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AnHoTanus. [Ipsimas onieHKa peTeHIMH YpEe3BhIUYAHO CII0KHA KaK M3-3a MHOKECTBA
BHYTPEHHUX MEXaHU3MOB, 00ECIEUHUBAIONINX JUHAMHUKY COJIEPKaHMSI METAJUIOB, TaK
Y U3-32 OTPOMHOT0 pa3HOOOpa3usi OPraHoB, TKAHEH, MPOIECCOB, 0OECIEUNBAIOIINX HX
nepepacnpeiesieHne, TpaHcnopT U HakorieHue. Coaep:kaHue METaioB B aKKyMYJIH-
pyIOLIEH cpelie opraHu3Ma SIBISIETCS MHTErPAJIbHBIM IOKA3aTEelIeM, CYMMHPYIOIIUM
MYJIBTHCPEIOBOE BO3JECHCTBUE W YUYWUTHIBAIOIIMM BCE€ MYTH MOCTYIUIEHWS METAJIOB
B opranu3M. Pa3paboTaHa ciokHasi HefipoceTeBasi MOJIeb 3a/ICPKKH METaIOB B Op-
raHu3Me, BKIIIOUarolas aHcaMOiIuM HEHPOCETEBhIX PErpecCHOHHBIX MOJENEeH, paccuu-
THIBAIOIINX YPOBHH 3a/IEP’KKM METAJUIOB B 3aBUCUMOCTH OT MECTa IPOKUBAHUA Je-
TEU-TIOAPOCTKOB U MOCTYIUJICHUSI HE TOJIBKO C MOTPEOIIEeMO MUTHEBOM BOJOM, HO U
C BIIBIXa€MbIM BO37yXOoM. B pesynbTare uccienoBanuii copMupoBaHa 6a3a JaHHBIX
KOHIIEHTpAllUi METaJuIOB B aTMOC(hEepHOM BO3/AyXe, MOTpeOsieMoil MUThEBOU BOJIE,
KpPOBU U MOYE€ C Y4YETOM (PU3MOJOTHUUYECKHUX OCOOCHHOCTEW TEeCTUPYEeMOUW UyBCTBU-
TEJIbHOW TPyNIIbI AETEHU-TIOJIPOCTKOB C IEJIEBOM TEPPUTOPUATIBHON MPUBA3KON aHaAJM-
3UpyeMbIX Mpo0. YTpoIeHHas: CTPYKTypa MOJIETTH HEMPOCETeBOM perpeccuu (yMeHb-
HI€HUE KOJINYECTBA BXOJOB) AA€T JOCTATOUHYIO TOUHOCTb, & COKpAIIEHUE KOJINYECTBA
HEUPOHHBIX CETEH MOBBIIAET aJICKBATHOCTh MOJICIICH.

KiarwueBbie cjioBa: MeTaiuibl, IMOCTYIUIEHHE, OPraHW3M, yJep:KaHue, KyMYJISLHs,
OmocyOCTpaThl, HEHPOHHBIC CETH.

Neural network assessment of metal accumulation in the body of inhabitants
of a large city as a result of polymetallic pollution of the habitat
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Annotation. Direct assessment of retention is extremely complex, both due to the
many internal mechanisms that ensure the dynamics of the metal content, and due to
the huge variety of organs, tissues, processes that ensure their redistribution, transport
and accumulation. The content of metals in the accumulating body environment is an
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integral indicator that summarizes the multi-environment impact and takes into ac-
count all the ways in which metals enter the body. A complex neural network model of
metal retention in the body was developed, including ensembles of neural network re-
gression models that calculate the levels of metal retention, depending on the place of
residence of adolescent children and intake not only with consumed drinking water,
but also with inhaled air. As a result of the studies, a database of metal concentrations
in the atmospheric air, consumed drinking water, blood and urine was formed, taking
into account the physiological characteristics of the tested sensitive group of adoles-
cent children, with targeted territorial reference of the analyzed samples. The simpli-
fied structure of the neural network regression model (reducing the number of inputs)
gives sufficient accuracy, and the reduction of neural networks increases the adequacy
of the models.

Keywords: metals, intake, organism, retention, cumulation, biosubstrates, neural
networks.

