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NUMERICAL MODELING OF ACIDITY DISTRIBUTION IN ANTRODUODENUM
AIMED AT IDENTIFYING ANOMALOUS ZONES AT CONSUMING DRINKS
WITH DIFFERENT PH LEVEL
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The article focuses on describing mathematical model of a multi-phase flow in antroduodenum and its ap-
plication for predicting digestive process features, including pH level detection. The suggested sub-model repre-
senting antroduodenal area of gastrointestinal tract is being developed within the frameworks of mathematical
multilevel model depicting evolution of damage to critical organs and systems under exposure to risk factors. We
introduced damages as per three functions (motor, secretory and absorbing one) to several gastrointestinal tract
zones (body of stomach, antrum, and duodenum) and to pancreas and liver, into the sub-model. Mathematical
problem statement includes records of mass and impulse conservation equations for mixture of liquid incom-
pressible phases; ratios for mass flow intensity vector due to diffusion processes; ratios for mass sources due to
reactions, secretion and components absorption, food dissolution, initial and terminal conditions. We obtained
numeric experiment results when drinks with various pH level (2.3; 3.5; 7) were consumed; they revealed that
anomalous considerable increase in acidity occurred in pyloric opening zone and duodenal cap zone when a
drink with pH level equal to 2.3 was consumed. The results presented in this work make a considerable contribu-
tion into mathematical modeling development used to describe multiphase flows in biological channels with var-
iable form. We showed that obtained acidity levels in various antroduodenum zones correspond to experimental
data given in the works of other researchers. In future the model can be applied to predict risks of duodenum
damages evolvement together with detecting areas of their localization under exposure to negative factors.

Key words: mathematic modeling, functional damages evolution, antroduodenum, pH level, neutralization
of acid, mucous tunic damages, tract motility, risk factors.

Technologies and industrial productions
are developing rapidly nowadays and it leads
to greater volumes and wider spectrum of
chemicals' emissions into the environment.
Consequently, food stuffs can contain
increased toxicants' concentrations, including
heavy metals, which can penetrate, for
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example, vegetables and fruit via contaminated
soil, atmospheric air, and water used for
irrigation. Besides, manufacturers use new
food additives to improve taste or to prolong
storage life; however, impacts which are
exerted on a body by such additives are not
studied enough. Irregular and imbalanced
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nutrition also makes for additional risks for
negative responses in terms of health; in
particular, we can mention fast-food, fatty
food and food rich in calories, beverages with
increased acidity. For example, acidic content
of gastrointestinal tract (GIT) can cause
substantial damage to teeth enamel and dentin
due to erosive factors [10, 13]; it can also
cause ulcer evolvement in stomach and
duodenum [20, 22].

The existing models applied for assessing
influence exerted by environment on health as
a rule are "black box models" and they don't
apparently allow for variable exposure of
factors, impact duration and mechanisms,
organs and systems physiology [4, 9]. To get
more profound insight into processes of
damage evolving in organs and systems, a
group of researchers, including the authors of
this paper, offer to use a mathematic model
based on multi-level approach [2]. The upper
(or macro) level of the model deals with
averaged interaction between organs and
systems with the use of ordinary differential
equations which describe damage evolution.
Damage characterizes functional capabilities
of an organ and it can be from 0 to 1 (O means
there are no functional disorders, 1 means that
functions fail completely). Damage is assumed
to change over time (age) due to natural aging
processes and self-recovery processes in
organs, non-normative intake of nutrients and
chemicals, and medical treatment. Average (or
meso) level is focused on physiology of a
particular organ or system, damage
mechanisms, interaction with other systems of
a body. We should point out that at this stage
sub-models of respiratory, digestive, and
neuro-endocrine system at meso-level are
being worked out [6, 8]. Later on it may become
necessary to create models which will help to
describe damage processes at cellular (or micro)
level.

