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Relevance
Tuberculosis (TB) remains one of the most significant global public health challenges. According to the World Health Organization (WHO), 10.7 million new cases of TB and 1.3 million deaths from TB were registered in 2024, making TB one of the leading causes of death worldwide (Global Tuberculosis Report 2025).
In line with the United Nations Sustainable Development Goal (SDG) 3 «Good Health and Well-being» the goal is to end the TB epidemic by 2030. The main indicator of progress toward this goal is the TB incidence rate. This target is closely linked to the WHO’s End TB Strategy, which sets specific milestones: an 80% and 90% reduction in TB incidence by 2030 and 2035, respectively, compared to 2015 levels (Global Tuberculosis Report 2024). However, progress in reducing this indicator in most regions of the world, including Kazakhstan, significantly lags behind the 2030 and 2035 targets (Woodruff et al., 2024).
Currently, mathematical modeling methods play a key role in the epidemiology of infectious diseases and serve as an important tool for analyzing epidemiological processes (White P.J., 2017). Mathematical modeling is widely used to solve applied public health problems, including forecasting epidemiological indicators and assessing the effectiveness of preventive measures. In addition, mathematical models play a significant role in supporting management decision-making in the healthcare system. They are used to justify disease control strategies and optimize resource allocation, providing a scientifically grounded approach to managing the epidemiological situation (Kiseleva et al., 2025; Kalizhanova et al., 2024).
In the modern context, socio-economic factors play a crucial role and substantially influence the spread of TB (Sorokina et al., 2023; Xia L. et al., 2024). According to the WHO concept of social determinants of health, socio-economic factors are considered a key driver of differences in TB incidence rates among different population groups (Kussainova et al., 2026). This concept emphasizes that socio-economic inequality affects the level of exposure to TB risk factors as well as access to timely diagnosis and treatment, thereby contributing to the persistence of high TB incidence rates in vulnerable population groups (Morelli V., 2023).
The Republic of Kazakhstan consistently implements policies to strengthen public health and advance the UN Sustainable Development Goals, paying particular attention to reducing TB incidence. The Concept for the Development of Healthcare in the Republic of Kazakhstan until 2029 notes that TB incidence in the country remains high. It also emphasizes the key role of measures to improve the socio-economic status of the population in further reducing TB incidence.
It should be noted that the current activities of sanitary-epidemiological control bodies lack scientifically based approaches and tools for forecasting and assessing the epidemiological situation, as well as for analyzing the relationships between factors and the health status of the population.
Thus, the epidemiological situation regarding TB is characterized by a persistently high incidence rate. Under these conditions, the need to develop and apply new approaches to assessing the epidemiological situation is increasing. Furthermore, particular importance is attached to taking into account socio-economic factors that determine the dynamics of disease spread and the effectiveness of control measures.
Research aim
Projecting TB incidence in the Republic of Kazakhstan through 2035 using System Dynamics modeling and assessment of the impact of socio-economic factors on the dynamics of the epidemic process.
Research objectives
1. To study the dynamics of TB incidence and to evaluate the contribution of the healthcare system’s activities and socio-economic factors to changes in this indicator.
2. To develop a model of TB spread in Kazakhstan using a system dynamics approach and to assess the predictive accuracy of the model.
3. To identify the most significant socio-economic factors influencing the level of TB incidence.
4. To conduct scenario modeling of the long-term impact of socio-economic factors on the TB incidence rate in Kazakhstan through 2035.
5. To determine the optimal values of socio-economic parameters in the model that contribute to achieving the WHO target indicators for reducing TB incidence.
Material and methods
In the present study, a hybrid methodological approach was employed, combining mathematical modeling with a correlational study design based on aggregated national data from the Republic of Kazakhstan.
The sources of aggregated data included official statistical compilations from the National Scientific Center of Phthisiopulmonology of the Republic of Kazakhstan, dynamic tables from the Bureau of National Statistics of the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan, and the Ministry of Health of the Republic of Kazakhstan.
The forecasting model was developed using the System Dynamics methodology based on the SIR-type model (Susceptible–Infectious–Recovered). The model was adapted to the epidemiological situation of TB in Kazakhstan through the estimation, calculation, and calibration of model parameters using demographic and epidemiological data.
The predictive accuracy of the developed model was assessed using the hold-out validation method by dividing the data into a training set (1998–2019) and a test set (2020–2024).
Based on the developed SIR model, simulations of predictive scenarios were performed. These scenarios were based on the analysis of historical development rates and official socio-economic forecasts provided by the Ministry of National Economy of the Republic of Kazakhstan. Sensitivity analysis was conducted using the Monte Carlo method.
The reverse optimization method for determining the required changes in socio-economic indicators necessary to achieve the target benchmarks by 2030 and 2035 was carried out by minimizing the difference between the baseline incidence level of 2015 and the target values.
All stages of the study, including model development, parameter calculation and calibration, statistical analysis of secondary data, simulation of predictive scenarios, sensitivity analysis, and the optimization procedure, were implemented in the Python 3.12 environment.
Scientific novelty
1. For the first time, an analytical relationship has been established between the TB transmission coefficient and key socio-economic indicators.
