to 
the restoration of the basal state of the p53–Mdm2 
system. As the considered states of the system are 
characterized by solutions with an immovable limit 
point, for which earlier stability relative to the initial 

data was found, for simplicity of the calculation 
procedure, all the numerical experiments are made 
at zero initial conditions. All the calculations have 
been continued down to the delay values of 30 000 s 
and the duration of the observed processes were not 
less than 120 days. 

Excessive p53 level 
Within the considered mathematical model, the 

excessive p53 level threatening excessive p53 de-
pendent apoptosis can be caused by the lack of bal-
ance in the rate of p53 generation and Mdm2 degra-
dation, as well as by disturbances in the mechanism 
of the interaction of proteins, which is regulated 
through the introduction of the dissociation con-
stants. 

For example, a considerable excess in the value 
of the rate of p53 generation (parameter s) leading 
to threatening increase of the p53 level can be, ac-
cording to the calculations, compensated by increas-
ing the rate of the p53 degradation through ubi-
quination a or of the rate of p53 spontaneous de-
composition b, as well as by a lower dissociation 
constant of the p53–Mdm2 complex kf. When a de-
creases more than by one order, the situation is 
complicated with a further decrease of p53, and the 
upper boundary of the Mdm2 concentration is very 
close to the basal value. The increase of kf also leads 
to the further growth of p53. The decrease of b will 
not change the situation. The decline of the rate of 
the p53 degradation through ubiquitination (parame-
ter a), which is able to cause the disturbance of the 
feedback of p53 and Mdm2, can be compensated 
within the considered model mostly due to the 
variation of the parameters s, b, kf (see fig. 2). 
Variation of the parameters c1, c2, and kg can com-
pensate the negative situation only partially, since in 
this case the levels of protein concentrations ex-
ceeding the basal values by a factor of at least 1.5 to 
2 are installed. 

Thus, in order to remove the threat of the uncon-
trolled apoptotic death of cells, first of all it is pos-
sible to apply the connection of two pairs of pa-
rameters – the rate of p53 generation and the rate of 
this protein degradation through ubiquitination or 
the Mdm2 degradation rate and the rate of its gen-
eration: an undesirable increase or decrease of one 
of the parameters in each of these pairs is compen-
sated by a similar (by the same factor) change of the 
second parameter of this pair. In this situation, the 
system is considerably less sensitive to both the 
regulation through the rate of the spontaneous p53 
decomposition and also to the strengthening of the 
p53 and Mdm2 bond through dissociation constants. 
At sufficiently large values of the τ delay (close to 
the observed ones), it is not easy to remove the 

 
Fig. 2. Problem solutions at a = 0.5abasal: 1 – basal 

state, 2 – s = 0.5sbasal, 3 – b = 35bbasal, 4 – kf =
= 0.13kf

basal (τ = 120 s); 5 – kf = 0.15kf
basal (frag-

ment of the curve in the vicinity of immovable
point), 6 – limit cycle at kf = 0.13kf

basal and τ =
= 25000 s; the dashed lines show the analytical
stationary solution [5] at basal values of s, b, kf, 
kg, c1, c2 
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negative consequences caused by the increased rate 
of p53 generation by the control of the dissociation 
constants.  

Excessive Mdm2 level 
In the course of the numerical experiments, 

there was a situation in which there was an in-
creased risk of a decrease of the p53 function, when 
the interaction of p53 and its inhibitor Mdm2 is at-
tenuated, and as a result the p53 level is found to be 
very low and the level of Mdm2 itself is too high. 
Within the considered mathematical model, this 
state arises when the rate of Mdm2 degradation is 
low or the rate of its generation is too high. We are 
considered the ways to compensate these distur-
bances.  

The damping of the interaction in the p53–
Mdm2 network, accompanied by the fast growth of 
the Mdm2 concentration, can be compensated wit-
hin the considered model only through controlling 
the rates of Mdm2 generation or degradation, and at 
very moderate delay values it can be also done by a 
significant increase of the dissociation constant of 
the p53 protein and the Mdm2 gene. The studies 
described in this section allow us to answer impor-
tant questions for the clinical practice on the func-
tioning and regulation of the p53–Mdm2 grid, in-
cluding those associated with the artificial break of 
the p53–Mdm2-interaction for therapeutic purposes 
and with the actions for the restoration of the basal 
state of the system. 

CONCLUSIONS 

Balancing the rates of cellular proliferation and 
apoptosis is an important tool for maintaining the 
homeostasis of the normal tissue. Disturbance of 
this balance can become a cause of serious patho-
logical changes in organs and tissues. In this work, a 
numerical investigation of the disturbances in the 
system of p53 and Mdm2 proteins, which partici-
pate in the correction of DNA defects and are in-
volved in many vital processes, including onco-
genesis, neurodegenerative diseases, and aging, was 
carried out. We are considered two interrelated ma-
thematical models of the p53–Mdm2 network. The 
basic model of the proteins concentrations dynamics 
includes the system of two nonlinear equations with 
the retarded argument. The second model describes 
 
 

hypothetical stages of process and uses the simplest 
ODE of higher dimension. We show numerically 
that in the passage to the limit in which the second 
model has infinitely many stages we obtain model 
based equation with retarded argument.  

All obtained numerical solutions have a suffi-
ciently clear biomedical meaning. The adopted 
mathematical models describe the functioning of the 
p53–Mdm2 network in normal conditions and pre-
dict possible dangerous situations for the organism. 
Stress situations associated with the emergence of 
an imbalance in the rates of p53 and Mdm2 genera-
tion and degradation and also with disturbances in 
the mechanism of interaction of proteins regulated 
within the considered models through the constants 
of dissociation have been studied. The variants of 
the compensation of the considered disturbances by 
repeated stress for the system parameters have been 
numerically investigated. 
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В работе выполнен численный анализ решений системы уравнений, описывающих динамику концентраций 
белков p53 и Mdm2 при их взаимодействии. Проведено детальное численное исследование решений при 
отклонении параметров математической модели от базальных значений. В рамках численных экспериментов 
получены состояния сети p53-Mdm2, соответствующие как угрозе неуправляемой апоптотической гибели 
клеток, ускоряющей процессы старения организма, так и ситуации чрезмерного подавления апоптоза, когда 
увеличивается риск онкологических заболеваний. Исследованы механизмы управления системой p53-Mdm2 в 
условиях стрессов. 
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The problem of the values approximation of 6 coefficients of the HIV infection basic model – so-called the inverse 
problem has been computationally investigated by the complementary measurements of viremia and target cells blood 
concentrations through the fixed timing. The inverse problem for HIV dynamic model has been reduced to the prob-
lem of objective functional minimization. The 6-dimensional Nelder-Mead algorithm has been implemented to the 
minimization task realization. The proposed algorithm demonstrates the good convergence with probability of 17 % 
for the fairly small interval range of unknown coefficients relating to average mean (about 33% of the total bandwidth 
between experimental extreme coefficients values). The numerical experiment results has been performed and dis-
cussed. 
 
 

Keywords: HIV infection, parameter estimation, inverse problem, optimization algorithm, Nelder-Mead method. 

The human immunodeficiency virus (HIV), by 
causing a progressive failure of the human immune 
system, allows life-threatening opportunistic infec-
tions and cancers to thrive. Within blood, HIV in-
cludes as both free virus particles and virus within 
infected immune cells, specifically CD4+ T cells. 

HIV infection leads to low levels of CD4+ T 
cells through a number of mechanisms, including 
apoptosis of uninfected bystander cells, direct viral 
killing of infected cells, and killing of infected 
CD4+ T cells by CD8 cytotoxic lymphocytes that 
recognize infected cells. 

The research in the within-host dynamics of 
HIV infections focuses on these mechanisms, and 
especially the spread of the virus in vivo. The latest 
models take into account virus’s cell-to-cell interac-
tions, T cell activation, and immune exhaustion 
[19]. However, a simpler model involving ordinary 

non-linear equations also provides satisfying results 
for early times, with a limited parameter set. 

Since the direct problem remains quite easy to 
solve, it lends itself well to the study of HIV inverse 
problem. With this basic model and regular data of 
viremia and T cells loads over time after infection, 
we propose an algorithm which characterizes indi-
vidual parameters in HIV modeling. The knowledge 
of these parameters could open the way to more 
personalized (and more efficient) treatments. 

The paper organized as follows. In a second sec-
tion, the different parameters and the model of the 
problem are presented in order to justify the inverse 
problem approach. 

Then, in a third section, some results and plots 
of the outputs are shown and analysed, which leads 
to a concluding paragraph reviewing the global per-
formance of the approach and the accuracy of the 
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approximate solution. Finally, we will consider fu-
ture perspectives which could enhance the model or 
the solving program. 

STATEMENT OF THE PROBLEM 

A basic model of HIV dynamics involves only 
three determining variables: uninfected and infected 
target cells (mostly CD4+ T cell), and free HIV vi-
ruses within blood. Their concentrations are respec-
tively noted T(t), I(t), V(t). We can also build the 
vector quantity X(t), which characterizes the whole 
immune response to the infection: 

 X(t) = (T(t), I(t), V(t))T.  
In practice, it is relatively easy to measure this 

vector variable, and thus access to the solution of 
the direct problem of HIV dynamics with an accept-
able level of precision: we simply need daily blood 
samples from HIV-positive patients. Besides, inter-
actions between the three blood concentrations T(t), 
I(t), V(t) can be modeled quite simply by a SIR 
model with vital dynamics and constant population 
[5, 13, 15]. It is a basic compartmental model that 
involves Susceptible cells I(t), Infectious virions 
V(t), and Recovered immune cells T(t): 

 

– – ,

– ,

– ,

T
dT d T VT
dt

dX dI VT I
dt dt

dV pI cV
dt

⎧ = λ β⎪
⎪= = β δ⎨
⎪
⎪ =
⎩

 (1) 

with initial conditions at time t0 
 T(t0) = T0, I(t0) = I0, V(t0) = V0. (2) 
The description of the parameters and its pos-

sible value interval are given in Table 1. These six 
coefficients may vary according to the metabolism 
of each individual. But contrary to the variable X(t), 
they remain quite difficult to measure experimen-
tally. That is the reason why tackling the HIV dy-
namics modeling with an inverse problem approach 
seems appropriate [8]. So let qex be the 6-dimen-
sional vector that contains all information about the 
immune features of a given individual: 

 qex = [λ, dT, β, δ, p, c]T. (3) 
The exact solution qex will be the unknown ele-

ment of the inverse problem; its components shall 
be in the ranges specified above. The goal of the 
inverse problem modeling is to approximate these 
coefficients only by knowing the behaviour of the 
function Xqex

(t) through blood samples of a given 
individual (i.e., a given qex) in a given time interval. 
These baseline data can be written as follows: 

 { } )0 ,
( ) .

ex

k f

q
k t t t

X t
⎡∈⎣

 (4) 

Henceforth, we will note (4) the sampled solu-
tion of (1)–(2) for a given q. A realistic time sam-
pling cannot exceed for instance 5 measurements a 
day (exhaustion caused by blood taking, equipments 
required). A frequency of 2 blood samples per day 
during 5 days was chosen to solve the inverse prob-
lem. As a result, sampled times are: 

 { } [ ] [ ]0,9 , 0,9 , / 2.k kkt k t k
∈

∀ ∈ =  (5) 

As for the SIR model, it allows a relatively easy 
solving of the direct problem for all q we may con-
sider. Moreover, we can assume that the solution qex 
of the inverse problem is the value of q which 
minimizes the following misfit function, based on 
the method of Least Squares: 

 
)0

26

,

: ( ) – ( ) .
ex

k f

q q
k k

t t t

J q R X t X t
⎡∈⎣

∈ ∑  (6) 

Consequently, the HIV dynamics inverse prob-
lem can be reduced to a problem of optimization (6) 
and ordinary differential equation (ODE) solving. 
The first step will be carried out through the Nelder-
Mead method [12], while a fifth-order Runge-Kutta 
method [4] will handle the second step. We will now 
explain in details the running of these two methods 
and their implementation. 

NUMERICAL METHODS FOR SOLVING DIRECT 
AND INVERSE PROBLEMS 

Direct problem solving 
The solving of the direct problem relies on a 

Runge-Kutta method for non-stiff ordinary differen-
tial equations, inspired by the Matlab solver 
ode45.m [3], which gave satisfying results in other 
studies [14]. The default method of ode45.m is the 
Dormand-Prince [4] embedded method, designed to 
produce an estimate of the local truncation error of a 
single Runge-Kutta step. It allows to control the er-
ror with adaptive stepsize [18] by managing two 
methods, one with order 5 and one with order 4. 

Minimization of the misfit function 
By definition, the solution of the inverse prob-

lem is the only q for which J(q) = 0. And since J is a 
positive function: 

 J(q) = 0 ⇐⇒ q = argmin(J). (7) 
In papers [1, 6] the gradient algorithm was pro-

posed to find the minimum of the misfit function J. 
In this paper, to find the minimum of the misfit 
function, the Nelder-Mead method [12] was imple-
mented for a 6-dimensional space. The method uses 
the concept of a simplex, which is a special polytope. 
In our case, it is made up of 7 different q from the 
interval described in Table 1. At each steps, q ∈ R6 is 
updated using one of these four transformations: 
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reflection * ,hq q q q= + α ⋅   
contraction ** – ,hq q q q= β⋅  
expansion *** – * ,q q q q= γ ⋅  

reduction 1 .
2 lq q qq= + ⋅  

Here { }\centroid ( ),
hq qq J q=  arg max ( ( )),h qq J q=  

arg min ( ( )),l qq J q=  α = 1, β = 1/2, γ = 2. 
However, the Nelder-Mead method is a heuristic 

search method that can converge to non-stationary 
points, i.e., local minima. In this case, we can obtain 
a wrong solution of inverse problem (1)–(2), (4). 
This is all the more probable as the initial random 
set of points q0 is dispersed around the expected solu-
tion. That is why, without the use of an auxiliary 
method, the initial random generation of the array of 
the zeros approximation remains a key issue. 

Besides, the Nelder-Mead method does not take 
into account the unrealistic character of the qn it re-
turns. Indeed, the standard stopping condition of 
this algorithm is: 

 
6

2 3( ) – ( ) 10 .n
q R

J q J q −

∈

≤∑  

It only quantifies how close to each other are the 
misfit function’s values at the vertices of the simplex. 
Thus, a subsidiary method should check if the found 
minimum belongs to Table 1, and if it actually makes 
the function J converge towards 0. If these two condi-
tions are actually fulfilled, the program can stop. If 
not, the NelderMead method has to be launched once 
again, with an other random set of points qn. 

Generation of synthetic data 
In practice, the blood samples (4) come from ex-

perimental measurements (which can, by the way, be 
erroneous in a certain extent). But here, synthetic exact 
data have to be generated from a fixed qex, in order to 
check the good convergence of the algorithm, which 
should be able to recalculate this value by itself. 

For getting the synthetic data (4) we solve of the 
direct problem for a fixed qex by the Runge-Kutta 
method. Afterwards, the value of qex should not be 
reused by the program. 

NUMERICAL RESULTS 

In this section we demonstrate the numerical re-
sults of solving inverse problem (1)–(2), (4) with 
synthetic data. 

Initial settings 
We set the time interval [t0, tf) as [0, 5) and the 

time sampling frequency h = 0.5: t0 ≤ tk = kh < tf. The 
value of the exact solution qex used to generate syn-
thetic data was equal to the mean values of Table 1 
(column 3). 

The plots of synthetic data generated with the 
set of coefficients qex are demonstrated at Figure 1. 

As for the generation of the set of initial points 
q0, a uniform random distribution over an adjustable 
interval around the expected solution was chosen. 
Considering each coefficient, this interval represents 
a given percentage of the total bandwidth between 
extrema of Table 1. For a given coefficient, e.g. λ, it 
can thus be written: 

min min
min max

max max

2( ) / 3,, with
2( ) / 3.

rel ex ex abs
rel rel

rel ex abs ex
⎧λ = λ − λ − λ⎡ ⎤λ λ ⎨⎣ ⎦ λ = λ + λ − λ⎩

 

B. Convergence in the Nelder-Mead Algorithm 
The Nelder-Mead method does not always con-

verge to a global minimum for the function J, and 
may be launched several times before giving a rele-
vant solution of the inverse problem. In this section, 
we focus on the results of the Nelder-Mead method 
when it has been run successfully, so as to estimate 
the accuracy of the convergence. The behaviours of 
eight random set were analyzed step-by-step during 
the Nelder-Mead method, by plotting the changing 
coordinates of the simplex’s centroid. Three sets 
used initial random points from a ”2/3-adjusted in-

Table 1
Extreme and mean values of immune coefficients [7] 

Parameter Minimum Mean Maximum Units 

λ 4.3 × 10−2 1.089 × 10−1 2 × 10−1 µL−1 day−1 
dT 4.3 × 10−3 1.089 × 10−2 2 × 10−2 day−1 
β 1.9 × 10−4 1.179 × 10−3 4.8 × 10−3 µL day−1 
δ 1.3 × 10−1 3.660 × 10−1 8 × 10−1 day−1 
p 9.8 × 101 1.427 × 103 7.1 × 103 day−1 
c 3 3 3 day−1 

Here: λ and dT are respectively the birth rate and the dying rate of target cells; β quantifies the infection by free virus; δ is the dying 
rate of infected cells; p and c are respectively the production rate and the clearing rate of the virions. 
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Fig. 1. Concentration of uninfected target cells ( )

exqT t  (a), of infected target cells ( )
exqI t  (b), and of free 

HIV viruses ( )
exqV t  (c). 

 
 

Table 2 
Coefficients of the simplex’s centroid q  at different steps of the Nelder-Mead method 

λ dT 
Step number 

Value Relative error (%) Value Relative error (%) 

1 0.120758863 10.89 0.011395613 4.64 
10 0.115669636 6.22 0.008978078 –17.56 
30 0.114106539 4.78 0.008449692 –22.41 
60 0.113997897 4.68 0.008368867 –23.15 

100 0.113992729 4.68 0.008364289 –23.19 
 β δ 

Step number Value Relative error (%) Value Relative error (%) 

1 0.001814283 53.88 0.42271688 15.50 
10 0.001305623 10.74 0.379353123 3.65 
30 0.001185291 0.53 0.368954912 0.81 
60 0.001178254 -0.06 0.36633236 0.09 

100 0.001179676 0.06 0.366008649 0.00 
 p c 

Step number Value Relative error (%) Value Relative error (%) 

1 1984.812433 39.09 3 0.00 
10 1447.04152 1.40 3 0.00 
30 1429.956621 0.21 3 0.00 
60 1426.260772 –0.05 3 0.00 

100 1425.38208 –0.11 3 0.00 
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Fig. 2. Convergence of the coefficients β (a, b), δ (c, d), p (e, f), λ (g, h) and dT (i, j) using 

an initial ”2/3-adjusted interval”; a, c, e, g, i – global convergence, b, d, f, h, j – la-
ter behaviour 

 
terval”. The 5 recovered coefficients of problem (1) 
by using the Nelder-Mead method are demonstrated 
on Figure 2. Note, that the coefficient c has the ex-
act value at Step 0 (see Table 2 for details). 

Overall, we can note a good convergence of the 
different coefficients towards their exact value, with 
a final relative error lower than 0.05 %. The only 
exception seems to be dT, whose values become ap-
parently further from the exact one. 

Besides, the final relative errors seemed to be all 
the more dispersed that the initial interval allowed 
for the random points generation is wide. 

Another way to estimate the convergence of the 
algorithm is to focus on the behavior of the misfit 
function for each computation step. With the initial 
data form «2/3-adjusted interval», we obtain the be-
haviour of the misfit function at each computation 
step (see Fig. 3). 
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Most of the time, the simplex algorithm stopped 
at the 100th iteration step (maximum preset number 
of allowed iterations). However, we can assume that 
a hundred step provides a quite satisfying accuracy 
insofar as the misfit function seems to reach a sta-
tionary state, with a value close to unity. 

CONCLUSION 

The Nelder-Mead method has managed to find 
the coefficients of the initial differential system with 
a good precision. Nevertheless, its performance re-
mains quite low, because of a total random choice 
of initial conditions, and a heuristic method that is 
also too sensible to these conditions. Finally, the 
trials using synthetic data (which do not include the 
possible errors caused by experimental measure-
ment) can only give an overview of the operating 
effectiveness of the whole program. 

Future Perspective 
A certain number of improvements of the algo-

rithm could be examined, in order to increase its 
performance in the search of extrema, or its ability 
to take into account the later fluctuations of viral 
loads and T-cell blood concentrations. 

First of all, the SIR simple model does not inte-
grate the influence of latency in human body, which 
is yet an important long-term factor during the in-
fection. Some studies [9] aimed to deal with this ef-
fects, by considering for instance the long-term role 
of peripheral virion reservoirs. As a result, the time 
becomes an explicit variable of the global differential 
system; nevertheless, the solving method does not 
have to change a lot, since the Runge-Kutta complete 
algorithm is precisely designed for this eventuality. 

Furthermore, the Nelder-Mead method could be 
optimized in itself. In this regard, some methods are 
best suited for constrained optimization [2, 17]; at 
each step, the points out of preset limits are reset in 
the good interval. This could be of great advantage, 

insofar as it prevents the program from looping a 
long time around unrealistic minima. 

Besides, some auxiliary loops including Monte-
Carlo method could be able to increase the probabil-
ity of success during the Nelder-Mead algorithm, by 
presetting the more favorable initial conditions. 
Some of these techniques are based on the Metropo-
lis algorithm [10, 11, 16], which samples the prob-
ability distribution of the model space (ie, the possi-
ble solutions of inverse problem) by using of modi-
fied random walk. Combining this statistical ap-
proach with the classic simplex search could pro-
vide a more realistic model, with a better perfor-
mance and a reasonable complexity (Monte Carlo 
all alone remains time-consuming). 
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МОДЕЛИ ДИНАМИКИ ВИЧ ИНФЕКЦИИ CD4+ T-КЛЕТОК 
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Численно исследована задача аппроксимации значений шести коэффициентов базовой модели ВИЧ-инфекции 
по дополнительным измерениям концентраций виремии и целевых клеток крови в фиксированные моменты 
времени, называемая обратной задачей. Обратная задача для динамической модели ВИЧ сводится к задаче 
минимизации целевого функционала. Реализован шестимерный алгоритм Нелдера–Мида для решения задачи 
минимизации. Для достаточно небольшого интервала значений неизвестных коэффициентов относительно 
некоторой средней величины (около 33 % от общего интервала между экспериментальными значениями край-
них коэффициентов), предлагаемый алгоритм демонстрирует хорошую сходимость с вероятностью 17 %. 
Приведены и обсуждены результаты численного эксперимента. 
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Кабанихин С.И. – д.ф.-м.н., член-корреспондент РАН, профессор, ВРИО директора,  
е-mail: kabanikhin@sscc.ru  
Криворотько О.И. – к.ф.-м.н., младший научный сотрудник, старший преподаватель кафедры высшей  
математики физического факультета, е-mail: olga.krivorotko@sscc.ru  
Мортье Адель – студент, е-mail: adele.mortier@telecom-paristech.fr 
Воронов Д.А. – старший преподаватель кафедры высшей математики физического факультета,  
е-mail: dmitriy.voronov.89@gmail.com 
Ермоленко Д.В. – студент 1 курса магистратуры, е-mail: ermolenko.dasha@mail.ru 



36 СИБИРСКИЙ НАУЧНЫЙ МЕДИЦИНСКИЙ ЖУРНАЛ, ТОМ 36, № 1, 2016
 

УДК: 617.3:[678.09+678.011] 

EFFECT OF ELECTRON-BEAM IRRADIATION  
ON ELECTROSPINNING PRODUCED SCAFFOLDS 
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The influence of electron beam irradiation on the stiffness, stability and biocompatibility of electrospun scaffolds, pro-
duced from Nylon 6, polycaprolactone (PCL) and poly(DL-lactic-co-glicolic acid) (PLGA) was investigated. It was 
shown that irradiation of the matrices with the electron beam generated by the electron beam accelerator ILA-6 
(2.2 MeV, 400 mА, 10 Hz, «Radiochemical technologies Ltd») can potentially be used for sterilization of the matrices 
(irradiation by the dose of 25 kGy does not interfere with the mechanical properties of all studied matrices). Irradiation 
of the matrices produced from PCL by the dose of 100 kGy increases the proportional limit of the material and al-
lowed us to introduce durable regions into the vascular grafts by irradiating the graft through the template with open 
areas. Electron beam irradiation of the matrices does not influence over the capacity of the matrices to support adhe-
sion and viability of primary human endotheliocytes at the surfaces of these matrices, as it was shown using Alamar 
Blue assay. 
 
 

Keywords: electron beam irradiation, electrospinning, PCL, PLGA, Nylon 6. 

One of the promising technologies nowadays for 
production scaffolds for tissue engineering is elec-
trospinning. The method is based on stretching of 
the thin and ultrathin fibers from the polymer solu-
tion in a strong electric field. Thus, nonwoven 3D 
matrices of different types of fibers with different 
fiber orientations are easily been obtained. The met-
hod allows the production of different variants of 
fibers, including fibers from two or more solutions, 
coaxial fibers, fibers containing a variety of low and 
high molecular weight biologically active sub-
stances [2]. Electrospinning produced scaffolds 

have been shown to be used for different tissues 
displacement [4], but modification of their proper-
ties, such as stiffness, stability, sterilization, is still 
needed.  

The cross-linking of polymers through electron 
beam irradiation (EBI) in technology changes a 
thermoplastic material into a thermoset. This tech-
nology is widely used also for modification of me-
chanical properties of plastic products, by generat-
ing free radicals, which lead to polymer chain deg-
radation, or intermolecular crosslink formation [5]. 
So far, this technology suggests treatment of the end 
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product, widely used for sterilization of medical 
products in a simple and low-cost way. 

We evaluated potentialities of electron beam ir-
radiation for the modification of scaffolds produced 
by electrospinning that are intended to be used for 
tissue engineering. 

MATERIAL AND METHODS 

Materials 
Poly(ε-caprolactone) (PCL), Nylon 6 and 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFP), Phosphate 
buffer saline (PBS), gelatine were obtained from 
Sigma-Aldrich Co. (USA), 50:50 poly(DL-lactide-co--
glicolide) (PLGA, inherent viscosity 1.11 dL/g in 
HFIP) was purchased from Lactel Asorbable Polymers 
(Pelham, AL, USA). Isolve’s Modified Dulbecco’s 
medium (IMDM) (phenol red free), Fetal bovine se-
rum (FBS), penicillin/streptomycin antibiotics, were 
obtained from Gibco, Life Technologies Co (USA). 

Scaffold preparation 
Electrospun scaffolds were fabricated using Ny-

lon 6, as the nonbiodegradable polymer, PCL, as the 
slowly biodegradable polymer and PLGA, as the 
rapidly biodegradable polymer. Briefly, each poly-
mer Nylon 6, PCL and PLGA was dissolved in 
HFIP at total concentrations of 10 %, 7 % and 15 % 
respectively. The polymer solutions were individu-
ally electrospun using electrospinning setup NF-103 
(MECC, Japan). The solutions were delivered thro-
ugh a 22G blunt tip needle connected to a 5 mL sy-
ringe. The spinning conditions for Nylon 6 were 
1.5 mL/hour flow rate, 20 kV applied voltage, 
190 mm air gap; for PCL – 1.5 mL/hour flow rate, 
23 kV applied voltage, 190 mm air gap; for PLGA – 
1.5 mL/hour flow rate, 18.4 kV applied voltage, 
200 mm air gap. The samples were collected on a 
custom-designed mandrill collector with an outer 
diameter of 6 cm. The rotation speed of the collector 
was 300 rpm. The thickness of all samples was 
150 µm. After electrospinning all scaffolds were 
additionally dried in room conditions for day. Addi-
tionally, tubes with inner diameter 1.7 mm and wall 
thickness 150 µm were prepared using a stainless 
steel 180 mm rod collector rotating 300 rpm.  

Electron beam irradiation 
All samples were irradiated by electron beam 

accelerator ILA-6 (2.2 MeV, 400 mА, 10 Hz, «Ra-
diochemical technologies Ltd») in the Institute of 
nuclear physic SB RAS (Novosibirsk, Russia) at 
doses 25, 50, 100, 150 and 200 kGy. Before irradia-
tion, every sample was cut in rectangular specimens 
1 × 4 cm, suitable for tensile strength testing, and 
packaged in a polyethylene zip-lock bag.  