To solve tasks related to penetration of
chemicals into a human body with food stuffs
and drinking water, we are working out a
digestive system model at meso-level [5]. This
model is rather complicated and it requires
additional sub-models creation to describe

Health Risk Analysis. 2017. no. 1

digestion and damage accumulation in various
digestive organs and gastrointestinal tract
sections more profoundly. This paper is
dedicated to problems related to creating one
of such mathematical sub-models describing
physiological processes in antroduodenal
section (antroduodenum) of gastrointestinal
tract. It is this section where damage to
mucous coat and ulcer evolvement occurs
most frequently [1, 3], and it results from
changes in balance between protection and
damage mechanisms [22]. Increased acidity in
the tract is one of the basic factors causing
accumulation of damage in mucous coat; this
increased acidity can be caused by various
reasons, including insufficient alkali secretion

for acid neutralization, defects in local
bloodflow, and many other factors.
Direct measuring of acidity in

gastrointestinal tract [11] has a number of
disadvantages: it requires substantial time and
material costs; measuring can be accomplished
only in several points in certain moments,
predicting is complicated, and an examined
individual can suffer from unpleasant
sensations. Besides, penetration of measuring
devices into a human body can skew research
results. In comparison with an experiment,
mathematical approaches enable rapid changes
in research design, including / excluding
separate factors or conditions.

To consider space-distributed properties
in gastrointestinal tract, it seems advisable to
describe the examined processes with the use
of multi-phase media mechanics techniques
applying differential equations in partial
derivatives. Mathematical models used for
describing food flow in esophagus, [7, 25],
stomach [14, 15, 18], and bowels [17, 16, 19],
have been actively developed over the last
decade. We should note that researchers, when
developing models, as a rule consider tract
motor function while biochemical reactions,
digestive glands secretions, and food
components  absorption are given less
attention. Comparatively few works deal with
multi-phase modeling. Here realistic 3D shape
of gastrointestinal tract sections and functional
disorders occurrence, as well as food
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dissolution under hydrochloric acid and
enzymes impacts, are not taken into account.

We accomplished conceptual and
mathematical tasking, worked out algorithms
of 3D shape reconstruction and tract motility
as per ultrasound results, obtained some results
on food dissolution speed at disorders in
antroduodenum secretory function at previous
stages of the research within the frameworks
of the mathematical model which is described
in this paper and deals with multi-phase flow
in antroduodenum [26].

Our research goal was to examine
acidity in  antroduodenal  section  of
gastrointestinal tract applying mathematical
modeling in order to identify abnormal zones
when consuming drinks with various pH level.

Data and methods. We studied multi-
phase flow in antroduodenal section of
gastrointestinal tract; in general, the first phase
was multi-component liquid (water, pepsin,
hydrochloric acid, sodium hydrogen carbonate,
carbon dioxide, sodium chloride, dissolved
complex proteins, fats, carbohydrates,
polypeptides, and chemicals). Components
were assumed to be dissolved at molecular
level. To describe food, we used several liquid
phases with various viscosity. Food particles
were thought to have spherical shape in
interphase interaction  functions, phases
differed as per dimensions ranges. Interphase
interaction forces were considered to be
proportional to differences in speeds of
interacting phases.

Mass transfers from food phase into first
phase components (water, dissolved proteins,
fats, carbohydrates, and chemicals) under
exposure to acid. Speed of interphase transfer
depends on pH level of a medium, food
dissolves only in acidic medium. Model allows
for reaction of neutralization between acid and
sodium hydrogen carbonate, and enzymatic
reaction between pepsin and complex proteins.

We introduced damage to several sections
of the tract into the model; these sections
included body of a stomach, antrum, and
duodenum; we also introduced damage to
pancreas and liver which determined intensity
of sodium hydrogen carbonate mass source in
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the area where ducts from these organs are
located. Damage was defined as per each
function, namely motor, secretory, and
absorption one. We assumed that when motor
function failed, it caused decrease in peristaltic
wave amplitude in antrum and duodenum, and
contractive capabilities of pyloric opening
became weaker; when disorders in secretory
function occurred, intensity of acid or alkali
mass flow at the area boundary (tract walls)
went down; in case of disorders in absorption
function, mass outflow of chemicals became
less intense.

