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Abstract. The spread of a new coronavirus infection in the last two years together
with HIV infection preserves and even increases the potential for the spread of
tuberculosis in the world. Sverdlovsk oblast (SO) of Russian Federation is the region
with high levels of HIV and tuberculosis (TB). The search for new methods of
forecasting of the future epidemic situation for tuberculosis has become particularly
relevant. The aim was to develop an effective method for predicting the epidemic
situation of tuberculosis using an artificial intelligence (AI) method in the format of
a dynamic simulation model based on Al technologies. Statistical data was loaded
from the state statistical reporting on TB patients for the period 2007-2017. The
parameters were controlled through a system of inequalities. The proposed SDM
made it possible to identify and reliably calculate trends of TB epidemiological
indicators. Comparison of the predicted values made in 2017 with the actual values
of 2018-2021 revealed a reliable coincidence of the trend of movement of TB
epidemiological indicators in the region, the maximum deviation was no more than
14.82%. The forecast results obtained with SDM are quite suitable for practical use.
Especially, in operational resource planning of measures to counteract the spread of
tuberculosis at the regional level.
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Introduction

Over the past few years, there has been a tendency in the world to reduce the incidence
of tuberculosis by about 2% per year. The fastest decline at the regional level was
observed in the WHO European Region (5% per year), as well as in the Russian
Federation (5% per year) [1]. For a long time, the Russian Federation was on the list of
22 two countries with the greatest burden of tuberculosis, but thanks to systematic efforts
to counteract the spread of the infection [1,2,3,4,5,7], it was possible to achieve a
significant reduction in the morbidity and mortality of the country's population from
tuberculosis and to be excluded from this list. However, Russia remains among the
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countries with the highest prevalence of MDR and XDR Mycobacterium tuberculosis,
as well as tuberculosis in combination with HIV [8].

According to WHO, the spread of a new coronavirus infection and HIV infection
preserves and even increases the potential for the spread of tuberculosis in the world [4].
The Sverdlovsk Region is a region with high levels of HIV and tuberculosis (TB), one
of the leaders in the number of patients with HIV+TB co-infection, and the general
epidemiological trends indicated above are also evident in this region [9,10]. The need
to combat the new coronavirus infection has caused the redistribution of already limited
health resources. Therefore, in the new epidemiological conditions, there are required
detailed planning and calculation of resource requirements for countering the spread of
tuberculosis [11,12]. In this connection, a search for new methods of analyzing the
current and predicting the characteristics of the future epidemic situation for tuberculosis
becomes particularly relevant.

The aim of this study is to develop an effective method to predict the tuberculosis
epidemic situation by using of the Al method on the example of the Sverdlovsk region.

1. Material and Methods

The mathematical models of the spread of tuberculosis have more than half a century of
history. In the early 60s of the twentieth century, Hans Waaler [13] and his collaborators
proposed using of a mathematical model based on difference equations to analyze the
epidemiological situation. In the subsequent years, mathematical modeling was actively
used in the works of S. Brogger, K. Stiblo, E. Vinniki and P. Fine and a number of other
authors [14,15,16]. A detailed review of these models and a proposal of their own are
contained in the work of K. K. Avilov and A. A. Romaniukha [17].

In 2017, the authors of this article began to work on modeling of the tuberculosis
epidemiological situation in the Sverdlovsk region. A comprehensive assessment of the
epidemiological situation for the period 2012-2017 was carried out in the real socio-
economic conditions of a large industrial region in appliance with the recommended
methods [18, 19]. According to the results of the assessment, it was found that there are
multidirectional trends in the main epidemiological indicators of tuberculosis in the
subject. As the in-depth analysis of variance has shown, despite the high level of
variation of indicators in the context of the municipalities, a unified epidemic process
formed in the Sverdlovsk region, which makes it possible to identify typical situations
and their corresponding organizational, managerial and planning measures.

The task was to give a forecast of the development of the tuberculosis epidemic
situation in the near future and until 2030 in the whole region and for each of the districts,
provided that the prevailing trends continue. It was decided to use a single mathematical
model to assess the situation in the context of each municipality and the region as a whole,
in total. This approach is due to the fact that the socio-economic and climatic conditions
of the individual areas differ significantly, so the development of the epidemic situation
can be described by the different features.