2. For the first time, a simulation model has been developed that integrates socio-economic factors into the epidemiological structure of TB transmission.
3. For the first time, target levels of key socio-economic indicators have been determined that contribute to achieving the WHO targets for reducing TB incidence by 2030 and 2035.
Main statements submitted for defense
1. In recent years, Kazakhstan has shown a tendency toward a slowdown in the rate of decline in TB incidence. Socio-economic factors make the main contribution to the dynamics of TB incidence. 
2. The developed model is a valid and reliable tool for forecasting TB incidence. 
3. The most sensitive parameters of the model are the volume of healthcare financing and the unemployment rate. 
4. Increasing the volume of social assistance to TB patients is the most effective measure for reducing TB incidence by 2035 in the long term. 
5. To achieve the WHO targets for reducing TB incidence, it is necessary to comprehensively improve the overall socio-economic situation of the population, increase healthcare financing, and strengthen social support measures for TB patients.
Theoretical significance
The theoretical significance of this study lies in the development of a methodological and conceptual foundation for an integrated approach to modeling that combines mathematical modeling with a systemic analysis of the socio-economic determinants of TB. This contribution substantially enriches the theoretical foundations of TB epidemiology and creates a solid platform for future research in this field. It allows subsequent studies to build upon the proposed methodology, refine it, adapt it, or expand it across various epidemiological contexts and geographical regions.
Furthermore, the dissertation is closely aligned with both global initiatives, such as the WHO’s End TB Strategy, and national programs for TB control and the Concept for the Development of Healthcare in Kazakhstan. The obtained results and the applied analytical approach can serve as a reliable theoretical basis for the development and justification of evidence-based strategies and measures aimed at improving public health.
The study results provide empirical evidence supporting the concept of social determinants of health in the context of TB epidemiology. This contributes to the formation of a more holistic theoretical approach to the study and control of TB in populations where socio-economic conditions play a significant role in shaping health indicators.
Practical significance
The results of the dissertation have been implemented into the analytical and methodological activities of the Regional Phthisiopulmonology Center of the Karaganda Region in the form of a mathematical model developed as a tool for assessing and forecasting the epidemiological situation regarding TB. The integration of this model into management practice enables healthcare managers to allocate resources on an evidence-based foundation and to strategically plan measures aimed at controlling the TB epidemiological situation.
In addition, the results of this study have been integrated into the educational process of the Department of Infectious Diseases and Phthisiology at Karaganda Medical University as an educational tool. The implementation of the model contributes to the development of key competencies among students in the analysis of epidemiological patterns of the TB epidemic process, as well as in the assessment and forecasting of epidemiological trends.
A certificate of state registration of copyright for the object “Model for forecasting tuberculosis incidence” has been obtained.
Publications
According to the main findings of the dissertation research, two original articles have been published in international peer-reviewed journals indexed in the Scopus database: Annali di Igiene Medicina Preventiva e di Comunità (55%) and International Journal of Environmental Research and Public Health (92%).
Conclusions
1. The incidence rate of TB in the Republic of Kazakhstan decreased on average by 5.91 cases per year from 2000 to 2020 (b= −5.91, p< 0.001). However, between 2021 and 2024, the rate of decline slowed considerable (b= −0.85, p = 0.312). Socio-economic factors characterizing social protection (sr= 0.444) and financial protection of the population (sr= −0.398) made the largest contribution to the dynamics of TB incidence.
2. The developed mathematical model serves as a reliable tool for forecasting TB incidence dynamics. It accurately reproduces current trends (MAPE = 7.6%) and demonstrates high predictive accuracy for future trends (MAPE = 2.3%).
3. Among the socio-economic factors examined, the two indicators with the greatest influence on TB incidence in the Republic of Kazakhstan are the volume of healthcare financing (38%) and the unemployment rate (28%).
4. The most effective long-term socio-economic measure for reducing TB incidence is an annual 5% increase in the volume of social assistance to TB patients. This scenario is projected to reduce TB incidence by 19.6% by 2030 and by 38.5% by 2035 compared to 2024 levels.
5. Achieving the WHO’s target indicators for reducing TB incidence by 2030 and 2035 is possible through the following integrated changes: increasing GDP per capita by 5.3% and 12.3%, raising healthcare financing to 5.2% and 5.5% of GDP, reducing the poverty rate to 4.4% and 3.9%, lowering the unemployment rate to 4.1% and 3.7%, and increasing the volume of social assistance by 21.2% and 47.7%, respectively.
Recommendations
1. [bookmark: _GoBack]The developed model can be used by regulatory authorities for forecasting and assessing the epidemiological situation regarding TB, as well as for analyzing and studying the interrelationships between various factors and the health status of the population.
2. It is necessary to implement gradual and long-term strengthening of targeted social support for TB patients as one of the most effective measures to reduce the incidence rate.
3. Particular attention should be paid to the monitoring and stabilization of healthcare financing and unemployment levels, as these two key socio-economic indicators have the greatest influence on the level of TB incidence.
4. The results of the conducted study and the proposed approaches demonstrate the advisability of including thematic sections on mathematical modeling and forecasting of the epidemiological situation for infectious diseases in the educational programs of «Public Health».
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