Introduction. The response marker of the human body to environmental objects
pollution is accumulation of various pollutants in the blood, urine and tissues of the
body. At the same time, both the pollutants themselves and specific compounds, called
endogenous metabolites, are accumulated, the variability of which is affected by the
assessed pollution. In this case, metals have a special meaning, since they belong to
both substances’ groups. Metals are of the greatest interest as components of the inter-
nal environment of living organisms, being direct participants in their vital activity and
metabolism [1-6].

The elemental composition stability for the body is one of the most important and
mandatory conditions for its normal functioning. Each metal has its own safe concen-
trations range in tissues, which makes it possible to adequately maintain the physiolog-
ical state of the body and its biochemical functions. At the same time, metals can
exhibit toxicity if they accumulate excessively in the body [7-9].

Metals that enter the human body orally and with inhaled air are redistributed
among organs and tissues, excreted and partially accumulated in its biosubstrates.
Therefore, one of the most reliable methods characterizing the polymetallic impact on
public health is the assessment of the metals content in biosubstrates. At the same
time, those biosubstrates that are involved in the processes of metal accumulation
should be considered the most informative or diagnostic [10-15].

The key results feature of such researches should be recognized not as the usual
statement about fact of change in the metals concentrations, but the special kinetics of
this change, leading to the retention of these substances in the body [16-18].

Most researchers note a direct correlation between the metals content in biosub-
strates of the body and environmental objects [15-18].

In average statistical terms, the intake of metals by the water-food route into the
body of schoolchildren within a single urban area can be taken as a constant value.
However, the quality of atmospheric air can vary significantly due to the high dyna-
mism of the air environment. In this regard, the relationship assessment between the
content of atmospheric impurities and metals in hair is of particular interest, realized
by our experimental studies.
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Main part. At the first stage, we conducted the metals content study in hair of
adolescent children living in various districts of the Nizhnekamsk city. The representa-
tive group of examined children consisted of 48 people from 8 to 14 years old. They
lived in the coverage areas of automatic air pollution control stations (AAPCS) located
in different parts of the city. As cumulative biosubstrates, we used hair samples taken
as part of a special screening study.

Atomic absorption spectrophotometry (AAS) was used to evaluate the content of
9 metals in children's hair: zinc, copper, manganese, cadmium, nickel, lead, chromium,
iron and strontium. Results statistical evaluation was carried out by STATISTICA 12.6
program. The study results are presented in table 1.

Table 1. Metal content (M +m, pg/g) in children's hair for different study areas

Zones/number of examined
Metal AAPCS 12 AAPCS 14 AAPCS 13 | AAPCS 15 | AAPCS 11
n=7 n=7 n=10 n=10 n=14

Zn 024 +7.8 110.7 +7.1 1145+7.1 | 1045+75 | 123.5+12.7
Cd 0.64 +0.11 0.61 £0.14 0.72+0.16 | 0.71+0.13 | 0.87 +0.14
Cu 0.23+1.21 10.6 +0.89 11.4+0.92 | 11.3+1.25 | 11.3+0.99
Mn 1.046 +0.28 | 1.005+0.16 | 1.087+0.06 | 1.12+0.18 | 0.97 +0.12
Ni 0.82 +0.17 1.24 +0.27 1.42+0.26 | 1.13+0.16 | 1.25+0.22
Pb 427 +0.3 10.47 £1.72 7.69+£1.07 | 8.35+0.81 6.6 £1.79
Cr 0.418 £0.11 1.43 +0.35 0.87 +0.09 | 1.026 +0.15 | 1.32 +0.16
Fe 22.2+4.3 22.6 +1.52 20.6 +1.79 | 17.7+1.12 | 28.2+3.79
Sr 11.9 +3.68 6.85 +1.006 9.65+1.34 | 6.55+0.81 | 8.61+1.14

When comparing the average values of various metals content in the study areas,
the following areas are statistically significant (significance level p < 0.05, according
to Student criterion): for cadmium, the AAPCS 11 coverage zones (significantly differ
from the AAPCS 12 and AAPCS 14 zones); for lead — AAPCS 14, AAPCS 15 (signif-
icantly differ from AAPCS 12); for chromium — AAPCS 14 and AAPCS 11 (signifi-
cantly differ from AAPCS 12). For other metals, no statistically significant differences
were noted, although there is a significant range of average values.

The best way to scale different-dimensional variables is to correlate each nega-
tive factor to its threshold value. This is a manifestation of an event whose probability
is described by Bayes' theorem, which takes into account both a priori and a posteriori
probability [20].