Tensile test 

The tensile strength of electrospun nonirradiated 
and irradiated polymer scaffolds was characterized 
using the Zwick/Roell Z100 (Gemany) testing ma-
chine in Institute of hydrodynamic SB RAS (No-
vosibirsk, Russia) with a deformation speed of 10 
mm/min. The mechanical characteristics of the 
samples were obtained from the stress-strain dia-
gram.  

Scanning electron microscopy 
Fiber morphologies of irradiated and nonirradi-

ated Nylon 6, PCL and PLGA electrospun samples 
were examined by scanning electron microscopy 
(SEM; Model JSM-6460 LV, Jeol, Japan) at accel-
eration voltages of 20 kV and 25 kV. The samples 
were sputter coated with gold to achieve the layer 
10 Å. The average diameters and standard devia-
tions were calculated from 20 separate fibers per 
image. The pore size was calculated from 20 sepa-
rate holes between fibers on the image.  

Differential scanning calorimetry (DSC) 
DSC data were obtained with Calorimeter setup 

DSC 550 (Russia) in the Institute of solid state 
chemistry and mechanochemistry SB RAS (No-
vosibirsk, Russia) in a nitrogen atmosphere. 

Degradation rate of matrices in PBS solution 
10 mm diameter discs were prepared with cutting 
from nonirradiated and irradiated with a dose 100 
kGy scaffolds. The discs were replaced into the well 
with 250 µl of phosphate buffer saline (PBS) of 48 
well microplate and incubated at 37°C for 5, 7, 14, 
21, and 28 days. After the incubation, the discs were 
removed from the well, rinsed with water, dried and 
examined by SEM. 

In vitro cell culture analysis 
10 mm diameter discs were obtained from non-

irradiated and irradiated with dose from 0 to 
150 kGy scaffolds. Discs were wetted in PBS and 
placed into the well of 48 well microplates. Every 
disc was fixed close to the bottom by a special plas-
tic ring with outer diameter 10 mm and wall thick-
ness 2 mm. After that, 100 µl of IMDM culture me-
dium with 10 % serum was added. Human umbilical 
vein endothelial cells (HUVEC) were obtained and 
cultured as described previously [1]. The matrices 
were incubated at 37°C for 2 hours, after that 2 x 
104 of HUVEC cells in 100 µl of IMDM culture 
medium with 10 % serum were added and incubated 
in 37°C, 6 % CO2 for next 24 hours. Control cells 
were incubated in wells of 48 well microplates equip-
ped with plastic rings. After the incubation 20 µl of 
AlamarBlue reagent was added into the each well. 
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After the incubation in CO2 incubator for 6 hours, OD 
of the culture medium was assessed at 570/620 nm. 

RESULTS AND DISCUSSION  

Characterization of morphology of Nylon 6, 
PCL and PLGA scaffolds 

The structure of the obtained scaffolds was in-
vestigated by scanning electron microscopy. All 

samples consist of uniform fibers (Fig. 1). The aver-
age diameters for Nylon 6, PCL and PLGA fibers 
are presented in the Table. 

The matrices were irradiated at doses from 0–
250 kGy with irradiation increment 25 kGy Consid-
ering heat capacity of PCL as 1600 J/kg·°C, and its 
melting temperature as 60 °С (other polymers have 
higher Tm) the irradiation power necessary to melt 
PCL could be estimated as C × m × dT = Q, C × 
× dT = Q/m (J/kg = C). To melt PCL the material 
should be irradiated with the energy Q/m = 1.6 × 
×103 × 0.6 × 102 = 96 kGy. As far as we treated the 
scaffolds with discrete dose (~1 min intervals and in 
a ventilation box) the scaffolds are not apt to be 
melted at least at irradiation dozes lower than 
200 kGy. Actually, SEM demonstrated that scaf-
folds do not change their morphology and micro-
structure after irradiation (Fig. 1).  

Tensile strength 
Before and after irradiation the samples were cut 

into rectangular specimens of size 10 × 40 mm, and 
tested on a mechanical testing machine. Stress-
strain diagrams demonstrate that EBI scaffolds 
made of Nylon 6 and PLGA decrease elastic region 
and strength in plastic region. On the contrary, EBI 
increased the strength in the area of elastic region 
for PCL scaffolds along with irradiation dose. At 
the dose of 100 kGy, the stiffness in the area of elas-
tic region (proportional limit) increased almost 
twice from 1.2 ± 0.2 MPa to 2.1 ± 0.3 MPa. It 

Table
Average diameter and pore size of electrospun scaffolds 

Polymer Fiber diameter, 
µm Pore size, µm 

PLGA 2.05 ± 0.12 6.6 ± 0.22 
PCL 1.6 ± 0.40 7.0 ± 0.57 

Nylon 6 0.8 ± 0.21 3.0 ± 0.37 
 

 
Fig. 1. SEM Scaffolds morphology before and after 

irradiation 

Fig. 2. Typical stress-strain diagrams of 3D matrices PLGA (a), PCL (b), and Nylon 6 (c). All matrices were
tested in the fiber laying direction in triplicate
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should be also noted that the EBI in a dose 25 kGy, 
which is used for sterilization of medical products, 
does not interfere with stiffness of the matrices and 
can be used also for sterilization of electrospinning 
produced scaffolds (Fig. 2). 

Differential scanning spectroscopy 
We considered that irradiation would interfere 

with the crystallinity of polymers, but the data of 
Differential Scanning Calorimetry did not demon-
strate strong effects. It is possible to form intercon-
nections between polymer aggregates that can be 
generated during electrospinning due to spinodal 
decomposition of polymer solution [3] (Fig. 3). 

Introducing the stiffness zones into tubular elec-
trospun construction. 

The illumination of the material through the per-
forating template allowed us to obtain more stiff-
ness areas in vascular grafts produced by electro-
spinning from PCL. Tubular structures with inner 
diameter 1.7 mm and wall thickness 200 µm were 
irradiated through a steel grid as shown on Figure 4 
(a, b). After incubation of the tube in the solution of 
fluorescently labeled albumin, protein adsorption 
occurred mainly in the irradiated areas. Thus, irra-
diation led to modification of the irradiated surfaces. 
Vascular grafts with stiffeners have twice as great 
elastic deformation limit and kinked resistance, 
~1.5 times lower bend radius. Cyclic hydrodynamic 

load (106 cycles of 0/200 mmHg) (data not shown) 
did not interfere with the mechanical properties and 
did not lead to disaggregation of the vascular graft 
in the interzone areas, demonstrating the efficacy of 
the approach for the introduction of webbings into 
electrospun produced goods. 

In vitro degradation of irradiated and nonirradi-
ated electrospun matrices  

It was shown that EBI decreased the stiffness of 
the PLGA and Nylon 6 matrices. Therefore, we 
evaluated the influence of EBI on the degradation 
rate of the matrices in vitro. The structure of PCL 

Fig. 3. Differential scanning spectroscopy of irradiated and nonirradiated electrospun scaffolds, produced
from Nylon 6 (a), PCL (b) and PLGA (c) 

Fig. 4. Introduction of the stiffeners into the small 
diameter vascular graft. Bottom (A) and side (B) 
views of the duralumin templates used for the 
production of the electron beam irradiated 
regions in the vascular grafts. (C) Irradiated 
(light) and not irradiated (dark) areas of the 
graft, obtained after its incubation with the 
solution of the fluorescein labeled BSA 
(fluorescent image obtained using the SteReo 
Discovery V12)
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and nylon matrices was not significantly changed 
after incubation in PBS at 37 °C for 7 weeks (data 
not shown). However, PLGA matrices were shown 
to degrade faster in compared to non-irradiated scaf-
fold (Fig. 5). Thus, EBI could be used for decreas-
ing the degradation rate, not only for PLGA but also 
for other similar polymers. 

Cell viability test 
To evaluate the cell viability, HUVEC cells 

were cultivated on the surface of tissue culture plas-
tic as a control and on the surface of irradiated ma-
trices of PCL and PCL with 10% of gelatin in fiber. 
The cell viability was measured by cell viability 
reagent Alamar Blue (Life Technology production). 
It was noticed that the cells that were grown on the 
surface of the irradiated and nonirradiated matrices 
had no significance (Fig. 6). 

CONCLUSIONS 

Using electrospinning nonwoven scaffolds from 
Nylon 6, PCL and PLGA were fabricated. It was 
shown that EBI of the matrices produced from PCL by 
a dose of 100 kGy increases the proportional limit of 
the material and allowed us to introduce a durable re-

gion into the vascular grafts by irradiating the graft 
through the template with open areas. In contrast, EBI 
decreases the stability of PLGA scaffolds and could be 
used for increasing the degradation rate of polyester 
scaffolds. Electron beam irradiation was not shown to 
interfere with biocompatibility of scaffolds and could 
be used for scaffold sterilization. 
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Алёна Олеговна СТЕПАНОВА1,2,, Михаил Васильевич КОРОБЕЙНИКОВ3,  
Александр Сергеевич ЮНОШЕВ4, Павел Петрович ЛАКТИОНОВ1,2 
1 Новосибирский НИИ патологии кровообращения им. академика Е.Н. Мешалкина Минздрава 
России 
630055, г. Новосибирск, ул. Речкуновская, 15 
2 ФГБУН Институт химической биологии и фундаментальной медицины СО РАН 
630090, г. Новосибирск, пр. Академика Лаврентьева, 8 
3 ФГБУН Институт ядерной физики им. Г.И. Будкера СО РАН 
630090, г. Новосибирск, пр. Академика Лаврентьева, 11 
4 ФГБУН Институт гидродинамики им. М.А. Лаврентьева СО РАН 
630090, г. Новосибирск, пр. Академика Лаврентьева, 15 
 
 
Исследовано влияние облучения пучком электронов на прочность, стабильность и биосовместимость матриц, 
изготовленных методом электроспиннинга, из нейлона 6, поликапролактона (PCL) и сополимера молочной и 
гликолевой кислот (PLGA). Показано, что облучение матриц электронным пучком, генерируемым ускорите-
лем электронов ИЛУ-6 (2,2 МэВ, 400 мА, 10 Гц, ФГБУН Институт ядерной физики СО РАН) потенциально 
может быть использовано для их стерилизации (доза облучения 25 кГр не влияет на механические свойства 
всех исследованных матриц). Облучение матриц, изготовленных из PCL, в дозе 100 кГр увеличивает предел 
упругой деформации материала и позволяет ввести прочные участки в структуру протезов сосудов, облучая 
трансплантаты через шаблон с открытыми участками. Электронно-лучевое облучение матриц не влияет на их 
способность поддерживать адгезию и жизнеспособность первичных эндотелиальных клеток человека на по-
верхности этих матриц, как это было показано с помощью анализа на жизнеспособность Alamar Blue. 
 
 

Ключевые слова: облучение пучком электронов, электроспиннинг, PCL, PLGA, Nylon 6. 
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The genetic data analysis using the hybrid supercomputer has been performed. The architecture of the information 
computation system of search for traits of genes statistically significant overrepresented characteristics from the given 
set has been presented. The capabilities of one-level paralleling are demonstrated, and methods of modernization of 
the developed software are proposed. Modern technologies of paralleling are used. 
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Genetic analysis relates to the branch of genetics 
dealing with mechanisms of genetic determination 
of traits. Here problems of formal genetics associ-
ated with formalization of inheritance models and 
testing of genetic hypotheses on specific empirical 
material occupy an important place. Resampling 
methods are widely used to solve such problems [1, 
3]. These methods were chosen, since they do not 
need any information about the data distribution law 
in the general population, but investigate sample 
data in various combinations, as if considering them 
from different angles. When using resampling met-
hods there is no need to correct the statistical sig-
nificance level for simultaneous testing of many sta-
tistical hypotheses reflecting, in the case of biologi-
cal data analysis, the contribution of many factors to 
the formation of one hereditary trait. In most bio-
logical investigations, resampling methods are more 
correct than analytical methods, but require much 
computer power. 

To apply the above-mentioned methods, the au-
thors developed a parallel computer information 
technology of search for statistically overrepre-
sented traits of genes under various external or in-

ternal conditions implementing the permutation test 
algorithm [6] using graphic processors. However, 
the number of requirements to the earlier created 
technology increases: First of all, the set of genetic 
hypotheses tested simultaneously, as well as the cal-
culation efficiency, increase. There also emerged 
new requirements to the organization of remote ac-
cess to the permutation test program and delivery of 
results to the user, to the creation of a medium for 
exchange of experience, and bibliographical data on 
this subject. This stimulates further development of 
this technology on a hybrid supercomputer, which is 
the goal of this paper.  

ARCHITECTURE OF THE COMPUTER 
INFORMATION SYSTEM 

The general structure of the program is pre-
sented in Fig. 1. The program is implemented at the 
following three major stages: 1) reading of the input 
file and formation of data arrays in a form conven-
ient for further calculations; 2) calculation of the 
sums (or any other quantities, for instance, means, 
variances, etc.) of measured values of a gene for its 
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various properties (for instance, functional anno-
tations, FAs), the cycle with mixing of array ele-
ments and obtaining of quantities necessary for sta-
tistics; 3) calculation of p-values and formation of a 
file with the results.  

At the first stage, there are two text files at the 
input: one file with the parameters of a permutation 
test (the number of iterations and the number of per-
mutations in an iteration), and the other with the 
input data. The input data file must be read into the 
main memory and represented as data structures 
convenient for work. The file format is shown in 
Fig. 2. Here informative data are the identifiers of 
functional annotations and characteristics of a gene. 
Their representation plays an important role in in-
creasing the program speed. For this it is reasonable 
to present the data in the form of two arrays (instead 
of the structure std::map) to store information about 
genes: a two-dimensional array reflecting FA inputs 
into the gene, and a one-dimensional one containing 
measured characteristics of the gene. This approach 
makes it possible to decrease the number of data 
transmitted to the graphic processor memory and 
use the standard library CuBLAS for matrix-vector 
multiplication.  

Due to some peculiarities of calculations on the 
GPU [2, 5], paralleling of a large part of the code is 
not possible. Therefore, only the algorithm for cal-

culating the sums of values of measured characteris-
tics of genes for each of the available FA was im-
plemented on the GPU. This algorithm is in the fol-
lowing: a set of functional annotations is repre-
sented in the form of a two-dimensional array with 
zeroes and unities. The available genes are in the 
rows, and the FAs constituting them, in the col-
umns. Thus, unity will be at the corresponding place 
of a FA included in a gene, and zero otherwise. 
Then matrix-vector multiplication of this transposed 
MxN array (where М is the number of rows, and N 
is the number of columns) by a one-dimensional N 
array containing the values of gene characteristics 
will result in an array with the sums of FAs of all 
genes. 

FURTHER DEVELOPMENT OF THE SYSTEM 

Several hypotheses with the same set of fun-
ctional annotations should be verified. In this case, 
the values of gene characteristics are represented 
not by a vector, but by an MxK matrix (where M is 
the number of genes, and K is the number of hy-
potheses) in which every column is a hypothesis. As 
a result, we have a two-dimensional NxK array, in 
which N is the number of FAs [7]. The following 
changes were made in the existing algorithm to si-
multaneously verify several hypotheses: 

Fig. 1. Program execution structure 
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• Multiple testing of hypotheses by replacing 
matrix-vector multiplication with matrix-mat-
rix multiplication (Fig. 3) was added. The re-
sulting matrix contains a set of arrays with 
the sums of FAs of all genes for the hypothe-
ses in question. 

• Element-by-element permutations of gene 
characteristics were replaced by permutations 
of arrays of gene characteristics. This is ad-
missible, because in the general case all hy-
potheses are independent and independent 
permutations of the values of gene character-
istics are not needed. 

Fig. 4 shows how introducing multiple testing of 
hypotheses affects the total time of the program exe-
cution. The program execution time without multi-
ple testing of hypotheses using matrix-vector multi-
plication is shown by a thin line. It can be inter-

preted as successive program start a certain number 
of times. The time spent for simultaneous testing of 
a certain number of hypotheses using matrix-matrix 
multiplication is denoted by a heavy line. Thus, for 
one experiment an advantage of matrix-vector mul-
tiplication is evident. This is due to the fact that the 
function for matrix-vector multiplication is some-
what simpler than that for matrix-matrix multiplica-
tion. The larger is the number of hypotheses being 
tested, the greater is the advantage (as can be ex-
pected). 

The next step in the program development was 
to develop architecture of the computer information 
system (CIS) for organization of remote access to 
the permutation test program. The CIS includes a 

Fig. 2. Representation of a gene in the input file

Fig. 3. Representation of matrix-matrix multiplication

Fig. 4. Comparison of the execution times of single and 
multiple testing of hypotheses (M*M – matrix-
matrix multiplication, M*V – matrix-vector mul-
tiplication)
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medium for exchange of experience and biblio-
graphical data on the subject, organization of effi-
cient remote calculations, and delivery of the results 
to the user. The system must be well protected 
against unauthorized access and based on modern 
technologies. It can be represented as a set of the 
following components: 

• Web server; 
• Internet portal; 
• Database.  
The web server is responsible for the CIS opera-

tion logic, that is, for acquisition and processing of 
users’ personal data and compilation of a configura-
tion file to start the permutation test program on the 
GPU.  

The Internet portal allows the users to work with 
the permutation test in the self-service mode. For 
this, the site has a system of authorization and regis-
tration of users. 

The framework Django for the programming 
language Python was taken for the web server. It 
was chosen because of its modular character, cross-
platform type, and free distribution. Django uses the 
object approach to work with the database, which 
greatly simplifies the process of data storage and 
processing.  

The use of the Python makes it possible to ma-
ximally simplify user data processing, in particular, 
the configuration file formation to perform the per-
mutation test. 

To store data it was decided to use the database 
SQLite3 built in the Python. Since SQLite is not an 
individually operating process but only a library, 
calls of functions (API) are used as the exchange 
protocol, which decreases the burden and response 
time, and simplifies the program. SQLite stores the 
entire database in one file, which simplifies opera-

tion with transactions. During the execution of a 
transaction the database file is simply blocked. The 
structure of the developed database is shown in 
Fig. 5. 

At registration of a new user, a name directory 
to store the configuration and job files is created on 
the server.  

To increase the efficiency of CIS operation, the 
server has a function of choosing a method for the 
permutation test execution. If the number of itera-
tions in the configuration file exceeds 100000, the 
problem must be sent to the hybrid supercomputer; 
otherwise it is executed by the server itself. 

Providing wide access to the computational re-
sources brings up the question of organizing safety. 
The simplest preventive measure of protection is 
hiding the reference to the problem execution for 
unauthorized users. 

To protect the internet portal forms, protection 
against сross site request forgery (CSRF) built in 
Django is used. For this, a unique hash key is cre-
ated on the server when a form is initialized, and a 
new hash key is created when data from the form 
are sent, which is then sent to the server for verifica-
tion. If the keys coincide, the form was not changed 
and the data can be processed; otherwise the server 
issues an error message. 

To increase the efficiency, the program algo-
rithm of the system must be optimized. This can be 
achieved in different ways. 

Primary processing of input data is performed in 
several stages: 1) reading of the file with initial 
data; 2) isolation of groups: FA set, gene identifier, 
gene characteristic; 3) formation of a matrix with 
FA inputs into the gene and a matrix with measured 
gene characteristics. Stages 2 and 3 can be paral-
leled on the CPU. Since genes are independent, the 

Fig. 5. Database structure
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isolation of groups and formation of matrices with FA 
inputs in the gene and measured characteristics of the 
gene can be done independently for each gene.  

Iterations of the permutation test are also inde-
pendent of each other. Therefore, they can be per-
formed simultaneously on several GPUs, which will 
provide a multiple increase in the efficiency of the 
system being described (Fig. 6). 

CONCLUSIONS 

Some results of further development of the 
computer information technology of a permutation 
test for genetic data analysis on a hybrid supercom-
puter are presented, including the function of multi-
ple testing of genetic hypotheses using matrix-mat-
rix multiplication on graphic processors and increas-
ing the calculation speed. The methods of analysis 
and representation of the input data file in the main 
computer memory have been improved. The re-
quirements to the software for its introduction into 
the information system are described.  

An information system including a webserver 
forming a basis for the internet portal operation and 
a database have been developed and created. Within 
the framework of the internet portal, mechanisms of 
registration and authorization of the users have been 
implemented. A forum to communicate within the 
internet portal and support feedback between the 
users and developers has been created. Access to the 
permutation test program by means of the created 
information system has been provided. 

This work was supported by the grant RFBR  
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В статье представлена архитектура информационно-вычислительной системы для поиска признаков статисти-
чески значимых перепредставленных характеристик генов из заданного множества. Показаны возможности 
одноуровнего распараллеливания и предложены пути модернизации разработанного программного обеспече-
ния. Использованы современные технологии распараллеливания. 
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Problems of the investigations in the sphere of electromagnetic fields impact on biological objects in the TEM-cell 
have been considered. Researches on biological objects exposed to electromagnetic fields (cell cultures, plants, 
worms, insects, animals) have been systematized. Features of devices for climatic (temperature, humidity, CO2 and 
nutrients) and electromagnetic exposure needed for research of specific biological objects have been described. The 
need for temperature control and video monitoring during the research on biological objects exposed to electromag-
netic fields has been justified. The results presented may be useful for development of research methods for investiga-
tion of the electromagnetic fields impact on specific biological objects, as well as for the development of technical 
requirements in order to provide devices useful for such studies. 
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Nowadays, people are exposed to various tech-
nogenic factors, one of which is the electromagnetic 
radiation (EMR). As a result of technological de-
velopment in the recent decades, the prevalence of 
this factor increases. It has been found that the EMR 
impacts molecular genetics, biochemical, and phy-
siological processes in living organisms, so it is im-
possible to overestimate the importance of this fac-
tor for human [4, 6, 20, 27].  

Electromagnetic fields (EMF) are still widely 
used in medicine. For example, magnetic resonance 
imaging (MRI) is one of the safest methods of diag-
nostics. Pulsed magnetic fields are used to treat frac-
tures, as they increase the rate of accretion of bone 
tissue [25]. However, there is an opinion that EMF 
has negative effects, for example, it increases the 
risk of neoplasia. At the same time, there are no de-
finitive results showing the carcinogenic nature of 
EMR. The experimental evidence being not suffi-
cient, the radiofrequency (RF) EMF has been classi-
fied as «possibly carcinogenic to humans» [2]. 

Trends in the development of modern electronic 
devices (increase of the signal frequency spectrum; 
growth of computational performance and etc.) 
cause the increase in the intensity of the human ex-

posure to the EMF. People use devices with wire-
less communication systems (mobile communica-
tion, Bluetooth, Wi-Fi, 3G) in everyday life, thus, 
their impact on the body should be studied care-
fully. 

The abovementioned highlights the need for a 
thorough study of the mechanisms of the biological 
effects of EMF [26], and, therefore, it is necessary 
to develop methods and devices for the study of 
EMF impact on the living tissue [11]. 

Purpose of this article is to highlight important 
topics in the area of electromagnetic fields impact 
on biological objects (BO), identify main issues of 
research and their possible solutions. 

EXPOSURE DEVICE 

A transversal electromagnetic mode (TEM) cell 
is one of the most common devices for research on 
the effect of EMF. This device was originally de-
veloped for the research and testing in the area of 
electromagnetic compatibility (EMC) [3]. The TEM-
cell consists of the central conductor and three vo-
lumetric parts of rectangular cross-section, two of 
which have a linear expansion of the cross sections 
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in the shape of a pyramidal horn, and the third part 
is shaped as a cube with a regular cross section 
along the cell, in which the object of the study is 
placed (Fig. 1). EMF excited by the high-frequency 
generator inside the TEM-cell affects the equipment 
under test (EUT). 

Nowadays, the construction of the TEM-cell is 
being improved, which allows the researchers to 
conduct a wider range of tests on interference im-
munity and interference emission of various radio-
electronic devices, and also to conduct the research 
in biophysics and biomedicine. 

BIOLOGICAL OBJECTS  
AND RESEARCH FACTORS 

As various BO are exposed to EMF during the 
experiments, the establishment of specific condi-
tions typical for a particular object is required. Spe-
cial design solutions are also required in order to 
place a BO inside the TEM-cell and ensure its cor-
rect positioning and fixation. 

Cell cultures 
To investigate the EMF impact on living tissues, 

the human cells were used (promyelocytes [27], fi-
broblasts [5, 26], leucocytes [18], amnion epithelial 
cells [15, 16, 29]) and animal cells as well (rat myo-
cytes, guinea-pig myocytes [19], neuronal cells 
[22]). 

Cells can be cultured as monolayers [19, 26], 
using the artificial substrate in a Petri dish, or they 
can be grown in suspension [26]. In paper [26] the 
uniformity of electromagnetic energy absorption 
was provided for the area of the monolayer less than 
50 cm2 and the volume of the suspension less than 
10 ml. The cell monolayer was divided into several 
Petri dishes, which were placed in the TEM-cell, 
and the suspension was also divided into several 
dishes. To investigate these objects, a special sys-
tem of holders has been developed in order to place 
the Petri dishes inside the TEM-cell (Fig. 2). 

Linz et al. [19] used round acrylic chamber (in-
ner diameter 10 mm, height 6 mm) for experiments 
on the effects of radio frequency fields (RF) on the 
membrane potential; action potential and on the 
work of the L-type calcium channels of ventricular 
myocytes in suspension (total volume of 200 ml). It 
was found that the RF fields do not affect the resting 
potential and the action potential of the cell mem-
branes. However, the authors note that other types 
of Ca2+ channels, such as N-type, which can be 
found in neurons only, might be susceptible to RF 
fields. 

Research is conducted to identify the level of 
DNA damage caused by the EMF exposure. Thus, 

in paper [5] the human fibroblasts and rat granulosa 
cells were used as biological material, they were 
placed in the Petri dish with a diameter of 35 mm. 
Six Petri dishes were exposed to the EMF at the 
same time. The experimental results showed that RF 
EMF exposure causes single- and double-strand 
DNA breaks. The researchers emphasize that DNA 
damage can’t be caused by thermal effects. 

Several researches are conducted to investigate 
the impact of EMR on the protein structure. For ex-
ample, [30] during the analysis of the impact of 
pulsed electric field and temperature on the struc-
ture of chicken egg lysozyme, Zhao and Yang have 
found changes in the conformation of the active site 
of the protein, inhibiting the binding of substrate to 
the protein and destabilizing the protein structure.  

Plants 
Much attention is given to research on the 

impact of EMF on plants, as they are an essential 
element of the Earth's ecosystem. For example, 
plant Lemna minor is the object of study in [20]. 
Plants of experimental and control groups were 
grown in the laboratory in a growth chamber and 
then were moved into the TEM-cell for the ex-
periment, afterwards they were returned to the star-
ting position. Such movements are stressful for the 
plants and affect the reliability of the results of the 
experiment, so it is necessary to exclude the mo-
vement of the objects during the experiments. Du-

 
Fig. 1. Standard construction of the ТЕМ-cell

Fig. 2. Petri dish holders for cell monolayer and cell 
suspension [26]
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ring the investigation, the negative impact of elect-
romagnetic fields on growth of the Lemna minor 
was revealed (reduction in the number of leaves in 
the second week of the experiment comparing to the 
control plants). 

Worms 
In the paper [4] devoted to the impact of con-

tinuous microwave fields on the nematode Caenor-
habditis elegans, De Pomerai et al. have found that 
the heat shock proteins are generated, and the 
nematodes are growing in the accelerating rates. 

To track a possible temperature rise associa- 
ted with microwave radiation, the small volumes 
(0.2 ml) of concentrated suspension with nutrient 
medium and worms (in ratio of 1 to 2) were exposed 
to the radiation. In order to check the results of the 
experiment, identical, but shielded, control samples 
were placed nearby the experimental ones. 

Animals 
Researches on the impact of EMF on the whole 

body are carried out using laboratory animals, and 
this represents new challenges to developers. The 
animal is placed in the TEM-cell, so the field will 
be greatly distorted due to inhomogeneity. In paper 
[21] it has been shown that theoretical modeling can 
be used to determine the field distortion in the 
TEM-cell caused by the presence of structures with 
losses. It has also been shown that the distribution 
of field and the power absorbed in the structure de-
pends on the size and the position of an object in a 
TEM-cell. Images obtained from magnetic reso-
nance or computed tomography can be used as a 
realistic three-dimensional model of an animal. 