The suggested model doesn't apparently
allow for acid hypersecretion. Increased acid
discharge is thought to be determined by
regulatory mechanisms failure, or inadequate
response to food stimulation. Only muscle
weakness of circular layer in tract walls is
considered among mechanisms which cause
decrease in motor function; other disorders, for
example, changes in contractions periodicity,
are not taken into account. Lower toxicants
absorption caused by damage to a tract wall
can be explained by changes in mucous coat
properties due to long-term exposure to a
toxicant which is one of tolerance
mechanisms. We should note that our model
doesn't allow for dynamic changes in phases
viscosity and density; nevertheless, phase
properties in numeric experiments can be
changed and we can analyze results which can
correspond to, for example, various digestion
stages in a stomach.

Speed of hydrochloric acid secretion is
described by a dependence on average near-
wall concentration of dissolved proteins, fats,
and carbohydrates in a body of a stomach.
Intensity of pepsin mass source is defined by
dissolved proteins concentration. Physiological
motive makes it advisable to use only near-
wall concentration as receptors located in tract
walls measure control element level and give a
signal to control. The described regulation
occurs locally as opposed to a signal to change
intensity of sodium hydrogen carbonate mass
source. Alkali secretion in antrum and
duodenum as well as with pancreas and liver
fluid depends on acid near-wall concentration
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in a body of a stomach and on neuro-endocrine
system functionality responsible for giving a
signal to control. The above-mentioned
dependences are described with correlation
with saturation similar to Michhaelis-Menten
equation.

So, mathematical tasking includes record
of mass conservation and  impulse
conservation equations for a mixture of liquid
incompressible phases, correlations for the
intensity vector of mass flow at the expense of
diffusion processes, correlations for mass
sources at the expense of reactions, secretion,
and components absorption, food dissolution,
initial and boundary conditions [26]. At a first
approximation all the processes are thought to be
isothermal, so mathematical tasking doesn't
include temperature effects.

Results and discussion. We examined
the effects caused by initially increased acidity
(for example due to intake of acidic liquid) on
dynamic  distribution  of  acidity in
antroduodenum. In this case the model became
a bit simplified as we considered one-phase
multi-component liquid (water, acid, sodium
hydrogen carbonate, sodium chloride, and
carbon dioxide).

At the initial moment of time increased
acid concentration in stomach was set which
corresponded to a beverage with a certain
volume and acidity. The first scenario was
focused on the case when a beverage with
neutral acidity was consumed (pH = &) in a
volume equal to 170 ml (for example, water).
In the second scenario we analyzed acidity
distribution in gastrointestinal tract when a
beverage with increased acidity was consumed
(pH = 3.5, volume equal to 170 ml), it could
be, for example, apple juice, orange juice, any
other fruit juice, or a fizzy beverage. In the
third scenario we considered the case when a
beverage with acidity (pH = 2.3) in a volume
equal to 170 ml was consumed. Such acidity
level is characteristic for lemon juice, Coca-
Cola and other fizzy drinks [24].

There were no functional disorders in
antroduodenum in all three scenarios, in
particular, intensity of hydrochloric acid
secretion and sodium hydrogen carbonate
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secretion corresponded to the physiological
standard observed in a healthy man.

If we analyze the results obtained in the
first scenario, we can see that acidity in
stomach cavity varies from 2.5 to 3.5 pH
(figure 1, a). The parameters correspond to
physiological standards. A zone with lower
acidity (from 5 to 7 pH) occurs in near-wall
layers of antrum and duodenum in order to
provide protection from negative impacts.

In scenario 3 we can observe increased
acidity in antroduodenum cavity (figure 1, b).
Near-wall pH reaches 3 in the duodenal cap
area and it can cause negative impacts on
mucous coat of the tract. Three monitoring
points are highlighted on figure 1, b in near-
wall layer of stomach body (point 1), pyloric
area (point 2), and duodenal cap (point 3).

5.15

3.58
2.00

| point 2

"o 0.050

point1
0.100
]
0.075 M

0.025

6
Figure 1. Acidity distribution in the tract:
a—scenariol,t=330s;
6 —scenario 3,t=330s
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In the first scenario we can observe that acidity
in near-wall layers of stomach is within the
physiological standard (figure 2, a). A slight
increase in acidity occurs in pyloric area of
stomach and duodenal cap area due to acidic
content penetrating duodenum from stomach
which is determined by increase in acid
production intensity in response to stomach
stretching.