At the initial stages of the study, K. Stiblo's epidemiological model modified by the
authors, including a system of the difference equations by G. Vaaler, was used, taking
into account the limitations and recommendations of Avilov K.K., Romaniukha A.A. [15,
17]. The study was conducted on the material of the Sverdlovsk region, a region with a
population of more than 4.5 ml with a high prevalence of tuberculosis and HIV.
Information from more than 45,000 medical records of patients was used.
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The model is based on statistical data obtained from the official forms of state
statistical reporting: Form # 8 "Information on active tuberculosis diseases" and Form #
33 "Information on tuberculosis patients", forms 089-u/tub, data from the Federal
Register of Tuberculosis Patients, registers of tuberculosis patients of health care
facilities of the Sverdlovsk region, received for the period 2007-2017. [20,21,22,23].
Based on the information obtained using Excel, complex analytical tables of absolute
values and epidemiological coefficients for variables were compiled in the context of 63
municipalities of the Sverdlovsk region and the region as a whole. Additional
controllable parameters are provided to improve the accuracy of the model. When
working with the model, the parameters were controlled by setting the absolute rates of
their growth, from the previous year to the next. This approach is legitimate, since the
formation of the rate of change of parameters is of a long-term nature and is formed by
a set of measures carried out over many years. The use of the Greek-Latin alphabet was
minimized, mnemonically understandable abbreviations based on Cyrillic alphabet were
used to designate variables. The main and additional controlled parameters of the model
are listed in Table 1. They are conditionally constant values for each municipal district
and have a weak influence on trends in general. In the mathematical record, they are
combined as a single variable other changes (at).

Table 1. Model parameters

Main and additional controlled model parameters Additional managed model parameters

The main controlled parameters of the model Relapses

The percentage of cure (transferred to clinical cured) got sick in contacted with MBT+ TB cases
The percentage of MBT + in active TB got sick in contacted with MBT- TB cases
The coefficient of contact with MBT + Mortality from other causes

Percentage of newly identified (new cases) MBT+ in contact
Percentage of in/in MBT- in contact
Percentage of mortality

Description of designations of quantitative and qualitative variables of the model are
presented in Table 2.

Table 2. Designations of quantitative and qualitative variables of the model

Quantitative variables Qualitative variables

Sign Description Sign Description

T an index of a time period pv(t) percentage of cured in period t

T a number of periods under consideration pbcp(t) percentage of MBT+ in period t

A(t) a number of active TB cases in a period t kkbkp(t) a coefficient of contact with MBT+ in period t
B(t) a number of cured TB cases in a period t pvvbkp(t) percentage of newly identified MBT+ in period t
BCP(t) anumber of MBT+TB cases in a period t percentage of newly identified MBT- in period t
BCM(1) a number of MBT-TB cases TB in a period t pu(t) percentage of deaths from tuberculosis in period t
KBKP(t) a number of contacts with MBT+TB in a period t pvvbkm(t) percentage of other changes in a period t
VVBKP(t) a number of newly Identified MBT+ in a period t

VVBCM(t) a number of newly Identified MBTs- in a period t

UT(t) anumber of deaths from tuberculosis in a period t

At(t) other Changes in a period t

The epidemiological process is described by the following system of equations,
determining the number of the active TB cases:

A(t+1) = A(t)-B(1)-UT(t) ~BBBCP(t) +VVBKM(t) +PI(1) t=0,..,T (1)
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Calculation of quantitative variables of the current period:

B(1) = pv(t)*A(1)/100 t=0,..,T )
BCP(1) = pbep(t)*4(1)/100 t=0,.., T 3)
BCM(t) = A(1)- BCP(1) t=0,..,T @)
BCP(t) = BCP()*BCP() 1=0,..,T (5)
VVBKP(t) = pwbkp(t) *KBKP(1)/100 t=0,..,T (6)
VVBKM(t) = pvvbkm(t) *KBKP(1)/100 t=0...,T 7
UT() = pu(t) *A)/100 t=0,..,T ®)
PI(t) = ppi(t)*A(1)/100 t=0,.., T 9)

Thus, 7 qualitative indicators were used in the model and the increase or not in the
number of patients with active tuberculosis in the next period in comparison with the
previous one depends on their values. To assess the situation as a whole, it is advisable
to have a single indicator that evaluates the qualitative characteristics in the aggregate,
which we call the Coefficient of General Dynamics or abbreviated COD. This indicator
should have the following properties, if it is strictly less than 1, then the number of active
decreases, if strictly more, then increases. The value of this indicator is calculated within
our model by the equation:

COD = 1-pv/100+pbkp *kkbkp (pvvbkp+pvvbkm)/10000-pu/100+ppi/100  (10)

From this Ex. (10) it follows how each of the qualitative parameters affects the
development of the epidemiological situation. In addition, it is possible to calculate what
the value of each of them should be when fixing the others so that the COD is less than
one. For example, the Minimum Percentage of Cure (MPV) in this case will be calculated
as follows:

MPV = pbkp*kkbkp*(pvvbkp+pvvbkm)/100-putppi 11

The code and the MPV in this form rather simplistically describe the development
of the situation, but are meaningfully interpreted and are quite suitable for approximate
calculations. Based on the available data, 16 parameters of the development of the
epidemic situation for tuberculosis until 2030, including the COD and the MPV, were
calculated for all districts of the region and the region as a whole. In 2022, the authors
had the opportunity to compare the calculated values of the model (forecast) with the
actual ones for 2018-2021, registered by means of state statistical observation
[20,21,22,23], which was done to verify the relevance of the model. The model was
verified by comparing the calculated values with the actual values obtained in the period
2018-2021. To determine the statistical reliability of the differences, the Student's
coefficient t was calculated [24]. The accuracy of the forecast can influence the quality
of the decisions made [25]. The level of reliability of the model for each forecast period
is verified by calculating the indicator of the clarity of the ratio of actual values with
predicted values, the indicators of forecast accuracy are calculated. The average absolute
percentage error ("Mean Absolute Percentage Error"- MAPE) is calculated using the
equation (12) [26].
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_1 o lersl
MAPE = —* X/, g (12)
The reliability of the forecast is estimated through the coefficient of symmetric mean
absolute percentage error ("Symmetric MAPE" — SMAPE) according to the Ex. (13)
proposed by Makridakis, S. and Hibon, M. 1979 [27] taking into account the possibilities
and limitations of the method [28]:

_ 1 ho_2*leryjl
SMAPE = h*21=1y—r+j+y/TTj (13)

The estimation of the root mean square deviation (RMSD) is applied according to
the Ex. (14) [29]:

RMSD = |2 SIL,(/(0) ~ ME)? (14)

2. Results

The results of the model analysis are shown in Table 3. The method of graphical analysis
is applied to compare the predicted trend with the actually registered values in the period
2018-2021.

Table 3 Comparison of the calculated values (forecast) of the model with the actual (fact)

Name 2019 Fact/Fore- 2020 Fact/Fore- 2021 Fact/Fore-
Forecast  cast, % Forecast  cast, % Forecast  cast, %

Number of Active TB cases 77146 4,84 6931 -11,51 6770 -20,92
Percentage of cured, % 227,54 -5,56 27,21 45,87 26,93 29,56
Transferred to clinical cured group 11968 -0,97 1886 29,06 1823 2,47
Percentage of MBT + in active TB, % 336,82 14,34 36,81 17,63 36,74 18,40
Number of Contacted with MBT+ TB 22631 19,99 2551 4,12 2487 -6,31
Number of Contacted with MBT- TB 22,91 -25,09 2,92 1,03 2,93 16,38
Contacted with MBT+, abs 7668 -10,05 7450 5,10 7280 9,29
Share of MBT - TB cases , % 63,18 -8,36 63,19 -10,27 63,26 -10,69
Total Number of MBT - TB cases 4515 -3,99 4380 -20,62 4283 -29,40
Number of New MBT+TB cases 925 28,97 900 0,44 878 -3,30
Number of New MBT- TB cases 1418 -28,63 1390 -39,78 1371 -34,94
Mortality in TB patients, % 5,95 -17,65 5,89 -6,62 5,88 -0,85
Number of dead from TB 425 -13,41 408 -17,16 398 -21,61

Most of the deviations are due to the fact that the actual values of characteristics
such as the Absolute number of deaths from tuberculosis, the total number of active
contingents, the MBT+ Contingents first identified by MBT were lower than predicted,
which indicates both a positive trend in the epidemic situation and the effectiveness of
anti-tuberculosis work in the region. The results of assessing the quality of the forecast
using the method are shown in Table 4, from which it follows.

Table 4. Results of the forecast quality assessment by model parameters

Name Forecast for Forecast for Forecast for Overall forecast
2019 2020 2021 2019-2021

MAPE, % 13,14 15,14 14,87 14,38

SMAPE, % 13,54 15,24 15,68 14,82

SD, % 16,08 17,76 20,52 18,12
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3. Conclusion

The proposed mathematical simulation dynamic model, based on the use of Al, made it
possible to identify, reliably calculate and graphically display trends in the movement of
values of the studied characteristics of the epidemic process of tuberculosis in each of
the 63 municipalities and in the Sverdlovsk region as a whole.

Comparison of the calculated values (forecast) of the model made in 2018 with the
actual values of 2019-2021 revealed a reliable coincidence of the trend of movement of
the studied parameters in the region. If we assume that the quality indicators will remain
at the level of 2018, then in the next 20 years the epidemiological situation on
tuberculosis in the region will develop as follows.

The forecast results obtained with the help of a simulation model are quite suitable
for practical use in operational resource planning for measures to counteract the spread
of tuberculosis at the regional level.
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