For example, experiments on animals have been 
implemented in the paper of Gatta et al. [7], who 
investigated the impact of EMF on the proliferation 
of mouse spleen lymphocytes. During the exposure 
the mice were placed into the individual transparent 
boxes with holes for air circulation. To increase the 
uniformity of the field exposure, the mice inside the 
cell were rotated clockwise all the time. The control 
group of mice was also placed in the TEM-cell (un-
der similar conditions), but not exposed to the elec-
tromagnetic field. The results of this study did not 
show statistically significant differences in the rate 
of lymphocyte proliferation neither in the experi-
mental, nor in the control groups exposed to the 
EMF of various power. 

In paper [1] the system which can place up to 12 
adult mice has been demonstrated, the length of the 
TEM-cell in this case is 120 cm. The mice were pla-
ced into the in groups of two. To ensure the proper 
location in the cell, the adult mice were placed in-
side the cylindrical devices fitted with small holes 

for evaporation, which were made of materials that 
do not affect the parameters of exposure, newborn 
mice were wrapped in the gauze and were placed in 
the polystyrene blocks. 

Insects 
Panagopoulos et al. [23] investigated the impact 

of the EMR in the near field antenna of a cell phone 
on the fertility of the Drosoplila melanogaster. In-
sects were placed in a glass flask in groups of 10. 
Investigations have been carried out by theopen 
method (using the unshielded construction), which 
provided a controlled impact on the object. In the 
future, in order to achieve accurate dosimetry, sys-
tems of shielded exposure should be used. The 
modulated RF radiation reduces reproductive ability 
of insects to 50–60 %, while not modulated RF ra-
diation reduces it to 15–20 % only. 

PROLONGED STUDIES 

According to [15], the scale of the biological 
impact of EMF exposure depends on the exposure 
time, and the maximum effect is achieved by pro-
longed exposure. During the researches devoted to 
the identification of the biological effects of pro-
longed exposure of BO to EMF, it is necessary to 
maintain optimal environmental conditions in the 
TEM-cell.  

Maintenance of the conditions needed for the 
BO includes some basic aspects: 

• Breathing. Particular level of oxygen determi-
nes vital functions of BO, so it is important to 
ensure unhindered access of oxygen to the BO. 

• Nutrients. During the prolonged studies, BO 
need appropriate nutrients that provide their 
normal functioning. At the same time, nutri-
ents should be delivered to the object periodi-
cally, without removing the object from the 
exposure. 

• Temperature. Temperature level comfortable 
for a BO will eliminate additional stress, 
which can affect the results. 

For example, in the studies concerning fertility 
of insects, it is necessary to take into account factors 
that affect the oviposition (temperature, humidity, 
the amount of nutrients and population size). Stud-
ies [23] created the following conditions: tempera-
ture 25 °С, 12 hours of light and darkness, humidity 
of 70 %, nutrient medium was placed on the bottom 
of the flask. 

During the studies of the impact of EMF on the 
body's cells, the climatic conditions should be main-
tained in an incubator: temperature of 37°C and cer-
tain atmospheric conditions (95 % air / 5 % CO2) [5, 
9, 17, 18, 27, 29]. In the papers of Diem et al. [5] 
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and Merla et al. [22] the required level of humidity 
of 95 % was maintained. In paper [4], for worms the 
temperature 24–25 °С was maintained. 

In the paper of Ardoino et al. [1] in order to 
supply air to the animals, the removable grid-wall 
was built into one side of the outer conductor of the 
TEM-cell. 

The exposure system developed by Komnatnov 
and Gazizov [10] provided a tube through which 
nutrients are delivered directly to the object under 
exposure. 

TEMPERATURE CONTROL 

Previously, it was thought that the EMF has 
only thermal impact, but some studies have shown 
that there are non-thermal effects of the EMF expo-
sure [27, 29]. Therefore, during the experiments on 
the EMF impact on living objects, special attention 
must be paid to temperature control. 

• This will evaluate the role of temperature in 
the possible biological effects associated with 
EMF exposure [1, 14-16, 18]. 

• Maintenance of the physiological temperature 
level will eliminate the thermal effect, so it 
will provide a thorough examination of non-
thermal effects.  

Temperature measurements 
In the study [4] the temperature of the suspen-

sion was measured after the EMF exposure: plates 
with samples were sequentially extracted from the 
incubator, the temperature was measured immedi-
ately (8 measurements per minute). Such measuring 
caused a decrease in the temperature of the subse-
quent samples comparing to the first ones. 

During the experiment in the study [1] the tem-
perature sensor was placed under the belly of the 
mouse for temperature control. 

In [9] Kohler et al. used a temperature-sensitive 
fluorescent markers (rhodamin) for temperature 
control, which do not disturb cellular functions and 
can be used for visualization of the cellular and sub-
cellular structures for a long period of time (up to 
several hours). Fluorescent lighting of the cells was 
performed using the light diode, which was con-
nected to the microscope with the 1 mm quartz fi-
ber. Besides, they used the fiber optic temperature 
probe for monitoring and evaluating changes in 
temperature inside the Petri dish, the probe was 
placed vertically in the cell suspension through the 
holes in the upper wall of the TEM-cell and the 
Petri dish lid [18] The other experiments also used 
the temperature probe, it was introduced into the 
device through a hole (diameter from 5 mm to 10 
mm) in the structure of the TEM-cell [19, 22]. 

In the experiments of Ticaud et al. [28] and Jar-
rige et al. [8] the temperature in the Petri dish was 
measured by means of the electrooptical sensor. In 
the study [8] the sensor can simultaneously measure 
the temperature and a component of the electric 
field in a continuous wave mode or in a pulsed 
mode. 

Cooling and heating in exposing system 
Paper [26] presents the cooling mechanism, 

based on the rapid exchange of air by fans, when the 
air flows through the air intake, located in the wall 
of the incubator. 

In the study [1] adult mice were placed in the 
environment at a temperature of 20 °C, while new-
born mice require a temperature of about 30 °C. The 
system of required temperature used in this paper 
consists of two outer metal jackets which are con-
nected with the upper and lower cell plates. Jackets 
were filled with circulating water and connected 
with a thermo cryostat. This system allows cooling 
and heating of the internal environment of the cell 
in accordance with the requirements of the experi-
ment. 

VISUAL CONTROL 

Nowadays, constructions of TEM-cells are di-
vided into two groups: providing the blind exposure 
or real time monitoring. In the blind exposure sys-
tems, the changes in the test object are measured 
after the EMF exposure, so it is quite difficult to 
track the changes in the BO. Visual control systems 
in real time allow to determine changes in the object 
exposed to the analyzed factors, avoiding extraction 
of the object [20, 27] and, therefore, providing con-
tinuous exposure, monitoring and evaluation of ex-
posure.  

Example of visual control was presented in the 
paper of Komnatnov [10]. Presented module of vis-
ual control provides the opportunity to observe real-
time changes that occur in the object of research and 
to carry out recordings of the received data in the 
video format. A disadvantage of this module is that 
it does not have the possibility of multiple image 
magnification needed for experiments at the cellular 
level. Work in this direction is being continued. 

Paper [19] also represents the exposure system 
with the visual control. The bottom of the experi-
mental chamber (bottom consisted of a cover glass) in 
the device is located under the hole in the bottom of 
the plate. It allows monitoring of cells using an in-
verted microscope. The holes were covered with cop-
per mesh to prevent irregularities in the device field. 

In the study [9] Petri dishes containing a culture 
medium were placed on the microscope stage of an 
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inverted microscope. A small hole was made in the 
center of the bottom panel of the TEM-cell to ob-
serve the samples via a microscope with a long lens.  

JOINT IMPACT OF THE CLIMATIC  
AND ELECTROMAGNETIC FACTORS 

In a real life human exists in a heterogeneous 
environment, undergoing various factors, which 
together form complex interactions. It determines 
the necessity for a comprehensive study of exposure 
combinations of different factors (temperature, hu-
midity, EMF) [14, 18, 24, 30]. 

As discussed in Section IV, it is necessary to 
maintain certain atmospheric conditions for normal 
physiological activity of BO. A large number of 
studies were carried out at 37°C, humidity 95%, it 
provides a purity effects of EMF exposure. The 
combined effects of various factors and their simul-
taneous impact remains unknown. 

Nowadays, a device for the EMC tests («Envi-
ronmental shielded TEM chamber») is being devel-
oped. This camera allows carrying out joint tests on 
climatic and electromagnetic immunity and emissions 
of small radio electronic devices [12, 13]. Due to the 
combination of climatic and electromagnetic factors, 
its application to biomedical research is actual [11]. 

CONCLUSION 

The impact of electromagnetic radiation on bio-
logical objects is still ambiguous. Various studies 
have shown contradictory results. It is probably ex-
plained by the experimental methods. Various BO 
require specific experimental conditions, which 
should be considered at the stage of planning, de-
sign of the exposing device, dosimetry calculations 
and methods for assessing the effect of EMF. The 
use of shielded systems provides controlled impact 
on the object, it improves the accuracy and repro-
ducibility of the results. Video monitoring in real 
time with multiple zoom is also needed, it allows 
evaluation of prolonged exposure of the micro-
scopic biological objects to EMF. The need for con-
tinuous research emphasizes the importance of 
maintaining the proper life conditions for BO during 
the experiment. Thus, there is a necessity to develop 
new exposure systems and standardized methods for 
experiments devoted to the EMF impact on living 
objects.  
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АКТУАЛЬНЫЕ ВОПРОСЫ ИССЛЕДОВАНИЙ ВЛИЯНИЯ 
ЭЛЕКТРОМАГНИТНЫХ ПОЛЕЙ НА БИОЛОГИЧЕСКИЕ ОБЪЕКТЫ 

Анна Владимировна БУСЫГИНА, Максим Евгеньевич КОМНАТНОВ,  
Ольга Альбертовна МАТВЕЕНКО  

ФГБОУ ВПО Томский государственный университет систем управления и радиоэлектроники 
634050, г. Томск, пр. Ленина, 40  
 
 
Рассмотрены актуальные вопросы исследований влияния электромагнитных полей на биологические объекты 
в ТЕМ-ячейке. Проведена систематизация исследований биологических объектов (клеточные культуры, рас-
тения, черви, насекомые, животные), подвергающихся воздействию электромагнитных полей. Описаны осо-
бенности устройств для климатических (температура, влажность, СО2 и питательные вещества) и электромаг-
нитных воздействий, необходимых для исследования конкретных биологических объектов. Обоснована необ-
ходимость температурного контроля и видеонаблюдения во время исследований биологических объектов под 
воздействием электромагнитных полей. Представленные результаты могут быть полезны при создании мето-
дик исследований по воздействию электромагнитных полей на конкретные биологические объекты, а также 
разработки технических требований к созданию устройств для подобных исследований. 
 
 

Ключевые слова: биологические объекты, электромагнитные поля, TEM-ячейка. 
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The original technology of electrode production with track membrane materials for electrical neu-
rostimulation has been described. It has been shown that the technology allows one to produce conducting 
structures with gas- and water-permeability in places of unfilled pores by metal. The created electrodes also 
have antiseptic properties.  
 
 

Keywords: track membranes, electrical stimulation electrode, electrical neurostimulation, antiseptic. 

Nowadays, multielectrode systems are applied 
in promising devices for transcutaneous electrical 
neurostimulation. These systems can be installed in 
the neck region [4] and on the language [7]. The 
electrodes in these systems must ensure the relia- 
bility and convenience of their fixation on the pa-
tient skin during the whole period of the treatment 
process.  

It is necessary that the base material for the elec-
trode have the following properties: it must be bio-
logically neutral; it must be able to conduct air; it 
should be durable and resistant to sterilization tech-
niques used in healthcare; it must provide an elec-
trochemical resistance to current flow and have me-
chanical stability. Electrodes may be wetted with a 
conductive gel to ensure long-term therapy. The 
cost of the electrodes required for electrical neu-
rostimulation should be reduced as the tightening of 

the requirements for the sanitary hygiene leads to 
the transition to the disposable electrode system. 

Thus, the next task occurs: a mass production of 
multi-electrode system with narrow-width electri-
cally conductive bands with a width from 0.1 to 
0.5 mm and a length up to several tens of mm, 
which provide resistance not greater than 100 Ohm 
and stability of electrical parameters. The topologi-
cal structure of such system may be quite difficult. 
The requirements to geometrical stability depend on 
geometry of neural paths and may be expressed by 
deviation from bits of mm. 

PROBLEM AND METHODS ANALYSIS  
FOR ITS SOLUTION 

Obtaining of conductive structures for different 
applications on materials, fastened on human body 
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or on dress, is considered as a goal of many strategies 
like «smart textile». Processes of cloth metallizing 
and a field of their applicability are offered in a num-
ber of papers [8]. Actually, it is impossible to form 
electrodes on this base and with presented above 
characteristics because of high surface resistance. 
The complexity of electrode production, based on 
woven or not-woven materials via spraying, is caused 
by shading of fiber pieces. This fact is noted in [2], 
however, with the proposed technology it is not pos-
sible to get contact points with prescribed geometry. 
That has been examined as a part of current work. 
Titanium coating was applied by magnetron spraying 
on different cotton and synthetic clothes, not-woven 
materials included. The obtained coatings have had a 
resistance about 10 kOhm. One more possibility is 
the technology based on carbon nanotubes [3, 8], but 
this technology is not available for us. 

RESULTS AND DISCUSSION 

It seems that it is necessary to find a material for 
the electrodes formation that would be porous, has a 
smooth surface, has small coefficient of elongation. 
Such properties are combined in track membranes. 
[6]. In experiment the PETF membrane with a 
thickness of 20 µm, a pore diameter of 1 µm and a 
density about 107 pores per cm2 were used. This 
membrane characteristics were chosen from consid-
eration of balance between the porosity of 10 % and 
a mechanical robustness. As a basic material, two 
types of conductive layers were investigated: tita-
nium nitride and copper. Titanium was deposited by 
magnetron (or arc) sputtering in the uncooled 
drums. The thickness of spaying varied from 0.05 to 
1 µm. The total direct-current resistance of samples, 
with sizes of 120 × 30 mm and 50 × 50 mm, was 
monitored. Values of resistance were in a range 
from 101 to 102 Ohm. The surface resistance was 
measured by four-point method on the booth and by 
averaging of value over the sample surface. Four 
modes of spraying were investigated. In Table we 
present data of minimal and maximal resistances for 
different spraying modes. 

Presented in Table characteristics are satisfac-
tory for the area of the electrode, but are insufficient 
for lead wires. In addition, it is complex to provide 
transition from the contacts of sputtered titanium to 
conductive lines, that are associated with the source 
of the current pulse field of the electrical neu-
rostimulator, in the mask technology of the elec-
trode formation. On the one hand, the usage of ma-
terials with high conductivity (such as noble metals) 
is precluded by economic considerations. On the 
other hand, the formation of conductors with copper 
is unacceptable for hygienic reasons. Therefore, 
two-layer base material is proposed that has the 
conductive layer of deposited copper, with a coating 
of titanium, which provides biocompatibility. 

The methodology of copper plating on a porous 
track membrane consists of several stages: prepara-
tion, sensitization, activation, metallizing. At prepa-
ration stage, the coated material strip degreased in 
acetone and washed with twice-distilled water in an 
ultrasonic bath. Sensitization of surface was carried 
out in an acid solution of tin chloride SnCl2. Material 
withstood a few minutes in the solution. After that, 
material was washed with warm water for the accel-
eration of the hydrolysis of the adsorbed salt. Activa-
tion of non-conductive surfaces was carried out in 
solution of palladium chloride PdCl2. This was fol-
lowed by the stage of metal application. In this case, 
a tartaric solution of electroless copper was used, 
which is composed of copper sulfate, sodium potas-
sium tartrate, potassium hydroxide. The electrolyte 
solution is made of recrystallized salt CuSO4⋅5H2O 
then tartrate KNaC4H4O6⋅4H2O and KOH were input-
ted. Formaldehyde solution was used as the reducing 
agent. During the reduction, bubbles of hydrogen is 
extracting, therefore, solution was being intermixed 
quietly to reach a coating uniformity. After precipita-
tion of the coating, samples were washed off by wa-
ter and were dried off in a chamber drier for one hour 
under temperature of 55 °C.  

Standard adhesion test (the «scotch tape»-test) 
has showed that the coating is durable. The meas-
urement of electric resistance has given values 
lower than 10–2 Ohm between randomly chosen 
points on the sample. Resistance values are of the 
same order between two sides of the sample. To 
understand a mechanism of adhesion and closure 
between layers, a microscopy of the sample via the 
electron microscope Hitachi TM 3000 has been car-
ried out. In Fig. 1 front image of electrodes contact 
surfaces is shown. One can note that pores are not 
closed. The copper layer does not have cracks and 
spaces, thus, the attainment of steady electrical con-
tact is ensured. 

In Fig. 2 image of a side surface for sliced up 
sample by cutting edge is presented. Fig. 2 explains 

Table
Resistance of samples for different spraying modes 

Resistance, Ohm Spraying mode 
min max 

1 170.384 191.219 
2 73.617 86.581 
3 53.245 61.116 
4 12.501 13.427 
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a nature of adhesion. It is caused by the molecular 
force of coupling. On the other hand, it can be seen 
that individual pores are filled with metal. Their 
quantity is not too big; therefore, they cannot be a 
reason of adhesion. They are links between layers. As 
two metal-filled pores out of dozen can be clearly 
noticeable on the presented image, than among 107 
pores per 1 cm2 there will be significant number of 
filled pores to ensure an electrical contact.  

The proposed process can be favorably distin-
guished from tries of develop a multi-stage technol-
ogy [1, 5], where a glue-free mounting of metallic 
layer by means of a forming of «anchors» is used. 
«Anchors» are obtained by filling of intersectional 
channels of tracks. 

Track membrane material remain gas- and wa-
ter-permeable if in the process of precipitation, a 
metal does not fill pores. The material with such 
properties may be interesting not only for produc-
tion of the electrical neurostimulation electrodes, 
but also for production of elastic cables, as the crack 
on the one side of path does not lead to contact 
breaking. Copper samples have given a resistance in 
a range of 10–2–10–3 Ohm. These values are suffi-
cient for the stated applications. 

It is proposed to use a process of laser engraving 
the material to form the electrode geometry. Prior to 
the engraving it is advised to glue material to the 
fabric substrate. This provides mechanical strength. 

Also, it seems appropriate to impregnated the 
fabric which is attached to the electrode with the 
silver nanoparticles. 

Silver nanoparticles have sustained bacteriostatic 
effect on more than 650 kinds of bacteria and viruses, 
while maintaining the DNA structure integrity. As it is 
known, the nanometer-sized particles have several 
unique properties. They carry a positive charge, and 
their electrical and physicochemical properties are de-
termined by the size of the nanocluster. Therefore, na-
noparticles positioning on the electrode surface is pos-
sible by electrophoresis. Reaching the electrode, the 
particles coalesce and lose their charge, resulting in a 
colloidal solution coagulates on the surface of the ma-
terial. The unit and the process of electrophoresis im-
pregnation was also trialed on test material – carbo-
xylic tissue. This choice has been made for reasons of 
control of the deposition process by electron micros-
copy. The image of carboxylic tissue with impreg-
nated silver nanoparticles is presented of Fig. 3. 

CONCLUSION 

Presented in the paper results describe features 
and peculiarities of the electrical neurostimulation 
electrodes production technology. The track mem-
brane material application allows one to produce 

Fig. 1. Microphotography of front view from the side of 
contact surface of electrodes 

 
 

Fig. 2. Microphotography of cross-sectional view of the 
slited sample 

 
 

Fig. 3. Modified carbon fiber with an Ag nanoclusters
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industrial technologies of manufacturing conducting 
structures for different spheres of application. 
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Описывается оригинальная технология изготовления электродов для нейроэлектростимуляции с применением 
материалов на основе трековых мембран. Показано, что технология позволяет создавать проводящие структу-
ры и обеспечивать газо- и водопроницаемость в местах, в которых металл не закрывает поры, а также иметь 
антисептические свойства. 
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The study of the sound systems of the minority languages of the peoples of Siberia and the adjacent regions is based 
on the supposition that the articulatory-acoustic database being an attribute of ethnicity is a potential historical and 
linguistic source in the reconstruction of ethno-genetic processes. Instrumental methods have been used by the No-
vosibirsk phoneticians in the study of sound systems since the late 1960s. Since 2009, researchers from the three insti-
tutes of the Siberian branch of the Russian Academy of Sciences both of a philological and medical profile have been 
conducting a comprehensive interdisciplinary study of articulatory-acoustic bases of indigenous Siberian populations, 
using magnetic-resonance imaging, digital radiography and laryngography. An electronic database including somatic 
material on 46 idioms (languages, dialects and sub-dialects) has been created. The results of the study made adjust-
ments to the traditional view of scientists about the Genesis of the autochthonous minority ethnic groups and their lan-
guages. 
 
 

Keywords: languages of Siberian peoples, phonology, instrumental-phonetic methods, magnetic-resonance 
imaging, digital radiography, laryngography. 

Phonology as a science considering speech 
sounds from the point of view of their distinctive 
functions originated in Russia. Its founder is a Rus-
sian scientist of a Polish origin I.A. Baudouin de 
Courtenay (1845–1929). He developed a theory of 
phonemes [1] and was the first to apply mathemati-
cal models to linguistics and to lay foundations to a 
new direction in linguistics – the experimental pho-
netics. 

Instrumental methods in the study of the sound 
systems of the world languages have been used in 
linguistics since the mid-nineteenth century. But the 
active use of hardware methods in phonetic re-

searches have begun in the 1950s, when it became 
clear that it was necessary to utilize objective data 
eliminating a subjectivity factor inherent to an audi-
tory phonetics. The researchers perceive a new lan-
guage through the prism of phonetic and phonologi-
cal systems of their native language and other lan-
guages known to them, because even the most so-
phisticated ear hears what it is used to hear. For this 
reason, the descriptions of sound systems of unstud-
ied languages of Siberia, made in the XIX–XX cen-
turies on the auditory level, has been influenced by 
both the traditions of Indoeuropean and Russian 
studies. Further development of phonetics was im-
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possible without the use of objective methods ensur-
ing the adequacy of a recorded and interpreted lin-
guistic material. 

In Novosibirsk experimental phonetic study of 
the languages of the peoples of Siberia, the Russian 
North and Far East has started in the late 1960s un-
der the leadership of V.M. Nadelyaev, who estab-
lished the laboratory of experimental-phonetic re-
searches at the former Institute of History, Philology 
and Philosophy, Siberian Branch of the USSR 
Academy of Sciences (since 1990 – the Institute of 
Philology, Siberian Branch of the Russian Academy 
of Sciences). 

Frontal experimental phonetic study of the lan-
guages of Siberia and the adjacent regions is carried 
out for the first time both in Russia and abroad. In 
line with the common theoretical concepts and 
methodological framework established by the foun-
der of LEPR, various aspects of the sound systems 
of about 50 languages, dialects and subdialects – 
Turkic, Mongolian, Tungus-Manchu, Samoyedic, 
Ob-Ugric, Yenisei and Paleoasiatic have been and 
are being examined. The results have been publis-
hed in fifty books and more than 700 articles in va-
rious scientific journals and collections. 

MATERIALS AND METHODS 

A complex procedure used by the Siberian pho-
neticians includes both the linguistic methods of pho-
nological analysis, and hardware methods of static 
radiography, dental-palatography, labiography, lin-
guography, spectrography, pneumo-oscillography, 
as well as computer programs for sound files creat-
ing and processing. 

At the beginning of XXI century, with the de-
velopment of innovative technologies, the instru-
mental studies of the sound systems are conducted 
in the majority of the leading world laboratories by 
using the latest techniques of magnetic-resonance 
imaging (MRI), digital radiography (DRG), laryn-
gography (DLG), electromiography, etc. The Eng-
lish language is examined in the USA in Haskins 
Laboratories at the Yale University, Connecticut, at 
the Universities of Brown, Southern California, 
French in Grenoble, Japanese in Tokyo, the Korean 
language in Seoul. In Russia such studies are carried 
out on the material of the Russian language in the 
center of the magnetic-resonance imaging and spec-
trography of the Moscow State University. 

In Siberia, to foster the research of the endan-
gered minority languages at the current level was 
made possible thanks to the financial support of the 
Presidium of SB RAS within the fundamental inter-
disciplinary studies. Since 2009, researchers from 
the three institutions of SB RAS – the Institute of 

Philology, the International Tomography Center 
(ITC) and the Institute of Chemical Biology and 
Fundamental Medicine have carried out a compre-
hensive multidisciplinary investigation of articula-
tory settings peculiar to the speakers of the endan-
gered Siberian languages. 

An innovative paradigm for the study of speech 
sounds has been developed. Scientists of ITC and 
ACBFM have done the necessary work for medical 
programs adaptation of MRI, DRG and DLG in 
agreement with the goals and objectives of an ex-
perimental phonetic research–data acquisition, pro-
cessing, analysis and interpretation. 

Tomographic studies were conducted in ITC on 
high field MRI Philips Achieva Nova Dual 1.5 T 
tomograph (Philips medical systems; Eindhoven, 
Netherlands). Graphical post-processing, archiving 
and morphometry of MRI was performed on a wor-
kstation Philips ViewForum RS.1 (Dell). T2-wei-
ghed images (T2W TSE SENSE) in three projec-
tions with parameters: FOV – 250 mm, FOV reduc-
tion – 90 %, Reconstruction 256 × 256, Scan% – 80, 
Slice thickness 6 mm, Flip angle = 90, TR/TE = 
= 1000/80.0 were obtained. 

Digital radiography was performed in the Center 
of New Medical Technologies of ACBFM on a low-
dose digital X-ray installation «Siberia-N» (pro-
duced by the Institute of Nuclear Physics SB RAS). 
Shooting of the vocal apparatus of each of the 
speakers was carried out in a lateral projection in 
the sitting position at the moment of pronouncing 
certain phonetic stimulus in accordance with a pre-
designed program of the experiment. The range of 
study is from VI cervical vertebra to the upper edge 
of the orbit. 

When performing direct digital laryngoscopy, 
two devices with the smallest diameter of fiberoptic 
and superior imaging capacity: Pentax Broncho-
scope FB-18V (Japan) and the Bronchofiberscope 
OLYMPUS BF-S (Japan) were used for visual con-
trol of the experiment and subsequent documenta-
tion of the received data, a video device EVIS EX-
ERA II Video System Center Olympus CV-180 is 
used with parallel recording to a video file utilizing 
AVER Media software. The communication chan-
nel of the bronchoscope is connected to the com-
puter. During the research IT specialist performs the 
digital recording of the process of articulation and 
provides parallel broadcast of a live video from the 
bronchoscope on the monitor screen. 

For the first time in Russian and foreign linguis-
tics an electronic database was formed including an 
experimental phonetic somatic material of a unique 
scientific value, collected in 46 languages and dia-
lects of autochthonous minority ethnic groups. High-
resolution MRI scans, digital X-ray images and la-
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ryngograms showing articulatory settings of vocal 
and consonant components of speech were received 
from 110 informants. 

RESULTS AND DISCUSSION 

The study of the sound systems of the minority 
languages of the peoples of Siberia and adjacent 
regions, performed by the phoneticians of Siberia is 
based on a supposition proposed by V.M. Nade-
lyaev in 1980s that the articulatory-acoustic base 
(AAB) as an attribute of ethnicity is a potential his-
torical and linguistic source in the reconstruction of 
ethno-genetic processes. AAB theory is especially 
valuable in the study of the history of the peoples of 
Siberia, who did not leave written documents. AAB 
as a system of pronunciation skills and related with 
them acoustic effects is formed at an early stage of 
an ethnic group genesis and passes from generation 
to generation saving its essential features provided 
the ethnic groups preserve their compact place of 
living in the process of population transformations. 

The results of the complex experimental pho-
netic data analysis, providing a high level visualiza-
tion of vocal and consonant articulatory processes in 
the Turkic, Mongolian, Tungus-Manchu and Finno-
Ugric languages, allowed the scientists to make cor-
rections in the traditional notions of the phonetic 
areals of Siberia, about the Genesis of ethnic groups 
and their languages, about their intersections. 