In the second scenario pH level in near-
wall layer of stomach and in pyloric area is
close to values obtained in the first scenario
when water was consumed (figure 2, a, b). In
this case protection mechanisms of antrum
mucous cost and pyloric area neutralize acid
attack. pH in duodenum decreases to 4 during
5.5 minutes after a beverage intake due to
acidic content penetration into bowels, and it
remains substantially higher than the values
obtained in scenario 3 (figure 2, 6).

In the third scenario we can observe
substantially increased acidity in pyloric area
of stomach and duodenal cap area due to
acidic beverage intake (figure 2, b, c). pH level
in near-wall layer of stomach pyloric area
starts to increase gradually (3 minutes after a
beverage was consumed) and slowly due to
acid neutralization and acidic beverage
transfer into bowels. As a beverage comes into
bowels in duodenal cap area, acidity remains
substantially higher (2,3 pH).

On the whole we can note that if there are
no functional disorders, sodium hydrogen
carbonate neutralizes excessive acidity in
antroduodenum more efficiently when a drink
in a set volume with pH > 3.5 is consumed.
Beverages with pH equal to 2.3 have much
greater damaging potential for mucous coat of
gastrointestinal tract walls as in scenario 3
acidity level in antroduodenum remained
critically high during the whole estimated
time. But if there is a disorder in alkali
secretion, we can expect the area of potential
damage to tract walls to be bigger. Acid
negative impacts can reveal themselves in
suppression of mucous coat cells capability to
recover [23].
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Figure 2. pH level dynamics near tract walls in
various sections of it: a — body of stomach
(point 1); 6 — pyloric area (point 2);
¢ — duodenal cap (point 3)

The obtained results on acidity
distribution in the tract coincide with the
known experimental data: healthy people have
pH level equal to 2.7 in body of stomach [12],
and when Coca-Cola is consumed, a period of

increased acidity in duodenum  grows
authentically [21].
Conclusions. The suggested

mathematical model of multi-phase flow in
antroduodenum can be used to highlight areas
with abnormal increased acidity in pyloric area
of bowels and duodenum depending on
volume and pH of a consumed beverage.
Besides, in our further research we are
planning to carry out numerical research on
influence exerted by phases' viscosity and
density, functional disorders occurrence,
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individual properties of tract shape and
motility on features of multi-phase flow in
antroduodenum area of gastrointestinal tract.
The results presented in this paper make a
substantial contribution into development of
mathematical modeling trend used for
describing multi-phase flows in biological
channels with complicated shape and moving
boundaries, and with mass sources. A very
promising trend in model development is

evolution due to acid impacts, self-recovery,
and medical treatment. In this case the model
can be applied for predicting risks for damage
evolvement with detecting areas of its possible
localizations. For more efficient practical use,
it is advisable to extend range of diseases and
disorders described by the model, as well as to
add enzymes activity in it to get more detailed
description of digestion processes in
duodenum.

identifying parameters of tract areas damage

References

1. Avramenko A.A., Gozhenko A.l., Goidyk V.S. K voprosu o lokalizatsii i chislennosti yazven-
nykh defektov, kotorye obrazuyutsya u bol'nykh khronicheskim khelikobakteriozom i pri eksperi-
mental'nom modelirovanii na krysakh [On importance from localization and quantity of ulcer defects
which form on patients suffering from chronic helicobacteriosis and because of experimentally models
on the rats]. Aktual'nye problemy transportnoi meditsiny, 2008, vol. 12, no. 2, pp. 124-127 (in Russian).

2. Trusov P.V., Zaitseva N.V., Kir'yanov D.A., Kamaltdinov M.R., Tsinker M.Yu., Chigvintsev
V.M., Lanin D.V. Matematicheskaya model" evolyutsii funktsional'nykh narushenii v organizme che-
loveka s uchetom vneshnesredovykh faktorov [A Mathematical Model for Evolution of Human Func-
tional Disorders Influenced by Environment Factors]. Matematicheskaya biologiya i bioinformatika,
2012, no. 2, pp. 589-610 (in Russian).

