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Editorial on the Research Topic
 Sustainable and mission-oriented innovation in economic systems and governance for equitable global health and wellbeing




The Research Topic “Sustainable and Mission-oriented Innovation in Economic Systems and Governance for Equitable Global Health and Wellbeing” explores different approaches to initiate and drive sustainable, mission-led innovations in economic, social, and governance systems. It reflects the commitment to enhance the lives of all people and to protect the environment. The goal is to urge governments and international organizations to innovate systems and to guide new technologies to respond to pressing global challenges that include health insecurity, climate change, population changes, unemployment, mass migration, environmental degradation, and terrorism. It highlights the necessity for a paradigm shift from an economic system focused on maximizing profit for some to one that prioritizes human wellbeing, measured by factors beyond Gross Domestic Product (GDP), such as happiness, healthy lives, social support, and good governance.

The series emphasizes the need for new economic and governance systems to address four core objectives of: eradicating deprivation, reducing inequality, operating within the environmental carrying capacity, and fostering innovation. This requires a transition of the mindset to be rooted in solidarity, equity, human fulfillment, environmental protection, intergenerational care, market regulation, and prosperity defined by quality of life. Governments are seen as crucial in this transformation to actively focus and spend on people. In particular, they are to implement expansionary macroeconomic policies, commit to employment, invest in public works, support low-carbon energy initiatives, and regulate shadow banking.

The Research Topic has generated new ideas, concepts, and policy frameworks, raising awareness and stimulating further discussion on a new sustainable and mission-based economic and governance system.

Studies examined complex interlinks between globalization, economy, and population health, defining globalization as the flow of goods, finance, and ideas across national borders within a country's “economic complexity”. Economic complexity is the totality of human, infrastructure, institutions and organizations that a country uses to produce for export and to distribute income internally. This research suggests that current development models contribute to inequality. To address these development gaps, frameworks were proposed for high-income countries to focus on technology diffusion, middle-income countries on technological innovation and economic transformation, and low-income countries on improving basic services, selective foreign technology use, and cultivating local innovation.

Several studies on costs, cost-effectiveness and willingness to pay for health care highlighted the difficult balance between costs, effectiveness, and willingness to pay (WTP) in healthcare decision-making. For instance, one study recommended Efafirenz combination as a first-line drug for its superior effectiveness despite being slightly more costly. Another found that Trifluridine/tipiracil combined with bevacizumab was not cost-effective as a third-line treatment for colorectal cancer compared to monotherapy. Studies on stroke costs varied significantly by type and health facility level, leading to a recommendation for larger health insurance reimbursement ratios and cost control in private and tertiary hospitals. For progressive glioblastoma, a study found bevacizumab (BEV) with lomustine (LOM) not cost-effective as a first-line therapy, yet acknowledged its survival advantages of offering a treatment option for this rare disease. The dynamic interlinks between health and economic development were exemplified by a study on medical insurance compensation, which views health as a production function through labor and as capital in the economic utility function. This study proposes dynamic medical insurance policies responsive to economic status, requiring constant revision of coverage, fiscal budgets, and healthcare pricing. It also suggests that medical insurance compensation policy should be integrated into existing healthcare systems, with adaptive policy innovations for diverse populations. Factors influencing healthcare expenditure in China were identified as economic development, the aging population, and policy interventions like increased fiscal spending, investment in science and technology, and pandemics management.

The concept of New Type Urbanization (NTU) was analyzed, particularly in China, focusing on coordinated socio-economic and environmental transformation aimed at optimizing economic upgrading, urban spatial structuring, urban-rural integration, and environmental urbanization. NTU links health-related interventions such as improved healthcare services, residences, public transport, and energy use. Issues like population agglomeration within NTU require enhanced information systems, infrastructure upgrading, and investment in health, leisure, and fitness facilities. A related study on industrial structuring emphasized the need for platforms, industrial clusters, collaboration, and investment in local talent for high-quality development. The role of media in reinforcing Environmental, Social, and Governance (ESG) principles was explored, noting its impact on company stock prices, firm value, and reputation. Positive media coverage can reduce the cost of equity, while transparency reports on carbon footprints, social initiatives, labor rights, and diversity efforts are crucial.

Digital Inclusion Finance (DIF), integrating Big Data, Blockchain, and digital technology with the financial industry, was found to catalyze economic growth, particularly promoting research and development (R&D) in pharmaceutical firms. The study recommended government support for DIF, R&D incentives, intellectual property protection, and integration of financial institutions with AI, cloud computing, and new technologies. Another study highlighted the trend of coupling digital economy with older adult care, driven by information and communication systems, local digital innovation, and industrial application of the digital economy. Digital governance was identified as critical for green development, using big data and digital platforms for industrial policy review, financial support, and green projects. The impact of technology mergers and acquisitions on company performance was found to be positive, mediated by R&D, with recommendations for government encouragement and enterprise focus on R&D and skilled labor.