The Turkic languages 
The presence on the territory of Siberia of 

Turkic languages, vocal (Fig. 1–3) and consonant 
systems of which is structured by the parameters of 
the larynx movement, regularities of a developed 
pharyngeal sinharmonism revealed in the Tuvan 
language and the obligatory pharyngealization of 
the Russian borrowings by the Tuvinians – all these 
factors prove the necessity of revising the existing 
in Turkology point of view that pharyngealization is 
a disappearing phenomenon, a relict and witness the 

importance of pharyngo-laryngeal part of a vocal 
tract for specifying Siberian peoples’ AABs and 
phonological systems of their languages. 

The articulatory specificity of the pharyngeal-
ized vocal settings is a strong tension of the speech 
apparatus, the tongue root movement to the back 
wall of the pharynx and, as a consequence, reduc-
tion of a laryngeal-pharyngeal part of the resonator 
(Fig. 1b), a tight approximation of the vocal cords 
(Fig. 2b) in comparison with non-pharyngealized 
vowels (Fig. 1a, 2a). On the waveform, pharyn-
gealization is marked by dramatic falling – smooth 
falling ~ discontinuous – dramatic rising of the pitch 
(Fig. 3b) in contrast to the smooth rising pitch when 
articulating non-pharyngealized vowels (Fig. 3a). 

Fig. 3. Waveforms and pitch movements in the Tuvan vowel sounds: a) non-pharyngealized /i:/ in the word-form 
diis ‘a cat’; b) pharyngealized /i:/ in the word-form di’s ‘onomatopoeia’

Fig. 1. X-ray images of the Tuvan vowel sounds: a) non-
phayingealized /i:/ in the word-form shii
‘the perfomance’; b) pharyngealized /i’/ in the 
word-form irt ‘the castrated sheep’ 

 

Fig. 2. Laryngograms of the Tuvan vowel sounds: 
a) non-pharyngealized /i:/ in the word-form shii
‘the perfomance’; b) pharyngealized /i’/ in the 
word-form irt ‘the castrated sheep’ 
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In Tuvan, consonant phonemes oppose as strong/ 
week/super-week. The peculiarity of the Tuvan pho-
netics is that not only vowels but consonants as well 
are pharyngealized in the pharyngealized word-
forms. Glottalization of vowels is a phonemic fea-
ture, glottalization of consonants is an allophonic 
one. Choice of the consonant representant in a mono-
thematic word-forms depends – in full correspon-
dence with Tuvan pharyngeal synharmony – on the 
quality of a vowel in the first syllable of a stem [2, 6].  

Thus, the results of instrumental researches wit-
ness the presence of certain correlations between the 
degree of tenseness and pharyngealization as an ad-
ditional work of throat walls with the acoustic effect 
of low resonance when pronouncing pharyngealized 
consonants. Noteworthy that functional status of 
pharyngealized consonants in the Southern-Siberian 
Turkic languages, i.e. pharyngealization of conso-
nants, is a systematizing distinctive feature in Shor 
and Baraba-Tartars’ and allophonic one in Tuvan 
[10, 13].  

The Mongolian languages 
Though having a relative proximity, dating back 

to the period of an original unity in the Circum-
Baikal region, the principles of a structural-taxono-
mical organization of the consonant systems of the 
Mongolian languages are typologically different. If 
in the Khalkha Mongolian (Fig. 4) and Kalmyk lan-
guages the consonantism is structured by a triple 
opposition of tension, revealing the similarity with 
the South Siberian Turkic languages (Tuvan, Tofa) 
of the Sayan-Baikal ethnoareal, than a Hori Buryat 
system with binary opposition of weak and super-
weak consonant phonemes is close to the Altai-
Sayan Turkic (Altai, Khakas) and Ural languages 
for which strong tensed articulation is unacceptable. 

A triple opposition of the units by the mode of 
occlusion is linguistically significant for the Buryat 
consonantism–phonemes are opposed as stops, 
fricatives and vibrants. The affricates are absent in 
the Buryat language, this fact making it stand out 

among other Mongolian languages, in which com-
plex occlusive consonants are the productive ele-
ments of the system. 

According to the MRI and DRG data in the 
phonetic system of Khalkha Mongols, the palatali-
zation (both phonologically moderate and allo-
phonically weak) is accompanied by the forward 
advancement of the tongue body (more forward at a 
moderate palatalization). It results in a volumetric 
back mouth-pharyngeal resonator and simultane-
ously the area of the contact (with stops) or conver-
gence (with fricatives) of active and passive organs 
of speech increases. This proves the specificity of 
the Khalkhas AAB in comparison with the lan-
guages of Siberia and adjacent regions, where pala-
talization is achieved primarily by the additional 
rise of the front-middle part of the tongue dorsum to 
the hard palate. 

Such significant differences in genetically re-
lated languages are caused by different historical 
development of the ethnic groups, their interactions 
and mutual influences that resulted in the specifics 
of the articulatory-acoustic bases of the native 
speakers of the modern Mongolian languages.  

The Tungus-Manchu languages 
A comprehensive analysis of instrumental data 

on the Tungus-Manchu phonetics on the example of 
the Evenk language showed that the specifics of the 
Evenk language AAB is determined by more for-
ward localization of the articulatory settings of con-
sonants than in the majority of the surveyed lan-
guages of Siberia. The labial, forelingual and fore-
lingual-mediolingual articulations (14 units) prevail, 
the class of guttural phonemes is represented only 
by 4 phonemes while no classical uvular realiza-
tions have been fixed in the system. The total pala-
talization of consonant settings when the tongue 
body moves up-forward thus increasing the volume 
of the back-oral-pharyngeal part of the resonator 
and causing the acoustic effect of softness, as well 
as the absence of velarized, uvularized and nazal-

Fig. 4. MRI image (a, c) and scheme (b, d) of the Khalkha Mongolian strong sound /t/ in the word-form hat ‘a 
hardening of a steel’ (a, b) and week sound /d/ in the word-form had ‘a rock’ (c, d) 
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ized articulations, which seem to be rather produc-
tive in the languages of Siberia, also indicate that 
the movement of the sound producing organs for-
ward is the predominant characteristic of the articu-
lation base of the Evenks (Fig. 5).  

For AAB of Selemdzhi Evenks strong tension is 
unusual: the phoneme manifestations of both noisy 
and less-noisy consonants are defined as moderately 
tensed (except labial consonants). Thus, the Evenk 
language is typologically similar to the Ugro-Samo-
yedic languages, the Buryat language – one of the 
languages of the Mongolian family and the Turkic 
languages of the Altai-Baikal region, which had 
been formed as a result of turkization of the Ugro-
Samoyedic population with unacceptable for them 
strong articulation. It is this feature that typologi-
cally contrasts to the consonant systems of such 
languages of the Ural-Altaic community as Khalkha 
Mongolian, Kalmyk, South Siberian Turkic lan-
guages of the Sayan-Baikal region (Tuvan, Tofa, 
Shor, Baraba Tatar). 

A specific feature of the Evenk consonantism in 
its Selemdzhi variant is that stop consonants (11 
units) prevail over the fricative ones (4 units) and it 
makes the Selemdzhi dialect similar to Yakut – one 
of the contact Turkic languages. 

The presence in the system of the pharyngeal 
sound h approximates the Evenk consonantism with 
Buryat, which includes a similar component but 
having a phonological status. The Mongolists inter-
pret the consonant h as one of the elements of the 
Evenk phonetic substrate in the Buryat language, 
which has resulted from the long interaction be-
tween the Evenk and Mongolian ethnic groups on 
the Circum-Baikal territory.  

The Ob-Ugric languages  
The obtained instrumental data show a high 

productivity of the laryngeal-pharyngeal part of the 
vocal apparatus in Khanty – it is fixed not only on 
auditive-visual level, but also on the MR-images, 
radiograms and laryngograms. 

There is a high frequency localization of the 
forelingual obstacle of the consonants on the hard 
palate, and not on the teeth and alveolas as in the 
Siberian Turkic and Mongolian languages. This fea-
ture is most clearly realized in the Surgut dialect. 
These characteristics of the settings indicate that in 
the Khanty language forelingual consonant articula-
tions move backward. 

Forelingual articulations in the Khanty language 
are usually apical or cacuminal (Fig. 6) but not dor-

Fig. 5. MRI image (a, c) and scheme (b, d) of the Evenk moderately palatalized sound /p/ in the word-form chepi ‘to 
drown’ (a, b) and weakly palatalized sound /t/ in the word-form amut ‘the lake’ (c, d) 

Fig. 6. MRI image (a, c) and scheme (b, d) of the Khanty sound /∫/ in the word-form hash ‘the willow’ (a, b) and 
sound /k/ in the word-form sak ‘the beads’ (c, d) 
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sal, as in the majority of the Siberian Turkic and 
Mongolian languages; dorsality is not, in fact, fixed. 

At the same time, the guttural consonants – in 
preposition to front-raw and back-raw vowels signifi-
cantly move forward, being realized in mediolingual 
manifestations. In the Kazym dialect, the uvula set-
tings are revealed neither by X-ray no by MRI. 

Experimentally recorded shifts of the Khanty ar-
ticulations to the center of the oral cavity – the fore-
lingual consonants move backward and guttural set-
tings, on the contrary, move forward, being realized 
in mediolingual variants, – are similar to the previ-
ously identified processes in some vocal systems of 
the South Siberian Turkic languages, for which an 
Ugro-Samoyedic substrate is assumed [3, 11]. 

Further studies using both linguistic and objec-
tive experimental-phonetic methods will allow us to 
determine the specificity of AAB of the ethnic 
groups of Khanty, the role of laryngeal-pharyngeal 
part of the resonator in the formation of the vocal 
and consonant articulations, the functions of ejec-
tive and injective settings in phonic and phonologi-
cal systems. The reasons for the differences should 
be sought in the historical past of the native speak-
ers of the investigated dialects. 

CONCLUSION AND FUTURE WORK 

One of the most urgent and priority tasks of 
modern phonetics is the problem of separation, 
analysis and identification of speech segments to 
construct the correlation matrix, in which the vari-
ables are articulatory and acoustic parameters of 
speech sounds. Linguists developed a universal uni-
fied classification model of speech sounds in lan-
guages of the world, based on the data of the ana-
tomical and physiological features of the vocal ap-
paratus and which take into account both known to 
science articulatory sound settings and unexplored 
but theoretically possible articulations in languages 
[7–9, 12, 14]. 

Physicists have managed to work in detail an 
acoustic theory of speech formation [4, 5]. The 
question of the correlation of the articulatory phases 
with the corresponding acoustic effects, the problem 
of the correlation algorithms remain open. The 
complexity of the problem is in poly-variance of the 
acoustic signals corresponding to the same articula-
tory structure. Further improvement of the method-
ology of integrated synchronous-commit segmenta-
tion of sound chains followed by a parallel study of 
the acoustic and anatomy-physiological components 
of speech can serve as a basis for constructing a cor-
relation model. 

The results obtained are of interest for linguists, 
teachers and physicians (linguodidactics, speech 

therapy, neurological practice) and may be used in 
the automatic recognition and synthesis of speech, 
the development of computer speech databases, 
conversion text-to-speech. Innovative paradigm for 
the study of speech sounds will find application in 
studies of languages of other typologies, as well as 
in the solution of the problems of a hardware medi-
cine. 
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Исследования звуковых систем миноритарных языков народов Сибири и сопредельных регионов базируются 
на положении о том, что артикуляционно-акустическая база как атрибут этноса является потенциальным ис-
торико-лингвистическим источником при реконструкции этногенетических процессов. Инструментальные 
методы используются новосибирскими фонетистами при изучении звуковых систем с конца 60-х гг. ХХ в.  
С 2009 г. ученые трех институтов Сибирского отделения Российской академии наук филологического и меди-
цинского профиля проводят комплексное междисциплинарное исследование артикуляционно-акустических 
баз коренных популяций Сибири методами магнитно-резонансного томографирования, дигитального рентге-
нографирования и ларингографирования. Сформирована электронная база данных, включающая соматический 
материал по 46 идиомам (языкам, диалектам и говорам). По результатам исследования внесены коррективы  
в традиционные представления учёных о генезисе автохтонных миноритарных этносов и их языков. 
 
 

Ключевые слова: языки народов Сибири, фонология, методы инструментальной фонетики, магнитно-
резонансная томография, цифровая рентгенография, ларингография. 
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Preclinical tests of the novel multiplex immunoassay for the detection of TORCH infections in human serum using 
flow cytometry are presented. The immunoassay is intended for the qualitative detection of specific human IgG class 
antibodies to Toxoplasma gondii, rubella virus, cytomegalovirus and herpes simplex virus in human serum. Multiplex 
analysis is performed in vitro on polystyrene microspheres encoded with organic dye. The diagnostic sensitivity of the 
kit is evaluated to be not less than 95%. 
 
 

Keywords: bead-based multiplex immunoassay, immunofluorescence, TORCH complex, immunodiagnostics. 

TORСH infections are a group of congenitally 
transmitted infections that cause significant morbid-
ity and mortality in newborns if untreated [1]. 
TORCH stands for: Т – toxoplasmosis, О – other 
infections, R – rubella, С – cytomegalovirus, H – 
herpes simplex virus.  

The multiplex kits are based on suspensions of 
encoded microbeads which are spectrally encoded. 
Molecular probes (antigens) are attached to their 
surface [1–4]. Each bead represents a finite element 
of the biochip, so it can be detected by a unique 
spectral code and characterized by a unique molecu-
lar probe attached to its surface. As a result, it be-
comes possible to carry out sensitive registration of 
an identifiable chemical compound. The assay is 
carried out on fully automated high-performance 
devices that use the principles of a flow cytometry 
[2–5]. The multiplex analysis if compared with 

ELISA requires several times less runtime for 
analysis; besides, reagent consumption and staff 
employment time are reduced significantly. Flow 
cytometry is based on the registration of optical ra-
diation that is scattered on a single particle. This 
method requires a relatively simple optical system 
for the registration of the scattered radiation in con-
trast to the optical systems for the registration of 
diffusively scattered radiation in time domain [5].  

In the present work preclinical tests of a novel 
multiplex immunoassay for the detection of TORCH 
infections in human serum using flow cytometry are 
presented. The kit is based on organic dye-labeled 
polystyrene beads and is intended to use in clinics 
for the in vitro detection of blood serum immu-
noglobulin G (IgG) to Toxoplasma gondii, rubella 
virus, cytomegalovirus (CMV) and herpes simplex 
virus (HSV). 
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MATERIALS AND METODS 

The assay is based on the the following princi-
ples.  

(i) An investigated sample (diluted serum at the 
volume of 20 µl) is mixed with 20 µl of polystyrene 
beads suspension (QuantumPlex™ 5.5 µm COOH 
Kit, Bangs Labs, USA). Initial polystyrene beads 
were at a concentration of ~1 × 108 beads/mL and 
were encoded by different concentrations of IR or-
ganic dye (emission wavelength is 685 nm). The 
initial beads were chemically bound to antigens of 
pathogens employing DEPC-Carbodiimide (EDAC) 
linker and standard binding protocol provided by 
the beads’ supplier. If the serum had IgG that are 
specific to the antigens of T. gondii, rubella virus, 
HSV or CMV, in a sample the binding reaction of 
on the microspheres surface immobilized antigen 
and specific antibody was occurred. There was not 
detected any cross reaction among the antigens in 
the developed multiplex immunoassay.  

(ii) The microspheres suspension is washed at 
the second step. Then, a conjugate is added to the 

suspension. The conjugate is specific to human IgG 
antibodies that labeled by phycoerythrin (PE). Thus, 
the antigen/IgG-specific antibody/conjugate – comp-
lex is formed on the beads’ surface. 

The control microspheres are present in the mix-
ture, which are intended to control the reaction sta-
tus of the conjugate. These spheres are loaded with 
human monoclonal IgG. If control microspheres are 
mixed with conjugate, then the IgG/conjugate com-
plex is formed on the surface. An absence of the 
fluorescence from the control microspheres indi-
cates a failure in the test, so the investigated sample 
should be tested again. Thus, all stages of the reac-
tion can be easily controlled. 

The presence of the TORCH infections in the 
serum sample is indicated by the PE emission peak 
(575 nm) in a spectrum of fluorescent light emitted 
from the beads.  

RESULTS AND DISCUSSION 

The assay of the microspheres was carried out us-
ing a flow cytometer BD FACS Canto II. A fluores-

Fig. Multiplex assay of negative (–) and positive (+) serum samples for HSV (b+, c+, d+),
T. gondii (b –, c –, d+), rubella virus (b–, c–, d+) and CMV (b–, c+, d+). The clouds
correspond to the following beads populations: 1 – control (K+), 2 – HSV, 3 – rubella virus,
4 – cytomegalovirus, 5 – T. gondii. Results prior to incubation with the serum sample (a)
and after the incubation (b, c, d) 
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cence excitation is carried out with the argon laser 
(power 15 mW, wavelength 488 nm). The filter FL-3 
(Per-CP-H) was used for detection of microspheres. 
Fluorescence was recorded for PE and PerCP/PE-Cy5 
fluorescence channels by second (FL2) and third 
(FL3) photomultiplier tube, respectively.  

HSV, rubella virus, CMV and T. gondii antigen 
was covalently attached to the microspheres N 2, 3, 
4 and 5, respectively. Human monoclonal IgG was 
covalently attached to the microspheres N 1. All 
individual sera previously examined on the presence 
of antibodies to respective antigens using corre-
sponding ELISA kits. As Figure shows, a negative 
serum cloud of data is located in the first decade of 
the abscissa (for T. gondii, rubella virus (b, c) and 
CMV (b)). For the analysis of positive samples dis-
placement of clouds in the higher values of the fluo-
rescence channel FL2 PE occurs (for HSV (b, c, d), 
T. gondii, rubella virus (d) and CMV(c, d)). Each 
serum was analyzed three times and the reproduci-
ble results for each infection were obtained. 

There were investigated 94 different human se-
rum samples totally. Each serum was tested using a 
multiplex kit and controlled by corresponding IgG 
ELISA kit. The results obtained with multiplex kit 
were in agreement with ELISA for 89 samples and 
varied for 5 serum samples. Thus, the diagnostic 
sensitivity of the kit is evaluated to be not less 
than 95 %. The results of preclinical tests for re-
agents kit satisfy the requirements for this class of 
test systems. It was found that a diagnostic sensitiv-
ity of the developed reagent kit is close to the sensi-
tivity of commercial products.  
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В работе представлены результаты доклинических испытаний нового мультиплексного набора реагентов для 
выявления инфекций группы TORCH при помощи метода проточной цитофлуориметрии. Набор предназначен 
для количественного выявления в сыворотке крови человека иммуноглобулинов класса G, специфичных к 
антигенам Toxoplasma gondii, Rubella virus, Cytomegalovirus и Herpes simplex virus. Мультиплексный анализ 
выполняется in vitro на полистирольных микросферах, меченных органическим красителем. Установлено, что 
диагностическая чувствительность разработанного набора реагентов составляет не менее 95 %.  
 
 

Ключевые слова: мультиплексный иммуноанализ, микросфера, иммунофлуоресцентный анализ, TORCH 
комплекс, иммунодиагностика 
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The technique of parameter personalization of 1D hemodynamic model is discussed and validated against physiologi-
cal data of 1546 examined patients. Different parameter combinations were used, with the quality of prediction of the 
systolic and diastolic pressures used as the principle validation criterion. It is shown that with an appropriate personal-
ization the model can provide adequate predictions (correlations near 0.9), where the decisive role is played by the 
total peripheral resistance parameter. Meanwhile parameters of the largest arteries do not play a significant role in the 
prediction. 
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This work is concerned with the problem of per-
sonalization and validation of a one-dimensional 
model of the human cardiovascular system includ-
ing the arterial tree. This kind of models is widely 
known and used in many studies [6, 10, 16, 21, 22]. 
One-dimensional models are signficiantly simpler 
than three-dimensional models, which usually de-
scribe three-dimensional flow with Navier-Stokes 

equations in domains with moving boundaries (e.g. 
[1]). However, they are more complicated than 
models with lumped parameters (e.g. [15]) and are 
able to describe particular features of blood flow in 
separate vessels. Such models are best applicable 
for global description of arterial systems in order to 
study propagation of pulse wave or emulating blood 
loss or zero gravity. The model which we use in the 
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current work was developed by us earlier in the 
BioUML platform [9]. 

Model personalization implies calculation of 
model parameters according to experimental data 
for a given patient. Wherein it is necessary to vali-
date personalized model against real data and esti-
mate quality of personalization procedure. Most of 
the studies considering cardiovascular system per-
sonalization use models with lumped parameters. 
Moreover, they usually are restricted to theoretical 
description of personalization procedure [15] or 
validate it against small groups (less than 10 sub-
jects) [20] including animals [7]. The work by Kay-
vanpour et al. [8] should be separately noted as it 
describes personalization of a three-dimensional 
heart model including electrophysiological, biologi-
cal and biomechanical blocks conducted on a group 
of 46 individuals.  

To our best knowledge, there are very few 
works on personalization of one-dimensional arte-
rial tree models and there is no published validation 
on significant amount of experimental data. In [14] 
a smaller model with 24 arteries is validated on data 
measured using MRT on a single individual. The 
measured parameters include thickness and length 
of the most of 24 vessels and input blood flow. In 
[18] a 1d model with coronary vessels is compared 
to data collected from a small group of volunteers 
(6–8 depending on type of data) without personal-
ization. In [17] personalization is conducted but the 
results are validated on a single subject. 

In this work we use results of a clinical study 
[12] comprising more than 1500 subjects. We re-
stricted ourselves to predicting of systolic (maxi-
mal) and diastolic (minimal) pressures. 

ARTERIAL TREE MODEL 

A detailed mathematical description can be 
found in [4]. The Equations for the model consisting 
of one artery are as follows  

1
2

0

0,
z

z z z r

A Q
Q QAQ p K
A A

∂ + ∂ =⎧
⎪ ⎛ ⎞⎨∂ + α∂ + ∂ + =⎜ ⎟⎪ ρ⎝ ⎠⎩

 

where A(t, z) – cross-sectional area, Q(t, z) – blood 
flow through this area, p(t, z) – blood pressure in the 
artery, α – Coriolis coefficient, ρ – constant blood 
density, Kr = 8πν – friction coefficient, ν – constant 
blood viscosity. For closing of system (1) we use 
the equation of state based on the Hooke’s law 

 0 0 0( , , ) ( ) / ,p A A A A Aβ = β −  (1) 

where A0 – cross-sectional area of artery in relaxed 
state (external pressure is equal to internal), 

0h Eβ = π  – elasticity parameter of the artery, E – 
Young modulus, h0 – constant artery wall thickness. 

Arteries in the model are organized into binary 
tree. The model comprising n arteries is described 
by PDE system  

 ( ) ( ),t i i z i iU B U U S U∂ + ∂ =  (2) 

where Ui = (Ai, Qi)T. Further in the text when it is 
clear from the context that we speak about a single 
artery, index i will be omitted. 

Boundary conditions 
Interface conditions at bifurcation points of the 

arterial tree as well as conditions at the entrance of 
aorta and ends of terminal arteries (which do not 
further bifurcate) are formulated as boundary condi-
tions for system (2). 

For the aorta entrance it is natural to define in-
put flow Q. Generally speaking, this condition may 
include aortal and ventricular blood pressures but in 
the current work we use the explicit form Q = 
= f (t, SV, HR), where t – time, SV – stroke volume, 
HR – heart rate, f – certain function. At the ends of 
terminal vessels we use the filtration condition 

 Q = Kf (p – pv), (3) 

where Kf – filtration coefficient, Q – output flow, 
p – pressure, pv – pressure in the venous system. 

Model parameters 
Mathematical modeling of the arterial tree im-

plies numerical solving of initial value boundary 
problem for hyperbolic system. Model personaliza-
tion is done by setting individual vessel parameters 
A0, h0 and E, and boundary conditions according to 
the experimental data for a given individual. To set 
the boundary condition one should define function f, 
values of parameters SV, HR, filtration coefficient 
Kf and pressure pv. 

The data on vessel parameters initially collected 
by professor A. Noordergraaf [13] have been used 
for a number of arterial tree models and been modi-
fied and adjusted several times. In the work [22] 
they were extended by data for additional vessels 
and it was shown that Young modulus is likely to 
rise along the length of the arterial tree. In [19] it is 
suggested that the cross-sectional area decreases 
linearly along each single artery. In [21] cross-se-
ctional areas are adjusted so that reflection coeffi-
cients in bifurcation points are minimized. In [10] 
elastic properties of arteries are also changed. This 
data is used in the current work and can be found in 
the supplement materials. 
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EXPERIMENTAL DATA 

As the source of experimental data we use the 
database [12] including data on common and re-
gional hemodynamics and elasticity of the large ar-
teries of the lower and upper limbs. The Database 
contains records about 1546 persons examined in a 
general therapeutic hospital – females and males of 
different ages, 59 of which are healthy and 1487 
have different chronic diseases. Observations were 
obtained using oscillovasmetry and venous occlu-
sion plethysmography [11]. 

In total the database contains 127 parameters, 
including individual and environmental – 17; phy-
siological – 73; clinical – 37. The physiological 
block contains data on 4 specific arteries in the left 
and right arms and lower parts of the left and right 
shins. Particularly the provided data corresponds to 
brachial arteries in the arms and «generalized» ves-
sels resembling three arteries in the shins [11]. 

The observations were recorded by the same ob-
server at Scientific Research Institute of Physiology 
of SB RAMS (currently – Scientific Research Insti-
tute of Physiology and Basic Medicine) in the time 
period from 1993 to 2004. The majority of the ex-
amined patients were patients of Clinics of the Insti-
tute of Clinical & Experimental Medicine (Novosi-
birsk). All parameters from the database that were 
used in the current study are listed in Table 1. 

PARAMETERS PERSONALIZATION 

The first step in model personalization is creat-
ing correspondence between experimental data and 
model parameters. Particularly for each patient, the 

personalized model should define properties of the 
arteries and boundary conditions. 

Parameters of limb vessels 
In this paragraph we will deal with one artery, 

so we will omit the artery index. In order to set the 
modeled vessel properties let’s use the equation of 
state (2). For each model artery we need to define 
elastic parameter β and cross- sectional area while 
artery is relaxed A0. 

Equations for elastic resistance Kin and charac-
teristic impedance ZW are taken from [11]. Writing 
the equation of state separately for systole and dias-
tole we obtain algebraic system with 4 equations 
and 3 variables (AS, A0, β) 

0 0

0 0

, ,

1, ,
2

S D
S D

S D
in W

S D SS

A A A A
P P

c A c A

c P PK Z
l A A AA

⎧ − −β β
= =⎪

⎪
⎨

− ρβ⎪ = =⎪ −⎩

 (4) 

where VS – volume of the artery in systole (maxi-
mal), VD – volume of the artery in diastole (mini-
mal), l – artery length, ρ – blood density, coefficient 
c ≈ 133.32 serves to translate units from mm hg to 
dyn/cm2. From the experimental data we know val-
ues of AD, PS, PD, Kin, ZW. Variables to be found are 
AS, A0, β System (4) is overdetermined. All its equa-
tions are only approximations and the known pa-
rameters also contain errors. Therefore magnitude 
of discrepancy for this system may be considered as 
measure for compatibility between the database and 
equation of state used in our model. Let’s use the 
first three equations to calculate unknown variables 

Table 1
Parameters from the database used in this study (in total – 31 parameters) 

Notation Description Units 
Individualization parameters 

Age Age years 
HR Heart rate beats/min 
H Height cm 
W Weight kg 

Physiological parameters (for each of 4 limbs) 

PD Blood diastolic pressure mmHg 
PS Blood systolic pressure mmHg 
PP Pulse pressure mmHg 
rD Arterial effective diastolic radius cm 
Kin Arterial elastic resistance dyn/cm5 
ZW Characteristic impedance (dyn × s)/cm5 

Classification is given according to [12]
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and then compare simulated characteristic imped-
ance with given by the fourth equation. Explicit 
equations for A0, β can be derived from (4): 

 
2

0 0, .D S S D S D

S D S D

P A P A P PA cA
P P A A

⎛ ⎞− −
= β =⎜ ⎟⎜ ⎟− −⎝ ⎠

 (5) 

These values should be necessarily set to arter-
ies in order to obtain real correspondence between 
pressures and elastic resistance Kin from the data-
base. 