We used the ratio of actual concentrations to background (reference) concentra-
tions: Cyt / Crer, Which we will refer to as the hazard ratio (HR) in what follows, to as-
sess the facts of exceeding the background indicator by specific values. Background
metals concentrations (M +m, pg/g) are given in our previous studies [22—-24].

We took into account the ratio of a posteriori and a priori probabilities. This ratio
estimates the probability of a risk event in a particular area of space relative to infor-
mation about how often this event occurred in all areas. In what follows, we will refer
to this as Bayesian probability. We used the following algorithm for determining
Bayesian probability:

247



Q

D — event consisting in the fact that we consider the full set of experimentally
measured indicators tuples throughout the territory. According to the task P(D) = 1.
D; — an event consisting in the fact that we consider a set of experimentally

measured indicators tuple within a given zone i (i = 1 ...n).
S — an event consisting in the fact that, during consideration, an excess of the
permissible threshold value was found for at least one indicator in at least one data tuple.
The probability of event S can be calculated as the total probability using the
formula:

P(S)= " P(D)P(SID) 1)

We will assume that we are examining the entire set of data: P(D) = 1. Then the
events D; form a complete group:

3 p(D)=P(D)=1 o)

It follows from formula (4) that to calculate the posteriori probability of detecting
a threshold exceeding when considering a specific zone i, we can apply the Bayes
formula:

_p(D)p(S|D)
P(Di|s)_ p(S) : (3)
Note that due to (3) and (4):
P(Di|5)= np(Di)p(S|Di) _ p(Pi)p(SlDi)’ .
> p(D)P(SID)  Dp(SID) )

here p(S|D;) is a prior probability that if the excess occurred, then it happened in the
zone D,.

We calculate the probability p(D;) using the classical formula (7) for determin-
ing the probability as the ratio of the conditional powers of the sets D; and the entire
set D under consideration:

r]i
P(D)=11- (5)
If n; is the area of the territory of the region D;, then N is the entire area of the re-
gion under study.
In this way, we can calculate the probabilities of impurity concentrations exceed-
ing their threshold values in different zones, and as a generalizing indicator, we pro-
pose to use the probability of exceeding the threshold for at least one of the estimated

parameters.
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As calculations result, we obtained the following probabilistic characteristics for
integral HR distribution according to metals content in the hair of children living in
different coverage areas of AAPCS on the Nizhnekamsk sity territory (table 2).

Thus, the highest probability of simultaneous excess of concentrations in hair
over the background for at least half of the analyzed metals is highest in the AAPCS
11 coverage area (21 %), and the lowest in the AAPCS 12 coverage area (4.8 %).

If we consider the probability of exceeding the conventional metal content in hair
by 1.5 times, then the descending series of values is built as follows: AAPCS 11,
(0.267) > AAPCS 13 (0.2) > AAPCS 14 (0.133) > AAPCS 15 (0.067) > AAPCS 12
(conditionally 0).

Table 2. Values of integral Hazard Ratio and their probabilities in different study areas*

Areas HR values and their probabilities (Pge)
0.5 1 1.5 2 2.5
AAPCS 11 0.200 0.210 0.267 0.700 1.00
AAPCS 13 0.143 0.161 0.200 0.000 0.00
AAPCS 14 0.157 0.145 0.133 0.000 0.00
AAPCS 15 0.143 0.129 0.067 0.000 0.00
AAPCS 12 0.071 0.048 0.000 0.000 0.00

* Note: probabilities <0.0001 were evaluated as zero

Due to the fact that the content of impurities of pollutants in the environment, in
particular, in the atmospheric air, directly affects the failure of the organism's adapta-
tion, it is possible to group data series covering the probability of metals accumulation
and impurities concentrations, with the corresponding metals concentrations in biosub-
strates. Thus, during building our models we took into account the metals accumula-
tion in the hair as a way of expressing the retention of metals in the body, generalized
as the probability that the accumulation of at least one metal in the hair will go beyond
the background value and indicated in our model as the retention probability (Pre).

The main indicator widely used in assessing the risk to public health as a result of
environmental pollution is the hazard coefficient (HQ), expressed as the ratio of the
actual exposure concentration (or dose) of a chemical to its safe (reference) value [25]:

_AC

H -
Q RfC

(6)

here AC — average concentration, mg/m?®; RfC — reference (safe) concentration, mg/m°.