3. Osadchii V.A., Bukanova T.Yu. Kliniko-morfologicheskie i patogeneticheskie osobennosti
erozivno-yazvennykh porazhenii gastroduodenal'noi zony u bol'nykh s razlichnoi tyazhest'yu
khronicheskoi serdechnoi nedostatochnosti, assotsiirovannoi s ishemicheskoi bolezn'yu serdtsa [Clinical-
morphological and pathogenetic peculiarities of erosive-ulcerous damages to gastroduodenal zone in pa-
tients suffering from chronic cardiac insufficiency with various gravity associated with ischemic heart
disease]. Zhurnal serdechnaya nedostatochnost', 2014, vol. 15, no. 6, pp. 374-381. DOI:
10.18087/rhfj.2014.6.2004 (in Russian).

4. Onishchenko G.G., Novikov S.M., Rakhmanin Yu.A., Avaliani S.L., Bushtueva K.A. Osnovy otsen-
ki riska dlya zdorov'ya naseleniya pri vozdeistvii khimicheskikh veshchestv, zagryaznyayushchikh okruzhay-
ushchuyu sredu: monografiya [Basics of population health risk assessment under exposure to chemicals which
pollute environment: monograph]. In: Yu.A. Rakhmanin, G.G. Onishchenko eds. Moscow, NIl ECh and GOS
Publ., 2002, 408 p. (in Russian).

5. Trusov P.V., Zaitseva N.V., Kamaltdinov M.R. Modelirovanie pishchevaritel'nykh protsessov s
uchetom funktsional'nykh narushenii v organizme cheloveka: kontseptual'naya i matematicheskaya post-
anovki, struktura modeli [Digestive process modeling allowing for functional disorders in a human body:
conceptual and mathematic statement, structure of a model]. Rossiiskii zhurnal biomekhaniki, 2013, no.
4, pp. 67-83 (in Russian).

6. Tsinker M.Yu. Trekhmernoe modelirovanie dykhatel'noi sistemy cheloveka dlya zadach otsenki
riskov zdorov'yu pri ingalyatsionnoi ekspozitsii khimicheskikh veshchestv [Three-dimensional modeling
of human respiratory system for tasks of health risk assessment in the exposure to the chemicals inhala-
tion]. Gigiena i sanitariya, 2016, vol. 95, no. 1, pp. 90-93 (in Russian).

7. Kou W., Bhalla A.P.S., Griffith B.E., Pandolfino J.E., Kahrilas P.J., Patankar N.A. A fully resolved
active musculo-mechanical model for esophageal transport. Journal of Computational Physics, 2015, vol.
298, pp. 446-465.

8. Zaitseva N.V., Kiryanov D.A., Lanin D.V., Chigvintsev V.M. A mathematical model of the im-
mune and neuroendocrine systems mutual regulation under the technogenic chemical factors impact.

Health Risk Analysis. 2017. no. 1 41



M.R. Kamaltdinov, N.V. Zaitseva, P.Z. Shur

Computational and Mathematical Methods in Medicine, 2014, vol. 2014, pp. 492489. DOI:
10.1155/2014/492489.

9. Guo J. J., Pandey S., John D., Bian B., Lis Y., Raisch D.W. A review of quantitative risk—benefit
methodologies for assessing drug safety and efficacy report of the ISPOR risk-benefit management
working group. International Society for Pharmacoeconomics and Outcomes Research, 2010, vol. 13,
pp. 567-666.

10. Ehlen L.A., Marshall T.A., Qian F., Wefel J.S., Warren J.J. Acidic beverages increase the risk
of in vitro tooth erosion. Nutr Res, 2008, vol. 28, no. 5, pp. 299-303.

11. Emde C., Garner A., Blum A.L. Technical aspects of intraluminal pH-metry in man: current sta-
tus and recommendations. Gut, 1987, vol. 28, pp. 1177-1188.

12. Haruma K., Mihara M., Okamoto E., Kusunoki H., Hananoki M., Tanaka S., Yoshihara M.,
Sumii K., Kajiyama G. Eradication of Helicobacter pylori increases gastric acidity in patients with
atrophic gastritis of the corpus-evaluation of 24-h pH monitoring. Alimentary Pharmacology & Thera-
peutics, 1999, vol. 13, pp. 155-162.