Characteristic impedance can then be calculated 
from the last equation of (4) and compared to this 
from the database. It appeared that value Ratio

WZ = 
= Sim /W WZ Z divides all subjects from the database 
into two clusters which persist for all 4 vessels. 
These clusters are not correlated with physiological 
parameters but are defined by date when observa-
tions were taken (Fig. 1). The mean square error of 
impedance calculation is 0.098 before May 1999 
and 0.02 – after. It is reasonable to expect that the 
overall accuracy of personalization will not exceed 
accuracy of system (4) solution. We have divided 
the database into two subgroups according to date 
when observation were taken. The first group (be-
fore 01.05.1999) will be used as a control set. The 
second group which demonstrates relatively low 
discrepancy for system (4) will be used as the main 
dataset for personalization and validation. 

Tree structure qualification 
Data provided by [10] includes the subclavian 

artery (a. subclavia), which branches into radial 
(a. radialis) and ulnar (a. ulnaris) arteries. This indi-
cates that the brachial artery, which is missing, is 
actually included a. subclavia II which is one of the 
longest vessels in the model (42,2 cm) and its re-
laxed cross-sectional area is 0,51 mm2 which sig-
nificantly exceeds typical value for a. brachialis in 
the database (average for left hand is 0.135 mm2). 
Probably this is due to a relatively complex struc-
ture of the arterial system in the arm, which includes 
two anastomoses that cannot be correctly modeled 
with a binary tree, so this structure is described as 
one vessel, wherein parameters were taken from the 
main branch and are constant through the vessel. 

To make the model and the database compati-
ble, the model was modified as follows. The last 15 
centimeters of a. subclavia II were extracted to form 
a separate artery with an additional branch, which 
models a. profunda brachii and ensures the binary 
structure of the tree. The new arterial tree includes 
59 arteries. Parameters for the new vessels for each 
individual from the database were calculated using 
formulas (5). The elasticity parameter of both added 
arteries was considered equal. The cross-sectional 

area of a. profunda brachii was set to 30 % from this 
of a. brachialis (based on [2]). 

Unlike in the upper limbs, in the lower limbs 
area of measurements covers three arteries with 
close diameter values (a. tibialis posterior, a. tibialis 
anterior, a. peronea) while the database records – 
due to features of measurement techniques – are 
given for the «generalized» vessel whose volume is 
equal to the sum of the three arteries. In the model 
we have only two of these arteries. A. peronea, 
which in reality is a branch of a. tibialis posterior, is 
not included. We will consider the model vessel a. 
tibialis posterior as a «generalized» vessel which re-
sembles real arteries a. tibialis posterior and a. per-
onea. Elasticity parameters are considered to be 
equal for both vessels while cross-sectional areas 
are split in proportion 1 : 2, which agrees with our 
tabular data and data given in [2]. 

Reference patient 
In this study we consider tabular data from the 

literature as representative of «average» parameters. 
Due to the tree extension we need to extend this ta-
ble as well. We will do it by choosing one patient 
from the database and using his parameters to ex-
tend tabular data. The «reference» patient should 
satisfy the following criteria. 

1. His parameters should be close to mean 
values of the population. It is checked using the next 
formula: 

/ ,i i i
i

Dist x x x= −∑  

where ix  – mean value of i-th parameter. The next 
parameters were used: age, height, weight, heart 
rate, diastolic and systolic pressures. 

2. Pressures of the «reference» individual sho-
uld be close to those produced by the model without 
changing vessel parameters personalization. We es-
timate this property by comparison of simulated and 
expected pressures in the left brachial artery  

/ / ,Sim Sim
S S S D D DError P P P P P P= − + −  

 
Fig. 1. Squared error of calculated characteristic im-

pedance
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where PS, PD – real pressure values, Sim ,SP  Sim
DP  – si-

mulated with personalized values of HR, SV and TPR. 
3. It should be symmetric in the sense that it 

minimizes the Asym value of 

0, 0, 0, 0,

0, 0, 0, 0,

1 1 1 1 ,lh ll lh ll

rh rl rh rl

A A
A A

β β
− + − + − + −

β β
 

where lh, rh, ll, rl – indices of the left and right up-
per and lower arteries given in the database. 

Parameters of the the «reference» patient selec-
ted according to these criteria are given in Table 2. 
We assume that vessel parameters of this patient 
agree well with the tabular data obtained from the 
literature. 

Extrapolation to the tree 
In order to personalize parameters of other arter-

ies we will make the next assumptions. For two sub-
jects, the ratio between cross-sectional areas A0 re-
mains close to constant for all the arteries. Particu-
larly if a. brachialis sinistra of one subject is twice 
as thick as this artery of another subject then the 
same can be said about all other arteries of upper 
part of the body. Analogically, a. tibialis posterior 
sinistra serves as reference for the lower part (divi-
sion into two parts was done at the branching point 
between IV and V segments of a. abdominalis, see 
the supplement). Thus if we know the parameters of 
the entire arterial tree of one person and parameters 
of certain arteries of another then we can restore 
parameters for all vessels of a second person. 

We introduce parameters AF,up and AF,down into 
the model, which relate to the upper and lower parts 
of the body. Before simulation starts, all parameters 
of all vessels are multiplied by the corresponding 
factor. For the «reference» patient we set AF,up = 
= AF,down = 1 (i.e. his parameters are default values 
presented in the supplement). For arbitrary patient  

 * *
, , 0, , , 0,/ , /F up o h h F down o l lA A A A A A= =  (6) 

where * means parameters of «reference» patient, 
index h means index of a. brachialis sinistra and l – 
a. tibialis posterior sinistra. 

For elastic parameter β analogical factors are in-
troduced into the model. In the current work we will 
not distinguish between left and right parts of tree, 

i.e. parameters of right part of the tree will be set the 
same as for the left. 

Parameters of boundary conditions 
Natural boundary conditions are blood flow 

from the heart at the aorta entrance and filtration 
through porous medium (capillaries) at the terminal 
arteries ends. 

For further calculations we will assume that the 
systole duration is proportional to the heart cycle 
duration. Function to model blood flow: 

*
*

( ) (1 sin( ( )) / ,
( ) 0.5, ( ) ,

( )( ) 0.5, ( ) ,

1.5, ,

in S

S
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Q t SV x t T
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a
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otherwise

= +

⎧ − <⎪
⎪

−⎪= + <⎨ −⎪
⎪
⎪⎩

 

where SV – stroke volume, TS – systole duration, TC –
 heart cycle duration, *

CT  – «reference» heart cycle 
duration, *

ST  – «reference» systole duration, t – time, 
% – modulo division, s(t) maps intervals [NTC, 
(N + 1)TC] to [0, *],CT  where N = 0, 1, … Assuming 
that the systole duration is proportional to the heart 
cycle duration, the simulated blood volume for one 
heart beat will be equal to SV. The heart cycle dura-
tion is given by formula TC = 60/HR. Parameters 
a ≈ 0.091 and *

ST  ≈ 0,331 are fitted to match the de-
sired blood flow profile [3]. The stroke volume can 
be obtained from the cardiac output and heart rate 

 SV = CO/HR. (7) 

To calculate the cardiac output we use the al-
lometric equations from [5]. One particular equation 
which produces the best results was used (see sup-
plement materials for more details) 

 CO (ml/min) = 2499 H (m)1,16. (8) 

To define the output boundary conditions (3) 
venous pressure Pveins and filtration coefficient Kf 
should be specified. As simulation results show, the 
total resistance of arterial tree comprising 59 largest 
vessels is less than 1 % of the normal value of the 
total peripheral resistance (TPR) which 
is ≈ 1.1 mmHg/(ml/s). Thus, to compensate for the 
lack of resistance we should set Kf = 1/TPR, which 
can be calculated from database values: 

 TPR = 60 (PS/3+2PD/3)/CO. (8) 

RESULTS 

Numerical simulations were conducted using a 
specially written Java program using the BioUML 

Table 2
Parameters of «referenced» subject 

 Value Min Max Median Mean 

Dist 0.37 0.06 1.84 0.64 0.68 
Asym 0.405 0.235 4.17 0,87 1.1 
Error 0.124 0.048 0.486 0.159 0.183 
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API for model construction and numerical calcula-
tions (www.biouml.org). 

Before simulation starts, case deletion was per-
formed, reducing the number of patients from 1546 
to 1207. To avoid outliers affecting the results, we 
censored patients by parameters A0 and β: bottom 
and upper 5 % were excluded from the groups. In 
total, there were 556 patients retained in the training 
group (recorded after 01.05.1999) and 420 in the 
control group (before 01.05.1999). 

For each patient, personal parameters were set 
to the model and a simulation was performed for 12 
seconds of the model time. The last 2 seconds were 
used to calculate the maximum (systolic) and mini-
mum (diastolic) pressures. As experience has 
shown, 12 seconds is enough for the model to reach 
a quasi steady state (see supplement for details). 

We have conducted several simulations using 
different combinations of parameters to personalize. 
If a parameter is not included to the selected combi-
nation, then its default value is used. The total list of 
personalized parameters is presented below. 

Resistance to blood flow from the terminal ves-
sels is set to TPR (8). 

Heart rate HR is taken directly from the data-
base. The default value is 72 beats/min. 

Stroke volume SV is calculated according to (7). 
Default value is 75 ml. 

Parameters A0 and β of a. brachialis sinistra, a. 
brachialis dextra and generalized arteries of lower 
limbs are calculated with formulas (6). There is no 
default values, these parameters are personalized in 
all simulations. 

Parameters A0 and β of all other arteries are ob-
tained multiplying default values by AF,lh and βF,lh 
for upper part of the tree and by AF,ll and βF,ll for 
lower part of the tree. Default values are given in 
the supplement. 

Best simulation results are presented on Fig. 2. 
Scheme of relations between database and model 
are given on Fig. 3. Simulated systolic and diastolic 
pressures were compared to real values utilizing 
Pearson correlation coefficient and mean relative 
error. The results for different personalized parame-
ters combinations for a. brachialis dextra are given 
in Table 3. The first column indicates which pa-
rameters were personalized. Additional results can 
be found in the supplement. 

DISCUSSION 

The mathematical model helps in revealing of 
artifacts in experimental data such as unexpected 

Fig. 2. Ratio between simulated and expected systolic, diastolic and pulse pressures 
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Fig. 3. Model and database relations scheme 

 

Table 3 
Simulation results for left upper limb 

Correlations Mean relative error 
Parameter 

Ps Pd Pp Ps Pd Pp 

TPR A0 β SV HR 0.7841 0.8641 0.011 0.055 0.208 0.372 
A0 β SV HR 0.007 –0.1621 0.046 0.171 0.126 0.342 
TPR SV HR 0.8971 0.9251 –0.070 0.041 0.164 0.283 
TPR HR 0.4841 0.5561 –0.3182 0.169 0.391 0.214 
TPR SV 0.4221 0.5301 –0.075 0.119 0.249 0.283 
TPR A0 β 0.6931 0.7811 0.006 0.158 0.472 0.328 
TPR A0 0.5691 0.8381 –0.1252 0.209 0.385 0.285 
TPR β 0.8061 0.7591 0.0852 0.123 0.486 0.400 
TPR 0.8101 0.8381 –0.4011 0.164 0.425 0.210 

Index 1 denotes P-value< 0.001, index 2 denotes P-value< 0.05. 
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data clustering, which may be hard or nearly impos-
sible to find by analysis of the database alone (Fig. 1). 

The simulation results show that the single pa-
rameter – TPR is able to explain up to 70 % of sys-
tolic (r ≈ 0,838) and diastolic (r ≈ 0,81) pressures 
dispersion while other parameters cannot account 
for more than 10 % of dispersion. The best result is 
obtained when personalization of the heart rate and 
stroke volume is added to TPR r ≈ 0,897 and r ≈ 
≈ 0,925. In comparison to using TPR only it demon-
strates a better accuracy with the mean relative error 
decreasing nearly fourfold. Thus, the structure of 
the arterial tree and parameters distribution are 
unlikely to play a significant role in prediction of 
systolic and diastolic pressures. 

It should be kept in mind that the database con-
tains records of people who (in the majority) had 
suffered from cardiovascular diseases and received 
medicament treatment for certain periods of time. 
Their artery properties and relationships between 
them could have changed as a result. 

It was also shown that the model using only 
TPR can predict pressures for different age groups 
(these results can be found in the supplement). 

Meanwhile none of the used personalization pa-
rameters could explain the variability of pulse pres-
sure. In the simulated data the pulse pressure is 
negatively correlated (r = –0,41) with diastolic pres-
sure while this is not the case in reality (r = 0,13). 
This can be a result of inaccurate equation of state 
(1) with constant parameters A0 and β. It is possible 
to improve the model by making the parameters de-
pendent on the pressure. 

The error rate in modeling is around 10 %, re-
sulting from a combination of the following factors: 
observation record error (e.g. heart rate was meas-
ured for 10 seconds and multiplied by 6), connec-
tion between database and model – equations in sys-
tem (5) are approximations, the «reference» patient 
is modeled with ~10% error itself (see Table 2.) 

It should be noted that model parameters are 
personalized in the natural way without a fitting 
procedure and despite the difference between train-
ing and control groups (see Fig. 1.), the model pre-

dicts pressures for control group only slightly worse 
(Table 4). 

CONCLUSIONS 

We have performed personalization of 1d arte-
rial tree model parameters and consequent valida-
tion of this model on a group of 1207 persons (after 
case deletion from the original 1546). For each sub-
ject his own identified parameters were calculated 
and set to the model and a simulation was per-
formed. The results show good correlations and 
mean error in the predictions of systolic and dia-
stolic pressures and inability of the model (with 
used personalized parameters). 

Although vessels elasticity and relaxed cross-
sectional area do not play a significant role in the 
predictions, they are expected to be important for 
the pulse wave profile and velocity prediction. They 
also can be used for modeling of special states, such 
as vasoconstriction in certain arteries, stress. Along 
with model modifications/improvements, this is 
planned for future work. 

The model described in this paper is available as 
a part of the free open-source platform BioUML at 
www.biouml.org. One can access the model either 
through the standalone version of BioUML or using 
its web-interface. The supplementary materials are 
available at http://wiki.biouml.org/index.php/Patient- 
specific cardiovascular model. 
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В работе обсуждается методика персонализации параметров одномерной модели гемодинамики и ее валида-
ция на основе физиологических данных 1546 пациентов. Использованы различные комбинации параметров, в 
качестве главного критерия валидации выступало качество прогнозирования систолического и диастолическо-
го давления. Показано, что при точной персонализации модель может обеспечить адекватное предсказание 
давления (коэффициенты корреляции около 0,9), при этом решающую роль играет общее периферического 
сопротивление, а параметры крупных артерий не играют значительную роль в прогнозировании. 
 
 

Ключевые слова: сердечно-сосудистая система, одномерная модель артериального дерева, математи-
ческое моделирование, персонализация параметров, валидация, экспериментальные данные. 
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INDEPENDENCE OF AP PROPAGATION VELOCITY  
TO TRANSJUNCTIONAL VOLTAGE DEPENDENCE  
OF GAP JUNCTIONAL COUPLING 
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Gap junctions are protein structures that form transmembrane channels between adjacent cells, thereby allowing the 
direct passage of ions and small molecules. They play an important role in the physiological functioning of the indi-
vidual cells, and also the tissue. Experimental studies have reported a variety of gap junction subtypes, with differ-
ences in their biophysical properties, such as their unitary conductances and sensitivity to transjunctional voltage. Our 
study aims at computationally exploring the effect of these differences towards the spread of action potentials in 
syncytial tissues. Results from our simulations suggest that the propagation velocity of action potentials is independent 
of the transjunctional voltage dependence of the gap junction subtype. The propagation velocity was found to be con-
stant across all subtypes tested, when the maximal conductances were set equal. This was verified using action poten-
tials of widely varying time courses. We attribute this trend to the much slower gating kinetics of gap junctions in 
comparison to the time course of action potentials, and more specifically the short period where a significant 
transjunctional voltage is maintained.  
 
 

Keywords: action potential, propagation velocity, gap junction, transjunctional voltage, syncytium. 

Gap junctions are proteins that provide pathways 
for intercellular communication. They are known to 
play an important role in the development and func-
tioning of individual cells, as well as of the parent 
tissue [8]. Experimental studies have revealed the 
existence of a variety of gap junction subtypes [11]. 
These subtypes differ in their biophysical properties, 
such as their unitary conductances and sensitivity to 
transjunctional voltage, which can potentially influ-
ence the functioning of syncytial tissues. The proper-
ties are determined by connexins, which are proteins 
that form the gap junctions. 

In this study, we have focused on one of the dif-
fering biophysical properties, namely, the transjunc-
tional voltage (Vj) dependence of conductance ex-
hibited by gap junctions. Three connexin subtypes – 
Cx40, Cx43 and Cx45 – forming homomeric-
homotypic gap junctions were explored. These were 
selected as experimental studies have reported their 
occurrence in syncytial tissues such as in cardiac 
and smooth muscle, e.g. the detrusor layer of the 
urinary bladder wall. Also, these subtypes are 
known to exhibit markedly different sensitivities to 
transjunctional voltage, and thus fit the purposes of 
this study. We have developed models for these 

subtypes previously [4]. The spread of action poten-
tials (APs) being vital to the functioning of syncytial 
tissues, the propagation velocity of APs was chosen 
as the test parameter. To ensure that the study fo-
cused solely on the transjunctional voltage depend-
ence of gap junctional coupling, measures were 
taken to negate other differences. As all the three 
subtypes were known to exhibit different unitary 
conductances, the total number of channels for each 
subtype was adjusted such that the overall maximal 
conductance between any two cells, expressed for 
Vj = 0 mV, was equal. To assess the generality of 
our findings, we employed three different AP 
mechanisms, varying widely in their time courses – 
from 5 to 500 ms. 

The combination of connexins forming each gap 
junction subtype renders it physiologically unique, 
and often cannot be adequately replaced by another 
subtype [4]. For example, in the cardiac tissue, un-
der certain pathological conditions, downregulation 
of Cx43 is accompanied with the increased expres-
sion of Cx40 and Cx45 [5]. Studies such as the one 
undertaken here would help in identifying the dif-
ferences between gap junction subtypes that affect 
physiological functioning. 
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MATERIAL AND METHODS 

1-D and 3-D models of smooth muscle cells 
were developed on the NEURON simulation envi-
ronment, a compartmental modeling platform. Ad-
jacent cells in these models were coupled by means 
of gap junctions. These have been described in de-
tail in [1]. Separate models were developed for each 
of the three gap junction subtypes considered in our 
study, as presented in [4]. The centroid cells in our 
models were equipped with stimulus via current 
injection, or synaptic input, to elicit an action poten-
tial, which then further propagated to other cells in 
the electrical syncytium. The active ion channel 
mechanisms, enabling the generation of action po-
tential, incorporated in each cell is described below. 

Obtaining APs of varying time courses  
Action potentials of varying time courses were 

obtained by tweaking the native Hodgkin-Huxley 
(HH) model in NEURON. The kinetics of the me-
chanism was altered by adjusting the value of the 
Q10 temperature coefficient parameter. In modeling, 
the Q10 parameter is used to adjust the rate of reaction 
for changes in temperature. It is formally defined as 
the change of reaction rate for a 10 °C increase in 
temperature [6]. The Q10 is calculated as: 
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where R1 and R2 are the reaction rates at tempera-
tures T1 and T2, respectively. The Q10 parameter has 
no units. It is important to note that our model has 
no other temperature sensitive parameter. Thus con-
sequences of changing the Q10 parameter are re-
stricted to the active ion channel mechanisms, and 
thereby in the shape of the resultant action potential. 

For our current study, we employed action po-
tentials of three widely differing time courses rang-
ing from 5 to 500 ms, as shown in Fig. 1. The Q10 
values required for arriving at these, and the resul-

tant action potential durations have been summa-
rized in Table 1. The change in the kinetics of the 
active ion channels also has implications for the ex-
citability of the cell. This is illustrated in Fig. 2 us-
ing strength-duration curves for each of the three 
AP mechanisms evaluated for a single isolated cell. 

Setting Equal Maximal Conductances 
The various gap junction subtypes are known to 

have differing levels of unitary conductances [5]. 
The propagation velocity of action potentials has 
been shown to depend upon the extent of coupling 
between cells [4]. Thus, to evaluate the effect of 
transjunctional voltage dependence of gap junc-
tional coupling on the propagation velocity of APs, 
it is essential to ensure that the maximal conduc-
tance expressed by each of the gap junction sub-
types was equal. This was achieved by adjusting the 
total number of gap junction channels, Nj, at the 
junction between two cells, as in [4]. This ensured 
that the total gap junctional conductance, gj, be-
tween two cells, obtained by multiplying the single 
channel conductance, γmain, with Nj, was equal for 
Vj = 0 mV, i.e. when both cells were at isopotential. 
Table 2 summarizes this configuration. 

 gj = γmain × Nj (2) 

RESULTS  

AP Propagation Velocity in a 1-D Model  
We began by evaluating the AP propagation ve-

locity in a 1-D arrangement of smooth muscle cells, 
linked to one another along their longitudinal axis 
by means of gap junctions. The number of cells was 
kept large (= 181) to mimic an infinite cable, and 
thereby eliminate interference due to ‘current reflec-
tion’ from the terminal ends. The central cell was 
stimulated by means of current injection to elicit an 
AP, and the propagated action potentials were re-
corded at each of the cells. The conduction velocity 
was determined using the time instants at which 

Fig. 1. Action potentials of varying time courses: (a) HH AP, (b) HH-50 AP, (c) HH-500 AP 
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these APs peaked. This was repeated using each of 
the gap junction subtypes, namely, Cx40, Cx43 and 
Cx45. Table 3 summarizes our findings from these 
simulations. It was found that the propagation ve-
locity was constant for each of the three gap junc-
tion subtypes. This was true irrespective of the AP 
mechanism employed. Also, as expected, shorter 

duration APs had a higher propagation velocity 
when compared to wider APs. 

AP Propagation Velocity in a 3-D Model 
The above study was extended to a 3-D model 

of smooth muscle syncytium. The size of the 
syncytium was set to a 5- cube, as employed in ear-
lier works [2, 3]. The centroid cell was stimulated to 
elicit an AP, and the propagation velocity was de-
termined as described above. Table 3 lists the pro-
pagation velocities measured across cells along the 
longitudinal axis of the stimulated cell, using each 
of the three gap junction subtypes. The results were 
found to be similar to those obtained for the 1-D 
model, with the propagation velocity remaining 
constant for all the subtypes, under all three action 
potential mechanisms. 

Analysis of Transjunctional Voltage During an AP 
The above findings called for a more detailed 

investigation of the effect of transjunctional voltage 
dependence of gap junctional conductance. For each 
of the three AP mechanisms, we monitored the 
transjunctional voltage between adjacent cells in the 
1-D model. The top panels in Figures 3, 4 and 5 il-
lustrate this for the HH, HH-50, and HH-500 AP 
mechanisms, respectively. The bottom panels show 
the change in the conductance of the gap junction 
connecting the two cells. It is evident that a large 
transjunctional voltage is maintained for a very 
short duration. This holds true even for APs with 
wider temporal profiles, such as HH-500. The lack 
of change in conductance suggests that the gap junc-
tional gating kinetics is much slower when compa-
red to the time course of action potentials. For all 
the three subtypes, across all three AP mechanisms, 
the overall change in conductance is negligible, 
thereby having no impact on the propagation veloc-
ity of APs. This is discussed in more detail below. 

DISCUSSION 

The above results show that the AP propagation 
velocity remains constant across the three subtypes 

Table 3
AP propagation velocities  

Propagation velocity (m/s) 
1-D model 3-D model AP Type 

Cx40 Cx43 Cx45 Cx40 Cx43 Cx45 

HH 0.43 0.43 0.43 0.67 0.67 0.67 
HH-50 0.12 0.12 0.12 0.30 0.30 0.30 
HH-500 0.02 0.02 0.02 0.05 0.05 0.05 

Table 1
Change in Q10 parameter to obtain APs of varying time 

courses 

Q10 AP duration (ms) AP denotation 

1 5.1 HH 
0.0556 50.4 HH-50 

0.00524 511.2 HH-500 
 

 
Fig. 2. Strength-duration curves for each of the three 

AP mechanisms evaluated from a single isolated 
cell 

 
Table 2

Setting equal maximal conductances for all gap junction 
subtypes 

Subtype γmain (pS) Nj gj (nS) 

Cx40 162 1952 316.2 
Cx43 61 5184 316.2 
Cx45 32 9882 316.2 
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Fig. 3. (a–c) show the transjunctional voltage between two adjacent cells for each connexin subtype during an 

action potential using the HH mechanism, and (d-f) show the corresponding change in gap junctional 
conductance 

 
 
 
 

 
Fig. 4. (a–c) show the transjunctional voltage between two adjacent cells for each connexin subtype during an 

action potential using the HH-50 mechanism, and (d-f) show the corresponding change in gap junctional 
conductance 
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Fig. 5. (a–c) show the transjunctional voltage between two adjacent cells for each connexin subtype during an 

action potential using the HH-500 mechanism, and (d-f) show the corresponding change in gap junctional 
conductance 

 
for both the 1-D and 3-D models. On further analy-
sis it was found that this correspondence could be 
attributed to the transjunctional voltage levels eme-
rging during the propagation of APs between adja-
cent cells. It is found that significant transjunctional 
voltages (> 5 mV) are maintained for a very short 
duration of the AP time course, as shown in Table 4. 
Specifically, only 1.2 ms of the ≈ 5 ms HH-AP, 
7.6 ms of the ≈ 50 ms HH-50 AP, and 56 ms of the 
≈ 500 ms HH-500 AP, experience a significant 
transjunctional voltage. These time periods should 
be considered in view of the gap junctional gating 
kinetics, which are ~1000-fold slower than most ion 
channels [10]. The time constants of inactivation are 
of the order of seconds [7, 9]. Thus, as seen in the 
bottom panels of Figures 3, 4 and 5, there is negli-
gible change in the conductance offered by gap 
junctions during the course of an action potential. 
Further, it can be seen that the Cx43 subtype exhib-
ited the least change in the conductance amongst all 

three AP mechanisms. Studies have reported that 
Cx40 and Cx43 possess similar time constants of 
inactivation, with Cx45 being comparatively slower 
[5]. Also, Cx43 is least sensitive to transjunctional 
voltage, followed by Cx40, and Cx45 being most 
sensitive [5]. Given these, between the three subty-
pes, it is expected for Cx43 to undergo the least 
change in conductance during an AP. Cx45, despite 
being highly sensitive to transjunctional voltage, 
does not undergo a substantial change in conductan-
ce owing to the slower gating kinetics. 

It was seen that shorter APs propagated faster 
than wider variants. This is easily attributed to the 
differences in the time required to attain peak of the 
action potentials. Also, Tables 3 and 4 appear to 
suggest that the propagation velocity is greater in a 
3-D syncytium as compared to a 1-D model. Here, it 
would be pertinent to mention that the excitability 
of cells vary depending upon the network layout. 
Higher intensities of stimuli were required to elicit 
APs for the 3-D model. The stimuli being different, 
it would not be appropriate to compare the two 
cases. In small-sized syncytia, such as that emplo-
yed here, the stronger stimulus causes significant 
depolarization even in the neighboring cells, even 
before an AP peaks in the stimulated cell. This natu-
rally results in faster propagation of APs to the 
neighboring cells, which have already attained a 
depolarized membrane potential. This would have 
lesser effect on syncytia of larger sizes, where the 

Table 4
Analysis of transjunctional voltages during an AP 

Total time (ms) 
AP type Window size 

(ms) Vj ≤ 5 mV Vj > 5 mV 

HH 10 8.8 1.2 
HH-50 200 192.4 7.6 

HH-500 1000 944.0 56.0 
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effect of the stimulus would not be felt at more dis-
tant cells. As the focus of the current study was on 
the effect of transjunctional voltage dependence of 
gap junctional coupling on action potential propaga-
tion, this was not further investigated. A detailed 
study of syncytial size and AP propagation can be 
undertaken in future. 