A study on the evolution and driving factors of coupling digital economy with older adult care found this kind of coupling to be a trending pattern. It is associated with densely populated areas of a high income country. The factors that drive digital and older care coupling include availability of information and communication systems, innovation of local digital systems and industrial application of the digital economy. The digital economy of the older adult care is made possible by the availability of service infrastructure, capacity and organization.

Digital governance is critical in digital transformation of a country. Digital governance can be used to promote and sustain green development by supererogation and rationalization of industrial structuring. Digital governance policies must focus on promoting public wellbeing, uplifting less developed cities, and fostering cross-regional cooperation. A study found that digital governance played a key role in industrial policy review, financial support, and entrepreneurship of green industry. Big data was used to asses market demand for products of green industry. Big data, IOT and digital platforms were used for green projects and research.

Competition among enterprises, including pharmaceutical companies, is very high. Technology mergers and acquisitions have now emerged as a key feature of this competition. Pharmaceutical companies improve innovation by internal research and development (which is slow), and by mergers and acquisitions (which is now the preferred method). This amplifies the capacity and ability of the companies to innovate, expand and improve. The purpose of technology mergers and acquisitions is to address deficiencies, diversify and lay foundation for technology innovation.

A study found a positive impact of technology mergers and acquisitions on the performance of companies. Research and development was found to be the mediating factor in the technology performance. However, levels of performance were determined by the amount of financing, size of the firm, and geographical location. Governments need to encourage technology mergers and acquisitions, and provide incentives and guidance. Enterprises must focus on improving research and development, hiring and improving the welfare of highly skilled labor, and in investing in long term training.

Essential Public Health Functions (EPHFs) have been defined as the fundamental, interlinked and interdependent health supporting activities within and beyond the health sector. These include governance, resource generation, financing, and service delivery. Common Goods for Health (CGH), on the other hand, have been described as activities that directly support public health. These include community engagement, social participation, health taxes and subsidies, and public health surveillance and monitoring, health protection and promotion, research, health care supplies and technology. A study mapped EPHFs and CGHs under Health System Performance Analysis (HSPA) framework. The framework provides a visual map of how EPHFs and CGHs are linked to health objectives and goals. The health objectives are listed as quality, equity, access, user expectation, effectiveness, efficiency of services. The final goals are seen as health improvement and protection, and people centeredness.

A study in Eastern China found that both health resource allocation and economic development increased yearly, driven by human and material resources for health, and by the development level and technological investment in the economy. Economic development catalyzes healthcare advancement, and healthcare investment forms a foundation for economic development by providing a healthy workforce. Recommendations included restructuring the health sector to overcome redundancy and inequity, and focusing on primary healthcare at the grassroots level. China's Strategic Health Plan 2030, built on principles of prioritizing health, innovation, coordination, sustainability, openness, and shared development, was highlighted. Investing in health care is also a foundation for economic development by providing a health workforce. Industrial structuring, investment in science and technology, human resources, and health care materials all have positive impact on coordinated health care and economic development.

Rapid economic development, such as in China, is accompanied by increased use of fossil energy and emission of PM2.5—gaseous pollutant droplets or particles that are 2.5 micrometers or less in diameter. These particles are generated by factories, motor vehicles and mechanized agricultural activities. PM2.5 affects human health and the environment. In humans, PM2.5 cause cardiovascular diseases, chronic obstructive pulmonary diseases, cancer and cognitive impairment. On the environment, the particles reduce visibility, cause climate change, and harm ecosystems and wild life. China is transforming from manufacturing to service industry, and is redistributing manufacturing industries. China has instituted broad policies are coordinate regional pollution control, promote clean energy, encourage green/low carbon living.

A study of 27 EU countries found that higher GDP, efficient healthcare spending, and hospital bed availability positively impacted older adult health, while unemployment and inflation had negative effects. This underscored the need for integrated economic and healthcare policies to enhance economic stability, healthcare infrastructure, and chronic disease management for sustainable aging. There was need for strengthening primary health care systems, and for supporting health care workforce. Economic and health care policies would need to be integrated for the welfare of older persons. There is need to investigate sub-populations of older persons vis a vis health care and economic changes.