At the same time, we assume that if the calculated hazard coefficient (HQ) of a
particular substance does not exceed one, then the probability of developing harmful ef-
fects in a person with daily intake of the substance at a given concentration (dose) is in-
significant and such an effect is characterized as acceptable. In this study, the list of sub-
stances for priority evaluation was selected from the general list of impurities controlled
at AAPCS in Nizhnekamsk, the concentrations of which exceed the reference values.
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For each listed substance, hazard quotients (HQ) were calculated, which are the
ratios of actual and reference concentrations for these substances. By adding the haz-
ard coefficients of all impurities, for each calculated point, hazard indices (IHQ) were
obtained.

The data were grouped by study areas (areas linked to AAPCS posts). The values

of the obtained IHQ indices are presented in table 3.

Table 3. IHQ values for the totality of substances

Areas IHQ
AAPCS 13 3.39
AAPCS 12 0.64
AAPCS 11 5.45
AAPCS 14 0.88
AAPCS 15 0.64

The analysis of received IHQ allows to exclude sites in the coverage area of
AAPCS 12, AAPCS 14, AAPCS 15, focusing on the coverage areas of AAPCS 13 and
AAPCS 11.

When we compared the values of the adverse event probability obtained by as-
sessing the contamination of children's hair samples with metals and assessment of air
pollution calculated for different parts of the city, we saw a general trend in their vari-
ability. This allows us to consider these indicators as part of the integral assessment of
the aerogenic impact.

Based on the foregoing, we designed a hybrid intelligent model consisting of two
cascaded neural networks. The first level neural network model calculates the proba-
bility Pge depending on the content of pollutant impurities set in the air. The second-
level neural network predicts the toxic metals content (strontium, lead and chromium)
in the hair of children living in different territory parts.

Comparing the values of priority impurities concentrations with the metal’s ac-
cumulation indicators in the hair, it is possible to form predictive values Pge. Since the
probability Pge is directly related to disturbances in the content of metals in the body
when air with pollutants is inhaled, it indirectly reflects the intake of metals with in-
haled air.

The pollutants concentration values in the air are fed to the input of the first level
neural network model. For second level neural network models, the probability values
Pre Calculated by the first level neural network of the cascade and the average value of
HQ over all impurities are used as inputs. The HQ was calculated for impurities that
were fed to the input of the first level model. The output of the model is the content of
metals in the hair of children.

The general operation scheme for cascade model is as follows [26—30]:

Structure of the first level neural network model for calculating the retention prob-
ability Pge value depending on the content of priority pollutants in the atmospheric air:

— number of input layer neurons — corresponds to the number of priority sub-
stances (up to 10);

— number of output layer neurons —1;

— number of hidden layers — 1;
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— number of neurons in the hidden layer — 6;

— activation function of hidden layer neurons — hyperbolic tangent with slope 3;

— activation function of output layer neurons — linear with saturation with slope 3;

— Method of normalization — reduction to the interval [-1; +1].

At the second level, there are three independent neural network models for calcu-
lating the content of chromium, strontium and lead in the hair of children, respectively.
The inputs for all three models are the Pg. values obtained at the previous level, as
well as the HQ values calculated relative to the concentrations of pollutants in the at-
mosphere. Outputs — metals concentrations in children's hair.

Graphically, the structure of developed two-level cascade model is shown in fig. 1.

Priority air pollutants

HQ calculation

Fig. 1. Scheme of sequential neural network cascade for calculating the metals content in the
hair of adolescent children

The individual neural network model’s errors for assessing the metals content in
the hair of adolescent children seemed to be high only for the content of chromium (an
error of more than 30 %), with respect to other metals, the error was 5-10 %.

Conclusions. As a result of this research, we have proposed a method for as-
sessing the intake of metals into the body based on their content in bio substrates and
taking into account the retention of metals in the body using a cascade hybrid intelli-
gent system. This system does not require expensive laboratory tests and allows us to
quantify the metals balance in the body. We have built a neural networks cascade that
forms a closed circuit for metals content homeostatic assessment in the biological sub-
strates of adolescent children, depending on the intake of priority pollutants with at-
mospheric air. The second level of the sequential neural network cascade for calculat-
ing the metals content in the hair of children and adolescents should be organized as
separate predictive neural networks. The results of this study can be used, among other
things, for patient-oriented diagnosis of environmentally conditioned microelementos-
es in individual locations.
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