To our best knowledge, this is the first study 
demonstrating the independence of AP propagation 
velocity to the transjunctional voltage-dependence 
of gap junctional coupling. We have been able to 
shown that, irrespective of the gap junction subtype, 
the spread of action potentials remains unaffected, 
when the maximal conductance is same. This has 
been verified for APs of widely varying time 
courses. 
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НЕЗАВИСИМОСТЬ СКОРОСТИ РАСПРОСТРАНЕНИЯ  
ПОТЕНЦИАЛА ДЕЙСТВИЯ ОТ ВЗАИМОСВЯЗИ МЕЖДУ 
ТРАНСКОНТАКТНОЙ РАЗНОСТЬЮ ПОТЕНЦИАЛОВ  
И ПОДТИПОМ ЩЕЛЕВОГО КОНТАКТА 
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Щелевые контакты представляют собой белковые структуры, которые формируют трансмембранные каналы 
между соседними клетками, обеспечивая тем самым прямое прохождение ионов и малых молекул. Они игра-
ют важную роль в физиологической активности отдельных клеток, а также тканей. Выявлено множество под-
типов щелевых контактов, различающихся по биофизическим свойствам, таким как их унитарная проводи-
мость и чувствительность к трансконтактной разности потенциалов. Наше исследование направлено на вы-
числительное изучение влияния этих различий на распространение потенциалов действия в синцитии. Резуль-
таты нашего моделирования показывают, что скорость распространения потенциалов действия не зависит от 
взаимосвязи между трансконтактной разностью потенциалов и подтипом щелевого контакта. Установлено, 
что при равной максимальной проводимости скорость распространения была постоянной для всех исследо-
ванных подтипов. Это было подтверждено с использованием потенциалов действия широкого диапазона. Мы 
связываем данную тенденцию с гораздо более медленной кинетикой функционирования щелевых контактов 
по сравнению с динамикой потенциалов действия, и, конкретнее, более коротким периодом поддержания зна-
чимого трансконтактного потенциала.  
 
 

Ключевые слова: потенциал действия, скорость распространения, щелевой контакт, трансконтактный 
потенциал, синцитий. 
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AN ONTOLOGICAL-BASED MONITORING SYSTEM FOR PATIENTS  
WITH BIPOLAR I DISORDER 
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Our aim is to provide a patient monitoring system that integrates a Clinical Decision Support System (CDSS) and an 
Electronic Health Record (EHR) that assist psychiatrists and primary care physicians to tackle existent health needs of 
mental illness related to the treatment and management of bipolar I disorder (BDI). Our monitoring system consists of 
an EHR system based on the Health Level Seven Reference Information Model (HL7-RIM) and an ontological-based 
CDSS leveraging the Semantic Web capabilities. Based on the evidence-based clinical guidelines and patients’ health 
records, the monitoring system is developed to encode and process this information and subsequently to assign rec-
ommendations of choices and alerts to clinicians for improved mental health care. Considering the clinical guidelines 
germane knowledge, as well as issues of patient’s health record, the monitoring system can support a personalized 
decision-making for bipolar I disorder longitudinal course. We propose AI-CARE as an online monitoring tool that 
may offer useful guidance in clinical practice. 
 
 

Keywords: clinical decision support system, electronic health record, semantic web, ontology, bipolar disorder. 

Optimal health care is a core challenge of sev-
eral emerging technologies in order to promote the 
best health care conditions and improved health 
outcomes for patients living with chronic diseases, 
such as bipolar disorder. Toward this challenge, the 
advent of new scientific discoveries in medicine 
(genetics, epigenetics, pharmaceuticals) along with 
the technological explosion (medical devices, inter-
net) enable the development of computer-based 
monitoring systems to aid clinicians in promoting 
high-quality health care and meeting the goals of 
«personalized medicine» [10, 12]. Personalized me-
dicine aims to the effective adaptation of biomedical 
and technological knowledge to the individual fea-
tures (genetic, anatomical, and physiological char-
acteristics), needs and preferences of each patient 
mainly considering the difference in patient’s sus-
ceptibility to a specific disease or patient’s response 
to a particular medical therapy; which does not lit-
erally translate in the production of unique drugs or 

intelligent devices for a specific patient but rather a 
more targeted therapeutic intervention [12]. 

In the new era of personalized medicine is high-
lighted the need to combine «evidence-based medi-
cine» with case based reasoning in order to enhance 
the health care process [4]. Evidence-based medi-
cine refers to «the conscientious, explicit, and judi-
cious use of current best evidence in making deci-
sions about the care of individual patients», while 
its practice implies the «integrating individual clini-
cal expertise with the best available external clinical 
evidence from systematic research» [14]. In this 
context, CDSS systems are favorable tools to pro-
mote the practice of evidence-based medicine and 
clinical guidelines, in turn is a common method for 
CDSS [4]. These types of CDS systems, which in-
clude documented clinical knowledge, are called 
knowledge-based systems and provide guidance to 
clinical decision making [2]. 
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In order to interpret information and derive 
knowledge we use Semantic Web Technologies. 
The concept of ontology is basic element of Seman-
tic Web, defining a set of primitives containing 
[11]: concepts, relationships between concepts, de-
scribed by domain and range restrictions, the taxon-
omy of concepts with multiple inheritance, axioms 
describing additional constraints on the ontology 
that allow to infer new facts from explicitly stated 
one. Semantic Web Technologies also includes the 
application of sets of rules that enable us to model 
knowledge, by inferring new implicit axioms, based 
on explicitly specified ones, checking for satisfiabil-
ity of classes, computing hierarchies of classes and 
properties and checking consistency of the entire 
ontology. 

In our implementation the existence of a domain 
ontology that supports decision-making is granted 
and so is the existence of a database supporting the 
patients’ information storage. In order to exploit 
both the advantages of the existing database and the 
developed domain ontology we came to develop a 
mapping mechanism between them, migrating data-
base instances into ontological instances (individu-
als) (also called ontology population), by a query 
driven process of transforming the database in-
stances that are the response to a given query. 

Bearing in mind the concepts of personalized 
medicine and evidence-based medicine, section II 
presents the AI-CARE monitoring system by dis-
cussing important issues of the ontological-based 
CDSS development, and the architecture of the pa-
tient-centric EHR (subsection II.A and II.B, respec-
tively), and by focusing on the alignment among 
Ontology and EHR entities (subsection II.C), as 
well as test scenarios and validation (subsection 
II.D). Conclusions and issues for future research are 
discussed In Section III. 

AI-CARE MONITORING SYSTEM  
FOR PATIENTS WITH BDI 

The AI-CARE monitoring system aims to pro-
vide an effective monitoring for patients with bipo-
lar disorder. 

Bipolar disorder (BD), also known as manic-
depressive illness, is a severe mental illness, thought 
to be caused by an interaction of genetic and envi-
ronmental factors. BD which is triggered by stress-
ful life events, is often misdiagnosed and/or not suf-
ficiently treated, and is associated with a high risk 
of suicide. Obviously, considering the important 
aspects of BD, such as the early onset, natural his-
tory, lifetime prevalence (1 to 5 % in general popu-
lation, estimated in different studies), mental an-
guish, high rate of recurrence (>90 % of patients 

who have a single manic episode will have future 
episodes), and psychiatric/medical morbidity, justify 
the need to develop an intelligent system in order to 
longitudinally monitor the evolution of this complex 
and heterogeneous disease in bipolar patients [17]. 

The AI-CARE monitoring system utilizes the 
ontological-based CDSS as part of an electronic 
health record in order to be beneficial to the bipolar 
patients, aiming to provide «the right patient with 
the right drug at the right dose at the right time» and 
tailoring the medical treatment to the individual 
characteristics, needs and preferences of a bipolar 
patient during all stages of care (diagnosis, treat-
ment and follow-up, prevention). Also, is capable of 
identifying the characteristics of patient-subpopula-
tions that do not benefit from the recommended 
therapy leading to new expert knowledge, new rese-
arch and prospectively to new recommendations [12]. 

DEVELOPMENT OF AN ONTOLOGICAL-BASED 
CDSS 

In order to develop electronic support for clini-
cians and health care professionals, a knowledge-
based system is needed to be developed consisting of 
a knowledge-base that represents facts about the dis-
order and an inference engine that can reason about 
those facts and use rules and other forms of logic to 
deduce new facts or highlight inconsistencies. 

Ontology 
The most prominent language for implementing 

ontologies is Web Ontology Language (OWL). The 
basic structure of OWL are classes, properties and 
individuals, which are members of classes. OWL 
properties are binary relationships and are distin-
guished in object properties (relate two individuals) 
and datatype properties (relate an individual with a 
literal value). Also OWL can define hierarchies of 
classes and properties, property domain and range 
restrictions, value restrictions, cardinality, existen-
tial and universal quantification restrictions on the 
individuals of a specific class. Base of OWL is De-
scription Logics (DL) [1]. 

Ontologies can be distinguished by the subject 
of the conceptualization, such us knowledge repre-
sentation, upperlevel, domain and application on-
tologies [7]. 

During the definition of a medical domain, 
achieving formalization of the domain terminology 
and categorization, is a desired result. In this at-
tempt, formal ontologies such as SNOMED CT [9] 
or other formal approaches, offer great advantages 
in formal rigor and inference power. Nonetheless, 
they limit the expressiveness of the domain repre-
sentation and design to an upper level description 
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[8, 15]. Considering these limitations, our attempt to 
define the bipolar disorder domain integrates: (i) a 
vocabulary of terms along with concept definition 
and their inner-relationships, which is offered by 
formal ontologies, and (ii) a more specialized de-
scription that is geared around the concepts related 
to the patient condition monitoring evolving in time, 
as presented in Fig. 1. 

In order to describe the changing aspects of the 
disease in terms of states, state transitions and pro-
cesses, the ontology needs to be dynamic. In our 
implementation, we design the initial static ontol-
ogy, describing the main concepts of Bipolar Disor-
der, using the Protégé ontology editor1. The static 
ontology is converted into dynamic using the 
CHRONOS plugin of Protégé [13]. The main con-
cepts describing the domain of Bipolar Disorder are 
distinguished into dynamic entities (entities which 
evolve in time) and static entities (entities which do 
not evolve in time). 

Ontology is populated with real data collected 
from 10 patients whose condition is monitored over 
a period of a few days to a year. 

Rules 
We derive new knowledge from the assertions 

in ontology adopting Semantic Web Rule Language 
rules (SWRL)2, which is the most prominent lan-

                                                 
1 http://protege.stanford.edu/ 

guage for editing such rule. A SWRL rule presents 
an implication between an antecedent and a conse-
quent so that the intended meaning is: whenever the 
condition specified in the antecedent hold, then the 
conditions specified in the consequent must also 
hold. 

An example of a treatment recommendation rule 
is presented, resulting into the suggestion of medical 
treatment. It evaluates the medication the patient is 
receiving and the type of symptoms the patient pre-
sents. 

In the case that the patient is first diagnosed, re-
ceiving no medication and the symptoms suggest 
existence of a manic episode then the rule directly 
suggests medical treatment (Lithium, Li; Valproate, 
VPA; atypical antipsychotic, AAP). Necessary in-
formation for the rule is included in the classes Per-
sonal Health Record (PHR), PatientState, Episode, 
Therapy, and Medicine. 

The rule is expressed in DLs [1] as: 
PHR∩(∃PatientState.state = inEpisode)∩ 
(∃Episode.type = manic)∩Therapy ∩⌐∃Medicine 
→Recommendation (Start Therapy with 
Li/VPA/AAP or combination of two medicines) 
The rule is expressed in SWRL as: 
PHR(?phr), MedicalHistory(?medHist),  
Recommendation(?rec),  
includesInitialEvaluation(?phr,?ev_medHistory),  

                                                                               
2 http://www.w3.org/Submission/SWRL/ 

Fig. 1. Class diagram
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includesInitialEvaluation 
(?ev_medHistory,?medHist), Event(?ev_medHist), 
Interval(?int_medHist),  
during(?ev_medHist,int_medHist),  
evaluationOP(?phr,?ev_eval),evaluation 
(?ev_eval,?eval),equal(?eval,»mild to severe»),  
Event(?ev_eval),Interval(?int_eval), 
during(?ev_eval,?int_eval),interval 
Before(?int_medHist,?int_eval), 
text(?rec,?txt), equal(?txt,  
«Recommend Li/VPA/AAP or 2 drug  
combination») → recommendationBelongs 
(?rec,?phr) 

DOCUMENTED CLINICAL KNOWLEDGE  
FOR BDI 

Clinical practice guidelines refer to «systemati-
cally developed statements to assist practitioner and 
patient decisions about appropriate health care for 
specific clinical circumstances» according to the de-
finition of Institute of Medicine (IOM), and are 
mostly relied on comparative clinical trials [19]. 
They are commonly utilized by the evidence-based 
medicine in making clinical decisions to improve 
the care process [4]. The scope of medication guide-
lines is to aid the interaction of clinicians and pa-
tients in developing the most effective treatment 
strategy minimizing the side effects. 

Clinical guidelines for Bipolar I Disorder (BDI) 
We selected evidence-based clinical practice 

guidelines (e.g. Australian and New Zealand, Brit-
ish Association for Psychopharmacology) related to 
different aspects of care for BDI, as well as other 
systematic reviews for BD [5]. Such guidelines util-
ize evidence-based knowledge for treating and man-
aged patients with BDI defined by specific clinical 
criteria. 

User Scenarios for Bipolar I Disorder 
Bipolar Disorder is usually classified within the 

context of the Diagnostic and Statistical Manual of 
Mental Disorders (DSM), which differentiates be-
tween bipolar I disorder, bipolar II disorder, bipolar 
disorder not otherwise specified (Bipolar NOS), and 
cyclothymia. 

Presently, we provide user diagnostic and treat-
ment scenarios for the clinical presentation of BDI 
(at least one manic or mixed episode). Diagnostic 
scenarios consider specific information of screening 
and assessment tools and persons' medical/family 
and past psychiatric history. Diagnosis of bipolar I 
disorder follows the established criteria of the 
DSM-IVor DSM-V for a manic or depressive epi-
sode along with their severity, considers the psychi-

atric or/and medical comorbidities and hinders mis-
diagnosis, especially with unipolar disorder (major 
depressive disorder). 

Based on the aforementioned evidence-based 
guidelines [5], the diagnostic scenarios are designed 
to guide the clinicians during the diagnosis proce-
dure (mental state examination, initial evaluation 
considering the differential diagnosis, assiduous psy-
chiatric examination addressing the different pat-
terns of BD emergence, unobserved comorbidities 
and related disorders) and the diagnostic accuracy 
when patients fail to respond to treatment [5]. Also, 
we developed the user scenarios for BDI treatment 
options following the dynamic disease course. 

The ontology-based CDS system provides diag-
nosis and treatment recommendations related to the 
patients’ mental state (acute episodes, euthymia), 
alerts related to crucial mood swings and medica-
tion noncompliance, preventive care reminders 
about monitoring procedures (e.g. extrapyramidal 
symptoms, lithium serum levels, weight gain, diabe-
tes screening, hyperlipidemia assessment), and warn-
ings related to changes in symptom complex, as well 
as assists clinicians with decision-making and in de-
veloping a personalized disease management. 

Longitudinal monitoring of bipolar patients is 
performed by the developed system to evaluate the 
presence or absence of symptoms, psychiatric and/or 
mental comorbidities, medication adherence, and to 
identify therapeutic drug safety and tolerance. Warn-
ings have been placed in decision nodes with relevant 
annotation from the literature in order to yield the 
appropriate hints and alerts to the clinicians on real-
time and at the time of care. The monitoring func-
tionality can be further enriched by means of inputs 
received from biosensors (i.e. biosignals) and smart-
phone applications (e.g. voice analysis) accompanied 
by inputs (paper-based and electronic-based data like 
life charting) from the user's environment (family, 
carers) or the user himself. 

The ontology-based CDS system is highlighted 
as a crucial component of the patient-centric EHRs 
for BD. It is implemented using a networked EHR 
platform, whether the knowledge is available from a 
repository outside the local site and is accessed, but 
not incorporated into the local EHR. 

ARCHITECTURE OF A PATIENT-CENTRIC EHR 

Consistent with the conceptual view of longitudi-
nal monitoring of patients with BD, we created an 
Electronic Health Record (EHR) for bipolar patients. It 
encloses five of the essential components of the EHRs: 
(i) administrative processes, (ii) health information and 
data, (iii) communication and connectivity, (iv) results 
management, and (v) decision support [16]. 
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The ontology-based CDS system delivered with 
the EHR as depicted in the platform architecture of 
Fig. 2 will provide clinicians with suitable tools 
achieving a better day-to-day clinical decision making. 

The architecture of the integrated platform con-
sists of four main tiers (Fig. 2) namely, a) Presenta-
tion tier, b) Application tier, c) Intelligence tier, and 
d) Data tier. 

Presentation tier 

The first tier, called presentation tier, is the top 
layer of the integrated platform. This layer is re-
sponsible for exchanging information between the 
general stakeholders and the system. Its main focus 
is to provide advanced usability and visualization 
functionality along with a simple and rich graphical 

 
Fig. 2. Platform architecture – tiers

Fig. 3. Graph presenting patient’s episodes with respect to the substance administration over time 
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user interface (GUI), in order to present the stored 
information to the end users. Since it is responsible 
for the interactions between users and the system, it 
provides access to the EHR through the web bro-
wser and among other useful graphical user inter-
face components it makes statistical graphs avail-
able for use for intuitive visualization of the current 
status of patients in terms of episodes and substance 
administration over time (Fig. 3). 

Application tier 
In the middle of the tier platform, there is the 

application tier. This is in charge of the control of 
the system’s operations, achieved by performing de-
tailed processes. It consists of three sub-tiers: (i) 
Business logic, (ii) Security and (iii) Data access. 

The operations of the business logic sub-tier 
concern the processing of a heterogeneous informa-
tion data set. Some of the core functionalities that 
stand out are the support in retrieving patients’ in-
formation; exporting patients’ data into XLS format 
file; the dynamic clinical forms generation; the re-
trieval and process of data for the visualization of 
diagrams; the comparison of patient’s re-examina-
tion data and printing capabilities. Furthermore, the 
business logic sub-tier is responsible for providing a 
robust working environment, coping with errors du-
ring execution and continuing the system’s opera-
tion despite the potential input inconsistences. That 
is done mainly by preventing users from entering 
erroneous input, guiding them towards its proper 
use and performing in a satisfactory way, such that 
it does not intercept user’s flexibility, agility and 
operability. 

The information to be managed by this tier is 
patients’ clinical and demographic data, users’ per-
sonal data and access credentials, user’s roles, us-
ers’ access to patients, informed consent documents 
files, substance administration data and information 
that concern the dynamic data entry clinical forms. 
The functionality in this section addresses consistent 
terminologies/ vocabularies/ standardized transac-
tions, data correctness, and interoperability (i.e. 
ICD-10, NOM). 

The significance of security for the integrated 
platform is vital since it manages sensitive data when 
at the same time it is accessed by a variety of users 
which as stakeholders they have different roles and 
responsibilities according to their position and skills. 
The heterogeneity that characterizes those users 
raises the necessity of utilizing a Role Based Access 
Control (RBAC) [6] mechanism to regulate user ac-
tions within the system. These roles can guarantee 
that no user can perform ineligible acts. 

Moreover, encryption/ decryption mechanisms 
are used to further secure users’ passwords and pa-

tient’s sensitive data. Data stored in an encrypted 
way can ensure the confidentiality in case that a 
third party breaches the database access. Users’ cre-
dentials are stored in an encrypted unidirectional 
way. That means that passwords are not decryptable 
and thus cannot be recovered. On the other hand, all 
patients’ sensitive data (data that can be used for 
identifying the patient) are stored in an encrypted 
bidirectional way within the database, allowing 
them to be decrypted, since the identification of the 
patient is required. 

Finally the Secure Socket Layer (SSL) [3] pro-
tocol is utilized in order to preserve the secure data 
exchanged through a public-and-private key encryp-
tion mechanism which includes the use of a digital 
certificate. 

The data access sub-tier handles all the logic re-
garding data storage and management. That is 
achieved by providing an abstract interface by using 
Data Access Objects (DAO) and thus delivering 
specific data operations without exposing details of 
the database. Finally, data persistence is achieved 
by adopting the Object Relational Mapping (ORM), 
which solves object-relational impedance mismatch 
problems by replacing direct persistence-related 
database accesses with high-level object handling 
functions. 

Intelligence tier 
The intelligence tier basically corresponds to the 

knowledge-based system, described in section A, 
offering knowledge extraction from the existing pa-
tient information and concluding into clinical deci-
sion support through treatment recommendations 
and alerts. 

Data tier 
The bottom tier is the data tier, which consti-

tutes the database server of the integrated platform 
to store all the information data. In that way, data is 
kept neutral and independent from the rest of the 
tiers offering improved scalability and performance. 
The design of the relational database model was 
based on HL7-RIM3, which is the cornerstone of the 
HL7 Version 3 development process and provides 
to the database a flexible and extensible structure. 

ALIGNMENT OF THE ONTOLOGICAL-BASED 
CDSS AND THE PATIENT-CENTRIC EHR 

The main contribution of this paper is the as-
signment of the ontology entities to the EHR enti-
ties, in order to enable communication and connec-

                                                 
3 http://www.hl7.org/implement/standards/rim.cfm 
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Table 1 
Relations between ontology and ehr entities 

Ontology 
Classes/Subclasses 

EHR 
Task Categories/Subcategories 

Dynamic Entities 
PatientState: 
patient’s current state (in euthymia or in an episode) 

Clinical Data 
– Clinical Picture 
Diagnosis 
Patient’s Diagram 

Symptom: 
the symptom (type, severity) 

Clinical Data 
– Clinical Picture 

Therapy: 
the therapeutic approaches a patient may receive (medication, 
hospitalization, psychotherapy) 

Clinical Data 
– Biological Therapy 
– Psycotherapy 
– Psychoeducation 

Medicine: 
the substance administration of the patient 

Clinical Data 
– Biological Therapy 
– Drug Information 
Medicine 
Patient’s Diagram 

Monitoring: 
(i) FunctionTest 
the tests a patient is submitted to (imaging tests, laboratory 
tests etc.) 
(ii) Biosignal 
keeps the information of biosignals recorded from sensors 
applied on patient 

Clinical Data 
– Laboratory Testing Process 
– Longitudinal Monitoring 

AssessmentTools 
(i) Interview 
(ii) Questionnaire 
(iii) RatingScale 
(iv)EvaluationTest 

Clinical Data 
– Clinical Picture 
– Longitudinal Monitoring 
– Psychometric Approach 
Diagnosis 

Static Entities 
Patient: 
patient’s personal and demographic information 

General Information 
Contact 

Episode: 
the type (manic or depressive) and severity of an episode 

Clinical Data 
– Clinical Picture 
Patient’s Diagnosis 
Patient’s Diagram 

Diagnosis: 
the type of the disorder (Type I or Type II) and whether the patient 
suffers from rapid cycling 

Diagnosis 
(according to DSM– IV or DSM– V criteria 
for bipolar disorder) 
Clinical Data 
– Past Psychiatric History 
Patient’s Diagram 

PatientHistory: 
patient’s medical and past psychiatric history (age of onset, 
heredity, number of manic or depressive episodes, previous 
medication) 

Clinical Data 
– Personal History 
– Medical History 
– Past Psychiatric History 

FamilyHistory: 
patient’s family history 

Clinical Data 
– Family History 

SideEffect: 
possible side effects of a medicine 

Clinical Data 
– Drug Information 
– Longitudinal Monitoring 

DifferentialDiagnosis: 
differential diagnosis for the diagnosis procedure. It is a 
combination of: 
(i) ClinicalEvaluation 
(ii) SubstanceEvaluation 
(iii) DepressionCriteria 

Clinical Data 
– Clinical Picture 
– Psychometric Approach 

MedicalCause: 
whether the clinical evaluation suggests other causes than bipolar 
disorder 

Clinical Data 
– Clinical Picture 
– Psychometric Approach 
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tivity among the ontological-based CDSS and the 
patient-centric EHR [18] (Table 1). 

The EHR records longitudinally the patient 
health information, including demographics, contact 
information, clinical data (e.g. patient’s personal, 
medical, and past psychiatric history, mental state 
examination, laboratory and data, and electronic di-
ary mood reports, drug information), diagnosis, pa-
tient’s diagram (visualization of the current and/or 
previous status of patients in terms of episodes/ 
disease state and drug administration over time), as 
well as an up-to-date drug database. The EHR sup-
ports indirectly the developed ontology-based DCSS 
leading to advanced health care quality. 

Moreover, in order to achieve the integration be-
tween the ontology and the database, a mapping 
mechanism able to define the correspondences be-
tween the entities of the database and the ontology 
schema, is needed. Although relational databases are 
based on closed-world assumption whilst ontologies 
use open-world semantic, at a conceptual level, a data-
base and an ontology are semantically related and cor-
respondences are established between the database 
components and the ontology components. For in-
stance, an attribute in a relational database schema 
may correspond to a property in an OWL ontology. 

In our approach, a naïve mapping procedure is 
adopted retrieving data from SQL queries, through 
JDBC4, applied over the source database and refor-

                                                 
4 http://www.oracle.com/technetwork/java/javase/ 
  jdbc/index.html 

mulates the results, in terms of the target ontology, 
through OWL API5. Such mapping specifies the 
ontology population from the data in the database. 

Fig. 4 depicts a simplified conceptual view of 
the mapping process. As a simplified model, it does 
not show the complex nature of its components (e.g. 
database, tables, or ontology classes), rather the in-
teraction between DB Model and Ontology Model, 
which is feasible through a mapping procedure with 
OWL API. 

A query example retrieving the medicine infor-
mation for a specific patient is presented. The data-
base tables that relate with each other are the fol-
lowing, see Table 2. The sql query is presented in 
Table 3. 

TEST AND VALIDATION OF THE AI-CARE 
MONITORING SYSTEM 

The clinical use of the AI-CARE system is ex-
pected to provide answers to relevant questions re-
lated to the individualization of diagnosis, treatment 
approaches and effectiveness of treatment, transition 
hazard from major depressive episodes to manic, 
and malignant types of BD. 

More specifically the monitoring system will be 
tested under the following issues in BDI regarding 
the knowledge residing in the ontology model and 
the patient information in the EHR model: (1) Diag-
nostic criteria of BD in terms of early and complete 

                                                 
5 http://owlapi.sourceforge.net/ 

Fig. 4. Mapping process

Table 2
SQL tables 

Table Name Attributes 
SubstanceAdministration id, dosequantity, 

frequency, adm_r, startDate, endDate, actId, substanceAdministrationCodeId[F K] 
ActInstance id, type, actId[F K], observationId[F K], reviewed,  

substanceAdministrationId[F K], diagnosisId[F K], consentFieldId[F K], 
signalFieldId[F K] 

Participation id, actClass, actMood, code, title, desc, statusCode, roleInstanceId[F K], 
actInstanceId[F K] 

RoleInstance id, statusCode,validForm, validUntil, personId[F K], roleCodeId[F K] 
Person id, classCode, username, password, enabled 
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recognition of disease, (2) Evaluation of clinical 
effectiveness in terms of timely, and regular treat-
ment, and acceptability of treatment dosage, (3) 
Evaluation of current patient’s condition, (4) Iden-
tification of directly transition from depressive epi-
sodes to manic, and vice versa (5) Evaluation of 
treatment effectiveness in terms of quality of life, 
and improvement in symptoms, and (6) Identifica-
tion of high risk patients (treatment non-response in 
BDI patients). 