13. Wang Y.L., Chang C.C., Chi C.W., Chang H.H., Chiang Y.C., Chuang Y.C., Chang H.H.,
Huang G.F., Liao Y.S., Lin C.P. Erosive potential of soft drinks on human enamel: an in vitro study. J
Formos Med Assoc, 2014, vol. 113, no.11, pp. 850-856.

14. Ferrua M.J., Singh R.P. Computational modelling of gastric digestion: current challenges and
future directions. Current Opinion in Food Science, 2015, vol. 4, pp. 116-123.

15. Ferrua M.J., Xue Z., Singh R.P. On the kinematics and efficiency of advective mixing during
gastric digestion — A numerical analysis. Journal of Biomechanics, 2014, vol. 47, pp. 3664-3673.

16. Lim Y.F., de Loubens C., Love R.J., Lentle R.G., Janssen P.W.M. Flow and mixing by small in-
testine villi. Food and Function, 2015, vol. 6, pp. 1787-1795.

17. Fullard L.A., Lammers W.J., Ferrua M.J. Advective mixing due to longitudinal and segmental
contractions in the ileum of the rabbit. Journal of Food Engineering, 2015, vol. 160, pp. 1-10.

18. Hao S., Wang B., Wang Y. Density-dependent gastroretentive microparticles motion in human
gastric emptying studied using computer simulation. European Journal of Pharmaceutical Sciences, 2015,
vol. 70, pp. 72-81.

19. Sinnott M., Cleary P.W., Arkwright J.W., Dinning P.G. Investigating the relationships between
peristaltic contraction and fluid transport in the human colon using Smoothed Particle Hydrodynamics.
Computers in Biology and Medicine, 2012, vol. 42, no.4, pp. 492-503.

20. Lam S.K. Pathogenesis and pathophysiology of duodenal ulcer. Clinics in Gastroenterology,
1984, vol. 13, no.2, pp. 447-472.

21. McCloy R.F., Greenberg G.R., Baron J.H. Duodenal pH in health and duodenal ulcer disease:
effect of a meal, Coca-Cola, smoking, and cimetidine. Gut, 1984, vol. 25, no. 4, pp. 386-392.

22. Shay H. Etiology and pathology of gastric and duodenal ulcer/ H. Shay, D.C.H. Sun. In: Bockus
H.L. Gastroenterology. Philadelphia—London, 1968, vol. 1, pp. 420-465.

23. Kapicioglu S., Baki A., Tekelioglu Y., Arslan M., Sari M., Ovali E. The inhibiting effect of cola
on gastric mucosal cell cycle proliferation in humans. Scand. J. Gastroenterol, 1998, vol. 33, no.7, pp.
701-703.

24. Reddy A., Norris D.F., Momeni S.S., Waldo B., Ruby J.D. The pH of beverages in the United
States. J. Am. Dent. Assoc, 2016, vol. 147, no. 4, pp. 255-263.

25. Toklu E. A new mathematical model of peristaltic flow on esophageal bolus transport. Scientific
research and essays, 2011, vol. 6, pp. 6606-6614.

26. Trusov P.V., Zaitseva N. V., Kamaltdinov M.R. A multiphase flow in the antroduodenal portion
of the gastrointestinal tract: a mathematical model. Computational and Mathematical Methods in Medi-
cine, 2016, vol. 2016, pp. 5164029.

Kamaltdinov M.R., Zaitseva N.V., Shur P.Z. Numerical modeling of acidity distribution in antrodu-
odenum aimed at identifying anomalous zones at consuming drinks with different pH level. Health Risk
Analysis, 2017, no. 1, pp. 36—43. DOI: 10.21668/health.risk/2017.1.05.eng

42 Health Risk Analysis. 2017. no. 1



Numerical modeling of acidity distribution in antroduodenum aimed at identifying anomalous zones...

Received: 10.12.2016
Accepted: 26.02.2017
Published: 30.03.2017

Health Risk Analysis. 2017. no. 1 43