CONCLUSIONS 

In our study, we align an ontological-based 
CDSS and a patient-centric EHR providing an on 
line monitoring tool, which seek to support psychia-
trists and mental health professionals in tailor evi-
dence-based practice in day-to-day clinical decision 
making for the longitudinal monitoring of each bi-
polar patient. Apart from the test and validation, the 
ontology population is an ongoing process. In the 
future, we aim to adjust the monitoring system for 
other types of BD and for epilepsy. The presented 
AI-CARE ontological-based monitoring system 
combines both personalized and evidence-based 
medicine in order to promote the care process for 
the patients suffering from bipolar I disorder. 
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Цель исследования – обеспечение системы мониторинга пациентов, объединяющей систему поддержки при-
нятия клинических решений (CDSS) и электронных медицинских карт (EHR) и помогающей психиатрам и 
врачам первичного звена в обеспечении существующих потребностей здравоохранения в области психических 
заболеваний, связанных с лечением и регулирование биполярным аффективным расстройством I типа (BDI). 
Предложенная система мониторинга состоит из системы EHR, основанной на эталонной информационной 
модели медицинского стандарта 7 уровня (HL7-RIM) и онтологической CDSS, использующей возможности 
семантической паутины. Система мониторинга разработана на основании руководств по доказательной меди-
цине и медицинских карт пациентов и позволяет кодировать и обрабатывать эту информацию для последую-
щего назначения рекомендаций выбора и оповещения клиницистов с целью улучшения оказания психиатри-
ческой помощи. Учитывая данные соответствующих клинических руководств, а также истории болезни паци-
ента, система мониторинга может способствовать принятию персонализированных решений при длительно 
текущем BDI. В качестве онлайн-инструмента мониторинга мы предлагаем систему AI-CARE, которая может 
оказать большую помощь в клинической практике. 
 
 

Ключевые слова: система поддержки принятия клинических решений, электронные медицинские карты, 
семантическая паутина, онтология, биполярное аффективное расстройство. 
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This paper describes the Diagnostic Panel Software System designed for the domain of spinal deformity and degenera-
tive spinal disease. The work has been based on the logical methods of processing of the data obtained from natural 
language medical records. The software system is based on a patient’s clinical and laboratory test results that help the 
physicians to determine an initial diagnosis and obtain immediate information for the necessary analysis for a final 
diagnosis and to select the optimal treatment plan. The Diagnostic Panel Software System uses a case-based approach 
to presenting the information from the variety of native language sources. The model theoretic methods of domain 
ontology construction has been used to develop the case-based approach. The Formal Concept Analysis methodology 
has been implemented to process the represented information/data in the system. 
 
 

Keywords: diagnosis; spine diseases; case-based model; fuzzy model; ontology; formal context; formal concept. 

Degenerative-dystrophic diseases of the spine 
are among the most pressing problems of the pre-
sent time. This is the most common chronic disease 
characterized by limitation of physical activity and 
pain, which is experienced by almost every adult. 
Numerous literature data indicate a steady increase 
in the number of patients with diseases of the spine 
[1, 15].  

Avoiding errors in diagnosis and timely treat-
ment assignment require consistency in the conduct 
of examination of patients with diseases of the spi-
ne. Final diagnosis is made using clinical, laborato-
ry and instrumental research methods. 

Instrumental research methods play a decisive 
role in the diagnosis of the spine diseases [5]. For 
today there are many methods for the diagnosis of 
various deformations and degenerative diseases of 
the spine. However, doctors (especially outpatient 
care, as well as working in small towns and district 
hospitals) are daily confronted with the problem of 
diagnosis, determination of necessary diagnostic 
procedures and consultations of other specialists. 
The doctor needs to determine the preliminary (wor-

king) diagnosis based on clinical and laboratory stu-
dies and direct the patient to specific instrumental 
investigations. 

Therefore, it is critical and economically feasi-
ble to develop such a software system that would 
allow doctors using the statistical data to determine 
a preliminary diagnosis and to quickly obtain in-
formation about the necessity of those or other in-
strumental diagnostic procedures for the staging the 
final diagnosis and selecting the optimal treatment 
strategy. 

In this paper we describe the «Diagnostic Panel» 
software system designed for «spinal deformity and 
degenerative diseases of the spine» subject domain. 
The system is based on statistical processing of 
medical records of patients treated at the Novosi-
birsk Research Institute of Traumatology and Or-
thopedics (NRITO) n. a. Y.L. Tsivyan. The develo-
ped software system uses case-based approach for 
the representation of knowledge extracted from a 
variety of natural language texts (medical histories) 
[12, 17]. Case-based approach is based on model-
theoretic methods of subject domain ontologies for-
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malization [8]. For the processing of the knowledge 
represented in system the formal concept analysis 
methodology is used [3]. 

MODEL-THEORETIC FORMALIZATION OF 
SUBJECT DOMAIN 

With model-theoretic point of view, the descrip-
tion of the ontology is the description of the subject 
domain signature (i. e. describing the concept set of 
that subject domain) and setting the analytic theory 
of the subject domain (i.e. describing the implicit 
and explicit definitions of the subject domain) [9]. 

Seven classes of attributes were established to 
create the concept set of subject domain Δ = «Spinal 
deformity and degenerative diseases of the spine»: 

1) P1: «Gender»; 
2) P2: «Age group»;  
3) P3: «Laboratory research»; 
4) P4: «Complaints on admission»;  
5) P5: «Clinical research»;  
6) Q: «Instrumental research»; 
7) D: «Diagnoses».  

Attribute class «Gender» is composed of two 
concepts: «Male» and «Female» (Table). Attribute 
class «Age group» is composed of eight concepts: 
«0–9 years», «10–19 years», «20–29 years», «30–
39 years», «40–49 years», «50–59 years», «60–69 
years», «70 years and older». Class «Laboratory 
research» has a hierarchical structure and is divided 
into three subclasses: clinical tests, biochemical 
tests, genetic tests. Attribute set for the class «Labo-
ratory research» was formed under the Ingerleib re-
ference book [4]. Attribute sets for the classes 
«Complaints on admission» and «Clinical research» 
were formed as a result of parsing the medical histo-
ries of individual patients. Attribute set for the class 
«Instrumental research» is designed according to the 
National handbook of Orthopedics [6]. Attribute set 
for the class «Diagnoses» is selected in accordance 
with the 10th revision of the International Classifi-
cation of Diseases (ICD-10) [14], class 13 (code M). 
This class also has a hierarchical structure and is 

divided into subclasses: M40-M43 Deforming dor-
sopathies, M45-M49 Spondylopathy, M50-M54 Other 
dorsopathies. 

With the model-theoretic point of view, the abo-
ve attributes are the one-place predicates and form a 
signature σΔ of considered in this work subject do-
main Δ. We will call them as signature predicates. 
Thereby,  

σΔ = P1 ∪∪  P2 ∪  P3 ∪  P4 ∪  P5 ∪  Q ∪  D. 

Denote by S(σΔ) the set of all one-place predi-
cates definable by quantifier-free formulas of signa-
ture σΔ. For simplicity, the elements of S(σΔ) will 
simply be called formula predicates. Note that each 
formula predicate is a boolean combination of sig-
nature predicates. It's obvious that ( ).SΔ Δσ ⊆ σ  

To describe the subject domain ontology, a fi-
nite set of axioms A x(Δ) ⊆ S(σΔ) is defined. For 
the given subject domain Δ introduce axioms of 
three types: general-private axioms, axioms of ex-
clusion and the axioms of completeness. 

General-private axioms. Hierarchical ordering 
of concept classes «Laboratory research» and «Di-
agnoses» should be reflected axiomatically. The 
scheme of such axioms is the following:  

P1(x) → P2(x). 

For example: «If M48.0 Spinal stenosis, then 
M48 Stenosis». 

Axioms of exclusion. The concepts of classes 
«Gender» and «Age group», as well as some groups 
of concepts from the class «Laboratory research», 
are mutually exclusive. The scheme of such axioms 
is the following: 

P1(x) → P2(x). 

For example: «If Male, then not Female» or «If 
The level of hemoglobin in the blood exceeds the 
norm, then it is not true that The level of hemoglo-
bin in the blood is normal». 

Axioms of completeness. For the subject domain 
description we consider medical histories of the pa-
tients that passed the full cycle of diagnostics, for 

Table
Examples of attributes for each of the above classes 

Attribute class Example of attribute 

Gender «Male» 
Age group «0–9 years» 
Laboratory research «The level of hemoglobin in the blood exceeds the norm» 
Clinical research «Palpation of the spinous process is painful in the projection L4-S1» 
Complaints on admission «Pain in the lumbar spine» 
Instrumental research «MRI of the cervical spine» 
Diagnoses «M48.0 Spinal stenosis» 
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which a final diagnosis is known and which treated 
appropriately. Therefore, we believe that at least 
one attribute of each of the seven classes is reflected 
in every considered medical history. Thus, we have 
seven axioms of completeness: 

{ }1 2 3 4 5( ), where Y , , , , , , .P x
Ρ∈

∈
Y�

P P P P P Q�D�V   

Note that the ordered pair , A ( )xΔσ Δ  forms an 
ontology of subject domain Δ.  

Let us now consider a finite set 1{ , ..., }ne e  of 
medical histories, i.e. a set of semi-structured texts 
written in natural language. Note that each medical 
history clearly shows all performed diagnostic stud-
ies, their results and the final diagnosis for the pa-
tient. Therefore, for each medical history ie  we can 
describe a set of attributes (signature predicates) 
that is true on ie . Thus, for each medical history ie  
we build a singleton model { }ie Δσ  which we  
call a case of subject domain Δ. Denote by 

1{ , ..., }ne e=E  the class of cases generated by a set 
of medical histories 1{ , ..., }.ne e  

This, in turn, will allow us to build an ontologi-
cal model AΔ = , ΔσE of subject domain Δ gener-
ated by the set of cases E. In ontological model AΔ 
for each signature predicate ( )P x Δ∈σ  and for each 
case e ∈ E we have AΔ B P(e) if and only if the 
predicate P(e) is true on case e.  

Note that if the predicate P(x) ∈ S(σΔ) belongs 
to the axiom set of subject domain Δ (i. e. 
P(x) ∈ Ax(Δ), then for any e ∈ E holds AΔ B P(e). 
Thus, the ontology of this subject domain is true on 
ontological model. 

To solve the problems of statistical data process-
ing we need both case-based and fuzzy models of 
considered subject domain [19]. These models are 
based on the ontological model. 

For further consideration we need the concept of 
the case-based model which is a special case of a 
Boolean valued model. 

Definition 1 [10]. Let B be a full Boolean alge-
bra and τ: S(σA) → B. Then the ordered triple 
Aτ = , ,A σ τ  is called a Boolean valued model if 
truth function τ is closed under logical operations. 

Definition 2. The ordered triple AτE q 
q { }, , Ea Δσ τ  is called a case-based model of 
subject domain Δ, generated by ontological model 
AΔ = , ,ΔσE  if for any predicate P(x) ∈ S(σΔ) we 
have 

τE(P(a)) = {e ∈ E | AΔP(e)}. 
In case-based model each predicate is associated 

with set of cases for which the predicate is true. 
Thus, by a set of cases E we define a Boolean val-
ued model AE. In this Boolean valued model each 
sentence of signature σΔ ∪ {ca) is associated with 
the element of Boolean algebra ρ(E). 

This description is based on the following result. 
Theorem of duality [10]. Let B be a complete 

atomic Boolean algebra, AB – Boolean valued 
model, E = {Ab = ( )}b At∈ B  and AE – case-based 
model. Then AB ≅ AE. 

Most methods of statistical data processing use 
objective and/or subjective probabilities. The objec-
tive probability refers to the relative frequency of 
occurrence of any event in the total number of ob-
servations, or the ratio of favorable outcomes to the 
total number of observations. The subjective prob-
ability refers to a measure of confidence of some 
expert or group of experts that this event will actu-
ally take place. In this approach the concept of 
fuzzy model is used to describe the objective prob-
abilities. 

Definition 3. The ordered triple AμE q 
q { }, , Ea Δσ μ  is called a fuzzy model of subject 
domain Δ, generated by ontological model AΔ = 
= , ,ΔσE  if for any predicate P(x) ∈ S(σΔ) we 
have 

μE(φ) = ⏐⏐{e ∈ E | AΔ B P(e)}⏐⏐/⏐⏐E⏐⏐. 
In the fuzzy model the truth values of the sen-

tences (concepts) are numbers from the interval 
[0, 1], which reflect the objective probability that a 
randomly selected case has a particular concept.  
A more detailed description of the properties of both 
case-based and fuzzy models can be found in [16, 
11, 12]. 

KNOWLEDGE PROCESSING ALGORITHMS 

A formal description of the preliminary 
diagnosis 
Formal concept analysis technique (FCA) was 

used for a formal description of the preliminary di-
agnosis. Formal concept analysis is an applied 
branch of the algebraic theory of lattices. For today 
the FCA is one of the most powerful data mining 
techniques. More information on this trend can be 
found in the works [3, 2, 13].  

The central concept of the FCA is the notion of 
formal context. With model-theoretic point of view, 
formal context is defined by the class of models 
K ⊆ K(σ) of fixed signature σ and the set of sen-
tences S ⊆ S(σ) of the same signature and is an or-
dered triple 〈K, S, B〉 [7]. 

In this paper we consider the formal context 
KΔ = 〈E, σΔ, B〉 generated by ontological model AΔ.  

Let AE и AμE be a case-based and fuzzy models 
generated by ontological model AΔ. Then the pair of 
sets (A, B), such that A ⊆ E, A ⊆ σΔ, is a formal 
concept of the context KΔ, if the following condi-
tions are met: 

μE (&φ(x)∈Bφ(a)) > μE (ψ(a) & (&φ(x)∈φ(a))),  
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for each ( )( ) ;Sx
B

Δσψ ∈  

A = τE (&φ(x)∈Bφ(a)), 

where {a} is a basic set of fuzzy model AμE. 
The set B is called the content of the formal 

concept (A, B). For convenience, we call the for-
mula (&φ(x)∈Bφ(x)) (instead of set B) as the content 
of the formal concept (A, B). 

The formal concept (A1, B1) is called a more 
general concept than the concept (A2, B2) (deno- 
ted (A1, B1) � (A2, B2)) if A2 ⊆ A1. Note that if 
(A1, B1) � (A2, B2), then B1 ⊆ B2. 

Consider a subset of the set of signature predi-
cates P = P1 ∪ P2 ∪ P3 ∪ P4 ∪ P5. To get a pre- 
liminary diagnosis we will use formal context 
KP (E, P, B), which is a subcontext of context KΔ.  

The formal concept (A, B) of the context KP we 
call positive hypothesis for the diagnosis D(x) ∈ D, 
if the condition is met 

μE (&φ(x)∈Bφ(a) → D(a)) = 1. 

Proposition 1. If μE (φ1(a) → D(a)) = 1 and 
μE (φ2(a) → D(a)) = 1, then μE (φ1(a) ∨ φ2(a)) → 
→ D(a)) = 1. 

Proposition 2. Let (A1, B1) and (A2, B2) be a 
formal concepts of the context KP such that 
(A1, B1) � (A2, B2). Then if concept (A1, B1) is a 
positive hypothesis of a diagnosis D(x) ∈ D, then 
(A2, B2) also is a positive hypothesis for the same 
diagnosis. 

Let G(D) be the set of all positive hypotheses 
for the diagnosis D. We define the set Gmax(D) ⊆ 
⊆ G(D) of maximal positive hypotheses for diagno-
sis D(x), i. e. such that for all concepts (A, B) ∈ 
∈ Gmax(D) there is no more general concept that be-
longs to the set G(D). 

Then the formula 

max

( )
, ( )

( ) & ( ),D x B
A B G D

F x xφ ∈
∈

= φV   

will be called a formula description of diagnosis 
D(x). 

The algorithm for determining  
the working diagnosis 
Consider patient Pat. Suppose that a partial di-

agnostics of the patient Pat was made and now we 
need to get a preliminary diagnosis. Consequently, 
there is information about the truth of some, but 
perhaps not all, predicates of the set P. Denote by 
True(Pat) the set of signature predicates from the 
set P, whose truth is known for patient Pat. Denote 
by Th(Pat) closure with respect to deducibility of 
the set True(Pat) (i.e. the theory generated by the 

set True(Pat)). According to the theory Th(Pat) we 
will build a model of the patient Pat. 

Definition 4. The ordered triple APat = 〈{Pat}, 
σΔ, ηPat〉 is called a fuzzy model of the patient Pat, 
if for any predicate φ(x) ∈ S(σΔ) truth function ηPat 
is defined as follows: 

( )
[ ]

(Pat)

1, ( ) Th(Pat);
(Pat) 0, ( ) Th(Pat);

0,1 , otherwise.

x
x

⎧ φ ∈
⎪

η φ = −φ ∈⎨
⎪
⎩

 

Model APat is a generalized fuzzy model of sig-
nature σΔ. The formal definition and description of 
the properties of these models can be found in [18]. 

Further, to determine a preliminary diagnosis (or 
several preliminary diagnosis), we need to check on 
model APat the truth of formula descriptions FD(x) 
of all diagnoses D of the set D. Diagnoses for which 
the condition ηPat(FD(Pat)) = 1 is met are declared 
a preliminary diagnosis for the patient.  

However, there may be a situation where the 
working diagnosis is not defined, i.e. for any D(x) ∈ 
∈ D we have ηPat(FD(Pat)) ≠ 1. Then, if there is at 
least one diagnosis D(x) such that ηPat(FD(Pat)) = 
= [0, 1], then the system offers to make an addi-
tional examination of the patient. If there is a situa-
tion where for any D(x) ∈ D we have ηPat(FD(Pat)) = 
= 0, then we are dealing with unusual situation, i.e. 
it is impossible to diagnose this patient using the 
developed system. 

Algorithm of appointment of additional 
diagnosing 
Assume that during the initial examination of 

the patient Pat preliminary diagnoses D1(x), …, 
Dk(x) ∈ D were set. A further objective of the sys-
tem is to select the most appropriate tools of instru-
mental research for setting final diagnosis. 

Select a subset of cases E' from the set of cases 
E for which at least one of diagnoses D1(x), …, 
Dk(x) was defined, i.e. 

E' = {e ∈ E | AΔ B D1(e) ∨ … ∨ AΔ B Dk(e)}. 

Consider the formal context KQ = (E', Q, B) 
which is a subcontext of context KΔ. The content of 
this context is the set of tools of instrumental re-
search. In this context we seek the most general for-
mal concept (A, B). The content of the concept B will 
be considered as optimal set of instrumental research 
tools based on working diagnoses D1(x), …, Dk(x). 

Note that the relation � – «to be the most gen-
eral notion» is a partial order relation. Therefore, 
there may be not the only one largest concept, but 
the several maximal concepts. Let concepts (A1, B1), 
…, (Al, Bl) be the maximal formal concepts of con-
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text KQ with ordering �. Then the system offers 
alternative solutions: B1, …, Bl. 

It is obvious that the set of maximal formal con-
cepts (A1, B1), …, (Al, Bl) has the following properties: 

A1 ∪ … ∪ Al = E′; 
For any formal concept (A, B) of context KQ 

there is i = 1, …, l such that Bi ⊆ B. 
Thus, by offering a set of alternative solutions 

B1, …, Bl on one hand we provide coverage of all 
considered cases, and on the other hand we mini-
mize the amount of instrumental research tools re-
quired for setting the final diagnosis.  

DESCRIPTION OF THE «DIAGNOSTIC PANEL» 
SYSTEM  

In view of the anticipated program usage scenar-
ios, it was decided to conduct the development in 
the form of a web application built on the ASP.NET 
platform. ASP.NET MVC framework was used as 
an architectural template of web application. Using 
the MS SQL Server (Express) database applies to be 
the best option in this case. 

To describe the medical histories in the MS 
SQL Server 2014 database 12 tables were created 
and relationships between tables were organized. 
They describe the 7 categories of considered attrib-
utes of medical histories – Gender, Age group, Di-
agnosis, Complaints, Clinical research, Laboratory 
research, and Instrumental research tools. To replen-
ish the database information on new medical histo-
ries and view existing in a web application the «List 
of medical histories» page was developed. On this 
page the standard operations on the data were im-

plemented such as view, create, edit, and delete. The 
design of the page for editing the list of medical his-
tories is shown in Figure 1.  

The interface of the main page is a form to fill in 
the data of a new medical history. The user fills in 
five categories of attributes: Gender, Age group, 
Complaints, Clinical research, and Laboratory re-
search. Attributes of Gender, Age group and Com-
plaints filled via drop-down lists. Attributes of 
Clinical research and Laboratory research are filled 
with the help of checkbox-lists. The appearance of 
data input form is shown in Figure 2.  

The button «Find working diagnoses» starts per-
forming the main algorithm for a given information 
in the form. Building a hypothesis is based on medi-
cal histories stored in the MS SQL Server database.  

The result of the main algorithm work is a list of 
preliminary (working) diagnoses. Under the list of 
working diagnoses the table of instrumental re-
search tools needed for clarification of diagnosis is 
shown. An example of the results of the main algo-
rithm work is shown in Figure 3. 

CONCLUSIONS 

The paper describes developed methods for 
identifying the need for additional diagnostic tests 
for definitive diagnosis of the patient. These meth-
ods are based on a combination of the two method-
ologies: a case-based approach of knowledge repre-
sentation and formal concept analysis.  

For the formalization of subject domain knowl-
edge a finite set of medical histories of patients is 
used, i.e. set of semi-structured texts written in natu-
ral language. For each medical history a singleton 

Fig. 1. «List of medical histories» page
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algebraic system – a case of subject domain is built. 
The class of all cases creates an ontological model 
of considered subject domain. Subject domain on-
tology is true on the ontological model.  

Formal context is built on the basis of ontologi-
cal model of the given subject domain. In con-
structed formal context a formal concepts is defined, 
confirming the one or the other diagnosis. Formula 
descriptions of diagnoses are built.  

Then fuzzy model of the patient passed partial 
examination is constructed. Truth values of formula 
descriptions of various diagnoses are tested on this 
model, a set of preliminary diagnoses for the patient 
is formed. The formal context of diagnoses which is 
a subcontext of subject domain context is consid-
ered. In this context, the maximal formal concept, 
the content of which is declared as a set of needed 
additional instrumental research tools, is found. 

The developed methods are implemented in 
«Diagnostic Panel» software system. The ontologi-
cal model is the core of the program. The software 
system is tested on a «spinal deformity and degen-

erative diseases of the spine» subject domain. Sys-
tem returns a set of preliminary (working) diagnoses 
for the patient based on clinical and laboratory re-
search of that patient with disease of the spine. On 
the basis of the preliminary diagnosis, the system 
helps the user (doctor) to select the minimum neces-
sary set of instrumental diagnostic tools to deter-
mine the final diagnosis of the patient. 

We express our gratitude to the staff of the No-
vosibirsk Research Institute of Traumatology and 
Orthopedics n. a. Y.L. Tsivyan, who kindly pro-
vided us with the necessary medical information. 
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CASE-BASED REASONING ДЛЯ ДИАГНОСТИРОВАНИЯ  
ЗАБОЛЕВАНИЙ ПОЗВОНОЧНИКА 
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В работе описывается программная система «Diagnostic Panel», разработанная для предметной области «де-
формации позвоночника и дегенеративные заболевания позвоночника». Работа основана на методах статисти-
ческой обработки данных, извлекаемых из медицинских документов, написанных на естественном языке. 
Программная система помогает врачам на основе данных клинических и лабораторных исследований пациен-
та определять предварительный диагноз и максимально быстро получать информацию о необходимости про-
ведения тех или иных инструментальных диагностических процедур для постановки заключительного диагно-
за и выбора оптимальной стратегии лечения. В программной системе «Diagnostic Panel» для представления 
знаний, извлечённых из различных текстов естественного языка, используется прецедентный подход к пред-
ставлению знаний. Разрабатываемый прецедентный подход основан на теоретико-модельных методах форма-
лизации онтологий предметных областей. Для обработки представленных в системе знаний используется ме-
тодология анализа формальных понятий. 
 
 

Ключевые слова: диагноз, заболевания позвоночника, прецедентная модель, нечеткая модель, онтология, 
формальный контекст, формальное понятие. 
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DEVELOPMENT OF AUTOMATED METHODS FOR REDUCING  
THE RISK OF CRITICAL CONDITIONS, BASED  
ON THE ANALYSIS OF MEDICAL RECORDS 
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This paper describes the methods of development of ontologies and ontological modes in medicine. We present four-
level structure of knowledge representation. Using the basics of ontological methods of presenting knowledge, we 
developed algorithms to prevent risks of critical conditions and complications. The work is based on the model-
theoretic approach to represent medical knowledge, which is shown through partial atomic diagrams of algebraic sys-
tems and of a patients’ cases data via Boolean-valued models. This data helped to develop ontology and ontological 
models of the «spinal deformity and spinal degenerative disease». The ontology model contains: a) general knowledge 
that is applicable for all patients, b) data on specific patients, and c) estimated knowledge that help doctors make rec-
ommendations. Estimated knowledge is a set of hypothetical possibilities that could lead to a patient’s critical condi-
tion or complications. We also developed an algorithm generating the estimated (fuzzy) knowledge based on the 
analysis of medical records. A software system generating recommendations to help prevent and reduce the risk of a 
patient’s critical condition (life threatening) was implemented. The results used in the study are from data of patients 
with spinal deformity or spinal degenerative diseases. 
 
 

Keywords: risk management, critical conditions, ontology model, precedent model, Boolean-valued model, 
knowledge representation, spinal deformity, degenerative diseases of the spine. 

This paper describes methods of ontology and 
ontological model development for the medical sub-
ject area. The ontology development was carried out 
for the subject domain of «Spinal deformity and 
degenerative diseases of the spine».  

The given approach is based on the four-level 
knowledge representation: the ontological knowl-
edge level in the subject domain ontology and three 
levels of knowledge representation contained in the 
ontological model. In particular, this knowledge 
representation is the basis for development of meth-
ods and algorithms of critical condition and compli-
cation risk prevention.  

The developed methods are implemented in the 
software system MedOntoModel. In particular, this 
software helps predict the probability of occurrence 
of patient’s critical condition and gives appropriate 
recommendations to doctors. The software system is 

designed for the subject domain of «Spinal deform-
ity and degenerative diseases of the spine.»  

A new approach to the development of the onto-
logical model structure is presented. It is viewed as 
a four-level one with strict division of knowledge 
into ontology, general knowledge, specific know-
ledge and probabilistic knowledge.  

Model theoretical approach is used for formal 
representation of knowledge. This approach allows 
describing knowledge with different degree of reli-
ability and generality. General knowledge is repre-
sented in the model by ∀-sentences of the first order 
predicate language. Specific knowledge about the 
patients is presented in the form of fragments of 
atomic diagrams of algebraic systems. Probabilistic 
knowledge is represented by fuzzy models.  

On the basis of ontological model we have de-
veloped critical condition risk prevention algorithms 
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for finding drug contraindications and negative in-
teractions, generation of estimated knowledge. 
These algorithms have been implemented in the 
software system MedOntoModel and tested on 
medical data obtained from patient medical records. 

CLINICAL DECISION SUPPORT SYSTEM  

This part provides a brief overview of Clinical 
Decision Support System (CDSS). The most inte-
resting examples of Russian and foreign CDSS’s 
have been considered.  

A CDSS is an information technology system 
that helps doctors to estimate patient’s condition, 
diagnose, choose a course of treatment or prescribe 
drugs [4]. The system works with patient’s charac-
teristics compared with information from a know-
ledge base. A CDSS outputs recommendations for 
patients or evaluation of a patient’s condition using 
special algorithms contained in it. 

Modern CDSS should automatically warn of 
critical condition onset, be able to present data in an 
easy-to-understand form, automate doctor’s interac-
tion with other computer systems, be able to verify 
the medical diagnostic solutions and build assump-
tions about patient's condition [4].  

According to [10], the use of CDSS can reduce 
the number of medical errors, and improve the 
treatment process and its outcome. In particular, the 
work [17] shows a twofold reduction of negative 
drug interactions leading to serious consequences, 
due to CDSS.  

The review conducted by researchers Jeffery et 
al. [9] shows that the CDSS use for tracking the 
status of diabetic patients reduces death rate among 
them. In another paper [15] the authors argue that 
CDSS use leads to increased performance of medi-
cal staff.  

Let us consider the most known CDSS used in 
Russia and other countries.  

System IBM Watson for Oncology 
This system helps oncologists determine a diag-

nosis and select a treatment plan. Watson compares 
the patient data and the knowledge gained from ex-
perts and medical texts. The system offers a suitable 
means of treatment and provides evidence of their 
efficiency. IBM Watson can process patient infor-
mation that is derived both from structured sources 
(electronic medical records) or unstructured (medi-
cal records in simple English).  

IBM Watson system is able to automatically ex-
tract information from medical texts. Knowledge 
Base of the system is formed by processing more 
than 290 medical journals, 200 manuals and 12 mil-
lion pages of text.  

System Dxplain 

Dxplain was developed in the Computer Science 
Laboratory at Massachusetts General Clinical Hos-
pital. This system is one of the first CDSS’s. Its de-
velopment began in 1984, and the first version was 
released in 1986. The Dxplain knowledge base con-
tains a description of 2400 diseases and 5000 differ-
ent medical data (symptoms, signs, epidemiology, 
laboratory researches and other).  

Input data for Dxplain are data on patients 
(signs, symptoms, laboratory tests). Output data of 
the system is a ranked list of presumptive diagnosis. 
For each of the suspected diagnoses the system pro-
vides its rationale in the form of relevant publica-
tions from the PubMed database.  

Pharm Expert  
One of the most interesting systems developed 

in Russia is Pharm Expert. The system helps doctors 
make decisions in the preparation of treatment. The 
main functions of Pharm Expert are:  

• detecting drug interactions and contraindica-
tions based on the personal characteristics of 
patient and drug route;  

• warning about exceeding the maximum daily 
dose of drug;  

• recommendations for the replacement of a 
conflicting drug by an optimum one;  

• automatic selection of dosages, dosage forms 
and ways of drug introduction.  

There is the possibility of automatic creation of 
the prescription, collect statistics about the prescrib-
ing and reporting on medical errors. The system can 
be integrated into existing health information sys-
tems. Pharm Expert System can analyze the elec-
tronic medical records of all common formats.  

The system uses the base of medical knowledge 
named United Medical Knowledge Base. Content of 
the database is managed by experts from well-
known Russian institutions. The Pharm Expert Sys-
tem has been tested clinically.  

APPLICATION OF THE ONTOLOGICAL  
APPROACH TO MEDICAL DIAGNOSTICS  

Most of the existing medical decision support 
systems are based on formalization and conceptuali-
zation of subject area [1, 5, 11, 12, 25, 26]. This 
approach is called «ontology or ontological model» 
in scientific literature.  

A group of specialists headed by A.S. Kleschev 
developed a series of approaches to the develop-
ment of ontologies in medicine [2, 13]. Subsequent-
ly, they developed an ontology of medical diagnos-
tics [11, 12], ontology of medication treatment [7], 
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filling the knowledge base approaches [3], formal 
description of a number of diseases, approach to the 
development of computer simulators in ophthalmol-
ogy [8] and others.  

A model of subject area, incl. the medicine, 
shall meet the following requirements:  

• the knowledge base terms shall be clear to 
specialists of the subject area; 

• the knowledge shall remain useful during the 
entire system operation; 

• the knowledge base shall be available for en-
largement; 

• availability of automated result accumulation 
for the verification of decisions made.  

The approach to formalization of medical diag-
nosis is based on the allocation of tasks in the doc-
tor’s everyday activity; on the control of decisions 
made; on management of knowledge bases, namely 
specification, extension and debugging of knowled-
ge bases.  

The daily work of doctor consists of task 
groups, such as diagnosis, treatment planning, fore-
casting, monitoring and examination. Each of these 
task groups was assigned its own domain ontology, 
which consists of a description of examined object 
(patient) and knowledge necessary to make a deci-
sion. The first description is called ontology, the se-
cond – the ontology of knowledge. They are linked 
together with ontological agreements.  

Knowledge Bases are based on the tasks of doc-
tor’s everyday activity. These bases are filled up by 
experts and automatically, and later undergo an 
automated check. If the system detects a task, for 
the solution of which the knowledge is scarce, the 
task gets solved in any other way and added to the 
knowledge base. The newly added knowledge is 
checked by an expert in the subject area.  

A group of specialists headed by A.S. Kleschev 
has developed a software system that solves the 
problem of determining a patient's diagnosis based 
on described approaches [16]. This system outputs a 
set of estimated diseases and explains the chosen 
solution. It based on the observed patient signs and 
symptoms.  

THE STRUCTURE OF THE ONTOLOGICAL  
MODEL «DEGENERATIVE DISEASES  
OF THE SPINE AND SPINAL DEFORMITY»  

Most of the modern ontological models describe 
the subject area in two levels. First is a meta-level, 
which describes the generalized concepts. Second 
level is a factual level, which describes the specific 
domain objects.  

Our approach to the development of ontologies 
and ontological model is based on model-theoretic 

methods of knowledge representation [18–21]. The 
developed ontology and ontological model primar-
ily intended for the generation of new knowledge 
and for the integration of knowledge obtained from 
different sources. In particular, the knowledge is ge-
nerated by the evaluation of patent’s critical condi-
tion probable risk.  

The knowledge presented as four levels: the le-
vel of ontological knowledge represented in the do-
main ontology, and three levels of substantial know-
ledge represented in the ontology model of the sub-
ject area.  

The first level is the ontology. The ontology 
presented knowledge about the key (specific) do-
main concepts. It describes definite specification of 
the meaning of key concepts. It presents a number 
of ontological relationships between concepts, such 
as «is-a», «part-of», different kinds of associative 
links between concepts and others.  

These three levels of knowledge are included in 
the ontological model:  

1. General knowledge that are true in all in-
stances of a given subject area. This knowledge is 
extracted from regulations (e.g. Ministry of Health 
and others), monographs on medical topics, articles 
and other sources. Such knowledge is formally rep-
resented in the ontological model by using of uni-
versal sentences, i.e., ∀-sentences. ∀-sentence is a 
sentence of the first-order predicate logic that starts 
with universal quantifiers ∀. After quantifiers, there 
is a quantifier-free part of the sentence.  

2. Knowledge about individual patient extracted 
from their medical reports. This knowledge is pre-
sented in the form of precedents. Precedent model 
consist of a set of precedents. This is purely empiri-
cal knowledge. It is true for quite specific situations 
limited in space and time. Formally, such know-
ledge is represented in the ontological model using 
quantifier-free sentences. We consider such sen-
tence as fragments of atomic diagram of an alge-
braic system [14].  

We use the previously developed methods at the 
stage of ontological model filling with the informa-
tion on specific patients. Besides, we use previously 
developed software system designed for knowledge 
extraction from natural language texts and frag-
ments of building atomic diagrams of algebraic sys-
tems [14, 24].  

3. Probabilistic (estimated) knowledge. This 
knowledge is used for automated issuance of medi-
cal advice. For example, the doctor can get recom-
mendations for the prevention of risks of patient 
critical conditions. Evaluative knowledge in onto-
logical model replenished by analysis of precedents 
(patient records) using existing ontological and uni-
versal knowledge, as well as general knowledge. 
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Formally, the probability and evaluative knowledge 
is represented using fuzzy models [22, 23].  

Thus, this paper presents a four-level structure 
of the ontology and ontological model. This struc-
ture allows formalizing the subject area on four lev-
els of knowledge representation. Level of prece-
dents and the level of estimated knowledge have 
particular importance in the context of this work.  

The level of precedents is knowledge of the in-
dividual patient. Its level allows describing the sub-
ject area in terms of private facts. Each such fact 
contains only partial information. However, if we 
bring information from a huge amount of different 
patient’s private data together, we can work out ge-
neral knowledge. This knowledge is presented in the 
ontological model on the level of probabilistic (es-
timated) knowledge.  

The level of evaluation knowledge describes the 
subject area in the terms of «generalized» precedent. 
The role of this knowledge is the generalization of 
previously gained experience. Precedents (the pa-
tient’s medical report) represent this experience. 
Evaluation knowledge is inexact; any such state-
ment is true only with a certain probability. As a 
matter of fact, we are dealing with fuzzy truth-va-
lues. Therefore, we use fuzzy model for evaluation 
of knowledge representation [22, 23].  

Ontology  
Ontology describes the key concepts of the subject 

area. It describes the types of objects, types of relation-

ships between objects, object attributes. In developing 
our ontology, we used Kleschev’s, Moskalenko’s and 
Chernyakhovskaya’s researches [11, 12].  

Condition of patients is presented in the form of 
medical report in the ontological model (Fig. 1). 
Information on the results of analysis, surveys, any 
symptoms, some events, and anatomical and physio-
logical characteristics of the patient are stored as 
true on this medical report statement. Each medical 
report has a time scale of non-negative integers rep-
resenting the number of hours since the start of pa-
tient monitoring. All information on the results of 
analysis, surveys, any symptoms, occurred events is 
recorded in accordance with this scale.  

Base of general knowledge  
The database contains information of general 

knowledge, derived from medical regulatory docu-
ments, monographs and articles, as well as by ex-
perts of the subject area. In contrast to the ontologi-
cal knowledge, these statements reflect the proper-
ties of the real world. Therefore, some of these 
statements can become unreliable later.  

General knowledge describes the relationship be-
tween diseases and complications of critical condi-
tions on the one hand, and the results of analysis and 
surveys of symptoms on the other hand. If the patient 
doesn’t have a disease, complication or critical condi-
tion, the results of analysis and examinations are de-
termined as the relationship between normal reac-
tions and reactions to the impact of events.  

Fig. 1. The structure of ontology model
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All links have several options of manifestation. 
Which of the options will take place in the situation 
depends on the anatomical and physiological char-
acteristics of patient and the medical event occurred. 
Description of the negative drug interactions also 
refers to the general knowledge base. Negative drug 
interaction is presented as a cause-effect link where 
the causes are the use of several different drugs, and 
the consequence is a negative reaction.  

Base of precedents  
The base of precedents stores a lot of records of 

real patients. Each case record is presented as a 
precedent.  

Let us introduce the concept of a formal precedent. 
Formal precedent is the description of a precedent in 
some formal language. It is a model containing a set of 
logical sentences that is true on that model. It describes 
the patient’s condition during the disease.  

The onset of symptoms, diseases or other events 
is recorded in the form of a logical statement where 
the predicate is the predicate that indicate an action, 
such as «Observed». The variables are appropriate 
terms of symptoms, diseases, and other concepts 
that reflect with the condition of patient. 

The meaning of all symbols that are used as 
variables and predicates in logical sentences must 
be defined in ontology. Formally, logically prece-
dent is described in the form of fragments of atomic 
diagrams of algebraic systems.  

Base of probabilistic knowledge  
Knowledge stored at the base of probabilistic 

knowledge generated by the set of precedents (case 
records of patients). It is generated using algorithms 
implemented in the functional part of system. In 

particular, the probabilistic knowledge base contains 
a set of hypotheses on the probability of patient's 
critical conditions or complications (Fig. 2). 

FUNCTION PART OF PROGRAM SYSTEM  
MEDONTOMODEL  

The functional part of the ontological model im-
plements the algorithms of knowledge integration 
and new knowledge generation. It includes algo-
rithms to detect the risks of critical conditions, find-
ing drug contraindications and negative interactions, 
algorithms of probabilistic knowledge generation.  

In the context of this work, we use the following 
definition of critical situation, critical states and 
complications. The critical situation is a situation in 
which there is a sharp deterioration of patient’s con-
dition or the risk of such deterioration is increased. 
In particular, it’s an event of critical condition or 
complication.  

Critical condition is an extreme degree of pa-
thology, which requires artificial replacement or 
support of vital functions.  

Complication is a pathological process joined to 
the main disease. It aggravates the typical course of 
the disease. This process is not due to the cause of 
disease, but the additional changes arising in the 
body in the course of disease.  

Developed algorithms are aimed at minimiza-
tion of the risk of critical situations. They function 
as follows. First, for all base of precedents (it con-
sist of medical records of patients) an algorithm of 
generation of evaluating knowledge about the criti-
cal condition onset risk is used. The result of the 
algorithm is a set of hypotheses about the possible 
critical conditions. Then, for a given individual pa-

Fig. 2. Refilling of the base of probabilistic knowledge
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tient's medical record the algorithm for identifying 
the risks of critical situations and algorithm for find-
ing drug contraindications and negative interactions 
are applied. The results of these algorithms is a list 
of warnings to the doctor about potential negative 
effects of drug for the individual patient, a list of 
potential critical situations in this patient and, if 
necessary, a list of recommended further examina-
tion of the patient (Fig. 3). 

Let us consider each of these algorithms in detail.  
1) Algorithm of generation of evaluating know-

ledge about the critical condition onset risk.  
The algorithm accepts for input a base of prece-

dents, namely the medical records of different patients 
with critical situations set for them. The algorithm 
looks for repeated combinations of reasons for each 
critical situation and thus creates a hypothesis. Hy-
potheses can be positive (a critical situation occurs) 
and negative (a critical situation does not occur).  

The output of algorithm is a set of hypotheses of 
cause and effect. For every critical situation, it de-
scribes a set of causes. A set of hypotheses forms a 
base of evaluation knowledge.  

2) The algorithm for identifying the risks of 
critical situations.  

This algorithm is based on the algorithm given 
in [16]. It defines a list of possible critical situations 

for a particular patient. In addition, algorithm rec-
ommends a list of additional surveys to find the risk 
of critical situations.  

The algorithm uses a medical record of individ-
ual patient. For each event in the medical record a 
time of the event is indicated. Also, the algorithm 
uses ontological model and the base of probabilistic 
knowledge obtained after application of algorithm 
of generation of evaluation knowledge about the 
critical condition onset risks.  

3) The algorithm for finding drug contraindica-
tions and negative interactions.  

One of the most common causes of critical 
situations [6] and later mortality is prescribing con-
traindicative drugs to patient. In particular, the com-
bination of drugs can be dangerous if it includes 
incompatible substances.  

To prevent such cases we have developed an al-
gorithm for finding drug contraindications and ne-
gative interactions.  

Whenever a doctor prescribes a new medication 
to a patient, the algorithm checks the correctness of 
choice using the knowledge from ontology and on-
tological model. 

For example, if contraindications read «liver 
disorder», the system concludes that the drug is also 
contraindicated to patients with hepatitis, cirrhosis 

Fig. 3. Functional part of the system



Naydanov C. et al. Development of automated methods for reducing the risk of critical… /p. 105–113 
 

СИБИРСКИЙ НАУЧНЫЙ МЕДИЦИНСКИЙ ЖУРНАЛ, ТОМ 36, № 1, 2016 111
 

and other, because hepatitis and cirrhosis are certain 
cases of liver disorder. 

RESULTS  

The software system MedOntoModel has been 
tested on clinical data – medical records of more 
than 250 patients. As a result, the system has re-
vealed possibility of occurring of neurological and 
inflammatory complications in about half of the pa-
tients. On this basis, appropriate warnings have 
been issued for doctors.  

Approximately in one fourth of medical records 
system could not accurately determine whether 
there was a probability of critical situations or not, 
and requested additional information. With addi-
tional information, these patients were identified for 
the probability of critical situations and appropriate 
warnings for physicians were given.  

In all cases where the possibility of occurrence 
of critical situations was found, the actual existence 
of critical situation was confirmed by the informa-
tion from the patient's medical record.  

In particular, clinical data of patient with a pre-
liminary diagnosis of «osteochondrosis of the lum-
bar spine» were entered into the system. There were 
patient personal information (date of birth, sex, 
etc.), characteristics of the patient’s body (intoler-
ance, height, weight, etc.), medical record, results of 
examination and blood tests among the entry data.  

On the basis of knowledge about infectious en-
dotoxicosis the system MedOntoModel has found 
symptoms of occurrence of post-operative compli-
cations in clinical data. This result has been con-
firmed by the presence of infectious endotoxicosis 
in the patient’s medical record.  

In some patient prescriptions the system found 
contraindicated drugs and drugs with a negative in-
teraction of active ingredients. The system issued a 
list of warnings to physicians in form of enumeration 
of drugs and whether conflicting drug or patient's 
contraindications to it from the medical record.  

With the help of a separate sample of patient 
medical records the system MedOntoModel gener-
ated hypotheses about the causes of neurological 
complications. Generated hypotheses were added to 
the estimated knowledge and were used in the fol-
lowing work of the system. In particular, the added 
knowledge was used to identify the risks of neuro-
logical complications that are not described in the 
general knowledge. 

CONCLUSION 

We present methods for developing ontologies 
and ontological models based on the four-level mo-

del of knowledge representation. The subject do-
main knowledge is represented on the following 
levels: ontology, general knowledge, specific know-
ledge (precedents) and estimated (probabilistic) 
knowledge. On the basis of this representation the 
ontological model of the «Spinal deformity and de-
generative diseases of the spine» subject domain has 
been developed.  

We have developed specific algorithms for iden-
tifying the risks of critical situations, finding drug 
contraindications and negative interactions. These 
algorithms have been implemented in the software 
system MedOntoModel. This system helps predict 
critical conditions of patients and provides recom-
mendations for doctors. It has been tested on the 
data from medical records of patients with spinal 
deformity and degenerative diseases of the spine. 
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Статья посвящена методам разработки онтологий и онтологических моделей предметных областей в медици-
не. Предложена четырёхуровневая модель представления знаний. На основе онтологических методов пред-
ставления знаний разрабатываются алгоритмы предупреждения рисков возникновения у пациентов критиче-
ских состояний и осложнений. Работа основана на теоретико-модельном подходе к представлению медицин-
ских знаний. Используется представление знаний при помощи фрагментов атомарных диаграмм алгебраиче-
ских систем, а также представление знаний о пациентах в виде булевозначной прецедентной модели. Разрабо-
таны онтология и онтологическая модель предметной области «Деформации позвоночника и дегенеративные 
заболевания позвоночника». Онтологическая модель содержит универсальные знания, истинные для всех па-
циентов, данные о конкретных пациентах и оценочные знания, служащие для выдачи рекомендаций врачу. 
Оценочные знания являются вероятностными гипотезами о возможности возникновения критического со-
стояния или осложнения у пациента. Разработан алгоритм порождения оценочных знаний на основе анализа 
историй болезней. Реализована программная система, предназначенная для выдачи рекомендаций по преду-
преждению и уменьшению риска возникновения критических состояний и осложнений у пациентов. Про-
граммная система была протестирована на данных о пациентах, имеющих деформации позвоночника и деге-
неративные заболевания позвоночника. 
 
 

Ключевые слова: управление рисками, критические состояния, осложнения, онтологическая модель, пре-
цедентная модель, булевозначная модель, деформации позвоночника, дегенеративные заболевания поз-
воночника. 
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PERSONALIZED MATHEMATICAL MODELING  
OF CEREBRAL ARTERIAL ANEURYSMS 
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The mathematical and computational framework for personalized modeling of the cerebral hemodynamics in the pres-
ence of arterial aneurysms has been described. As an example we study nonlocal hydrodynamic properties of cerebral 
arterial aneurysms. The area of the vessel aneurysm influence on the surrounding blood flow and the changes caused 
by pressure increase and decrease have been determined using numerical simulations, as well as the flow features in 
the case of multiple aneurysms presence have been investigated. The personalized clinical data obtained during intra-
operative endovascular measurements have been used for computations. 
 
 

Keywords: hemodynamics, arterial aneurysm, aneurysm rupture factor, liquid 3D-flow modeling. 

Cerebral aneurysms are local enlargement of the 
arterial wall due to the wall damage and weakening. 
In most cases aneurysms occur in the places of 
anatomic variations and pathological conditions or 
high-flow arteriovenous malformations which cause 
locally increased flow in the cerebral circulation, 
and, at points of flow bifurcation [7]. Aneurysm is 
one of the most frequent and dangerous diseases of 
the cerebral arteries. The most serious consequences 
of the presence of the aneurysm are their rupture 
and intracranial hemorrhage which could be lethal. 
According to statistics, up to 5 % of all deceased 
people being in autopsy have cerebral aneurysms. 
Treatment of aneurysms is a challenging task, as 
often there are no visible symptoms of aneurysms 
before its rupture. At the same time, treatment car-

ries a risk which often exceeds a risk of having an 
aneurysm rupture on the early stage. So, at the mo-
ment when neurosurgeon recognizes that patient has 
aneurysm, he meets a problem of determining the 
time when it is better to treat the patient. To start a 
surgery on time, a surgeon must know how aneu-
rysm is growing and when it will rupture. Despite 
an aneurysm is a frequent disease, mechanisms of 
its formation, evolution, and rupture are not well 
understood yet. Thus, the planning of an effective 
surgery is a very difficult task for neurosurgeons. 

There are several factors involved in the aneu-
rysm formation, growth, and rupture, such as histo-
logical, hemodynamic, and genetic factors. Model-
ing of aneurysms is a complex multi-parametric 
problem. There are several theories of aneurysm 
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formation and growth. For example, in [7] it is 
stated that the main factor influencing a dynamics of 
the aneurysm is the wall shear stress (WSS) pro-
voked by the blood flow. It is considered that endo-
thelium could sense WSS and effect the wall struc-
ture. At the same time, Sforza et al. doesn’t assert 
that it is exactly the WSS increase that leads to an-
eurysm, or to its growth, or rupture. According to 
them, there are two main hypothesis: «low-flow» 
and «high-flow» theories (low and high velocities of 
the blood flow). We are not able to decide which of 
these theories is correct, as each of them has its pros 
and cons. 

Treating an aneurysm requires a surgery. There 
are several types of endovascular surgery that could 
be used. The main idea of such treatment is to cut 
off an aneurysm from the blood flow by an intro-
duction of the agents provoking thrombosis inside 
aneurysm, or, in other words, to do embolisation of 
the aneurysm. 

The main difficulty of the endovascular treat-
ment is coming from a wide-neck aneurysm, as it is 
often too difficult to occlude an entire aneurysm 
sac. In that case, neurosurgeons usually resort to put 
a stent either to redirect flow and reduce cross-neck 
flow into the aneurysm or to bring a vessel geome-
try to its initial state. Usually neurosurgeons don’t 
try to coil such aneurysms because of the risk of the 
coil falling out after a surgery even with the stent 
support. 

In our previous papers [8, 9] we studied local 
characteristics of flow in the vicinity of aneurysm 
(both hydrodynamic and mechanical parameters). 
Our focus was on the analysis of the main hemody-
namic parameters and elastic stresses for the clinical 
data analysis of a specific patient. To understand 
how the fluid flows in the aneurysmal sac and how 
the flow changes after a surgery, we examined 
streamlines’ behavior. Furthermore, we examined 
pressure distribution, its gradient, and wall shear 
stresses. 

In this work our goal is to determine how far the 
aneurysm affects the hemodynamics in the circula-
tion network. We carried out several numerical ex-
periments for different case studies: effect of the 
presence of the aneurysm, influence of the pressure 
change, presence of the multiple aneurysms. 

Real-world data play crucial role in mathemati-
cal modeling and it is the main ingredient for verifi-
cation and justification of the theory being devel-
oped. Designing an experimental setup and a meas-
urement system is a challenging task in engineering 
sciences. And it is even more difficult in natural and 
medical sciences. In this work we describe a meas-
urement system we use in the framework of mathe-
matical modeling of cerebral hemodynamics. Clini-

cal data are collected during endovascular neurosur-
gical treatments of cerebral blood vessel diseases 
(arteriovenous malformations or aneurysms). 

A widely used method to assess cerebral blood 
flow is the transcranial Doppler ultrasonography 
[3]. However it is applicable only for relatively lar-
ge vessels–carotid arteries and their first level bran-
ches: a., m., and p. cerebral arteries. Moreover this 
method does not allow one to measure the pressure. 
In our work we use endovascular flow and pressure 
measurement system Volcano ComboMap (Volcano 
Corp., USA). Measurements are performed using a 
0.36 mm diameter wire ComboWire. In Fig. 1, 2 an 
example of the blood flow monitoring is shown. 

Using analog-to-digital convertor we collect the 
data being measured in real time. The data is being 
processed and displayed with a home-made software 
(Fig. 3). The software displays real-time velocity–
pressure and flow rate–energy flow rate diagrams 
which can be used to evaluate the operation [0, 4, 5]. 

Fig. 1. Measurement locations 
 

Fig. 2. ComboMap screen showing pressure and velocity
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Data post-processing includes noise filtering, 
extraction of the signal segments and mapping it to 
a measurement location. After that, the data can be 
used for patient-specific numerical modeling. 

The measurement system presented in this work 
can be used as an additional instrument used in en-
dovascular surgery for assessment and monitoring 
of the operation [6]. 

MATERIAL AND METHODS 

In this work we perform nonstationary 3D nu-
merical simulations of relatively large cerebral arte-
rial circulation areas with aneurysms (Fig. 4). Com-
putations are carried out at the Informational and 
Computational Center of the Novosibirsk State Uni-
versity using the ANSYS commercial software. Hy-
drodynamic properties of the flow are simulated 
using the ANSYS CFX solver, while the deforma-
tions and stresses in the vessel wall are computed 
with the ANSYS Mechanical. 

For our simulations we use patient specific MRI 
and CT data obtained at the Meshalkin Novosibirsk 
Research Institute of Circulation Pathology and the 
Burdenko Research Institute of Neurosurgery. The 
patients underwent minimally invasive (endovascu-
lar) or open surgery. To reconstruct the flow domains 
preoperative scans are used. The segmentation was 
performed with ITK-SNAP [10] and VMTK [1]. 

Blood flow parameters (velocity and pressure) 
are taken from intraoperative monitoring with Vol-
cano ComboMap endovascular blood flow meas-
urement system [0]. 

When modeling such complex and multifacto-
rial objects one always has to find a balance be-
tween a mathematical model describing the phe-
nomenon the most accurately, however being com-
putationally very expensive, and a simpler one, but 
describing the main features of the case. In our work 
we consider blood as a viscous incompressible New-
tonian fluid governed by the Navier–Stokes equa-
tions. The vessel wall is considered a linearly elastic 
isotropic material. However the elasticity parame-
ters of the healthy vessel wall and the one of the 
aneurysms can be different. 

RESULTS 

In our first series of numerical simulations we 
studied the effect of the presence of the aneurysm of 
the flow. The «treatment» of the aneurysm was per-
formed numerically with an appropriate software 
surface editor. The calculations show the localness 
of such an influence. The influence area spreads out 
no far than several diameters of the aneurysm. In 
Fig. 5 a comparison of the pressure distribution is 

 
Fig. 3. Clinical data acquisition and real-time diagrams

Fig. 4. Computational geometry with multiple aneurysms
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shown: 1 – original configuration with aneurysm, 
2 – with aneurysm numerically removed, 3 – the 
pressure difference between the two calculation 
(where applicable) is shown. 

In the second series of the experiments we 
gradually increased and decreased pressure at the 
outlet of the flow domain. These changes can be 
considered as hypertension (high blood pressure) 
and hypotension (low blood pressure). In Fig. 6 a 
diagram of relative change in velocity and pressure 
is shown. The computations show localness of the 
changes in flow structure and linear quantitative 
changes of flow parameters. 

In the last series of our work we studied hemo-
dynamic properties of the blood flow in a vessel net 
with multiple aneurysms. The purpose of these 
simulations was to determine if there is an influence 
of the aneurysms on each other. An example of the 
numerical simulations is shown in Fig. 7. 
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В работе представлен математический и компьютерный подход к моделированию церебральной гемодинами-
ки при наличии артериальной аневризмы. С использованием численного моделирования определяются: воз-
действие аневризмы на окружающий ее поток крови, изменения, обусловленные ростом или падением давле-
ния в сосуде, а также исследуются характеристики потока крови в случае наличия множественных аневризм. 
Для численных расчетов были использованы клинические данные, собранные в ходе проведения эндоваску-
лярного вмешательства. 
 
 

Ключевые слова: гемодинамика, артериальная аневризма, критерий разрыва аневризмы, моделирование 
трехмерного потока жидкости. 

 
Хе А.К. – к.ф.-м.н., лаборатория дифференциальных уравнений, старший научный сотрудник,  
e-mail: alekhe@hydro.nsc.ru 
Чупахин А.П. – д.ф.-м.н., лаборатория дифференциальных уравнений, заведующий лабораторией 
Черевко А.А. – к.ф.-м.н., лаборатория дифференциальных уравнений, старший научный сотрудник 
Паршин Д.В. – к.ф.-м.н., лаборатория дифференциальных уравнений, младший научный сотрудник, 
e-mail: danilo.skiman@gmail.com 
Кривошапкин А.Л. – чл.-корр. РАН, д.м.н., главный научный сотрудник, врач-нейрохирургч 
Орлов К.Ю. – к.м.н., врач-нейрохирург, руководитель Центра ангионеврологии и нейрохирургии 


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