Healthy aging has been defined as the maintenance of functional abilities in older persons. An older person is 60 years or more. In a study to analyze physical activity and economic autonomy, physical activity was found to be positively associated with economic autonomy for low and moderate physical activities. Physical activity is a health policy matter in aging. It improves mental health, reduces muscle loss and fatal falls, and slows down aging. Economic autonomy was defined as an individual or couple living alone or by themselves. They are able to get a wage and/or pension, they may sell some produce or are self-employed or doing business, for a living. They can afford rent, food and clothing.

An autonomous family is a family with an income that exceeds household expenses. A person who is non-autonomous is involved in high intensity physical activity that is usually a survival activity. Such a person requires government's support. Governments need to make appropriate policy on physical activity by category and economic autonomy status. Such policies should be tailored to local culture taking into account filial piety for older persons and social networks.

National fitness public service is an important aspect in China. However, the efficiency of expenditure of this service was doubtful. A study found the efficiency of spending low at 0.62, with wide disparities among provinces. When policies were introduced, the efficiency rose to 0.76. Redundant expenditures were discovered. There was lack of scientific planning and demand-driven feed back. Collaborative supply mechanisms, integrated technology innovations and accelerated digitization of fitness services were recommended. It was also recommended that private sector be involved through a build-and-operate (BOT) basis.

Life expectancy, which is the average lifespan, is increasing around the world. The difference between the highest and lowest life expectancies is reducing. The increase in life expectancy has been as a result of improved living standards, progress in amenities, health care, education and lifestyle. A study analyzed the factors driving life expectancy with a focus on social expenditure, education expenditure, and real GDP. Social expenditures were defined as cash benefits, tax deductions, goods and services. This study found that the main drivers of life expectancy were health spending and income. Health spending was particularly critical at birth and for the under-fives, and after 60 years. Health expenditure consists of health infrastructure and services, nutrition, immunization, water and sanitation and handwashing.

Health inequality and financial hardship are global challenges. These challenges are much higher for people in the low income group. Rapid economic growth, such as in China, can generate significant health inequality. In China, persons below 67% of median income are categorized as low income group. A study found that self-rated ill-health and chronic disease are much higher in the low income group. Per capita increase of household income reduces the impact of disease and health inequality. Age has a U-shaped effect on health inequality, being higher at young and old ages. The pattern of the effect of low income on health inequality is similar across urban and rural areas, and genders. However, health inequalities are particularly more in older adults and rural groups. It is recommended that low income groups be given income support, be facilitated to access health care, be supported in a family care set-up, and various measures be tailored to the various unique circumstances.

An element of financial hardship has been described in a study as Financial Toxicity (FT). FT is associated with an individual's economic status, the stage of disease and treatment. Factors associated with FT included young age, low education, being uninsured, and low income. Clinicians and health care managers need to identify and conduct psychological interventions as early as possible on people at risk of FT. There is need for financial screening, counseling and referral services. Cancer management, for example, requires health care professionals fostering strong support and collaboration as multi-disciplinary teams. There is need to identify risk factors of FT and explore the interaction between FT and distress.

Factors responsible for medical impoverishment—defined as financial hardship due to healthcare expenses—include unemployment, poor health, chronic disease, small household size, and migrant status. Recommendations focused on expanding health insurance for the poor, poverty alleviation strategies, and social security. A study on rural financial participation, involving formal and informal finance, found that to alleviate rural poverty, people needed to be facilitated to make land transfers and to get non-farm employment, to contribute to common prosperity. Regulation of informal finance and government guarantees for financial stability and infrastructure development were recommended.

Common prosperity among citizens provides a pathway to social equity, sustainable economic growth and long term security. This can be achieved through rural financial participation. A study defined absolute poverty as a person or family whose income could not cover basic necessities of bodily functions. Relative poverty was seen as the exclusion and deprivation in health, education and quality of life. Factors of poverty were identified as low income, inadequate living environment such as housing, consumer goods, living standards, and subjective attitude. Financial participation was found to alleviate poverty. However, there was need for tailored support to non-formal participants with multi-dimensional poverty. Financial participation has to be accompanied by government guarantees to enhance financial stability and infrastructure development.

Studies on integrating medical insurance to be equitable for urban and rural dwellers in China showed increased happiness among returning migrant workers due to improved health insurance systems and equalization of basic health insurance benefits. This achieved the health insurance principle of transferring funds from the healthy to the unhealthy and from the rich to the poor. However, health service use among migrant populations was still found to be highly inequitable, with disparities linked to age, low education, and regional policy variations. Recommendations included health education for migrant communities, increased resource allocation to primary healthcare, and cross-sector collaboration. Health equity is the vital benchmark for gauging the efficacy of health equity policy, which is the safeguard for vulnerable people.

An aspect of inequity is the co-existence of undernutrition and overnutrition or double burden of disease (DBM) within the same population, household, or individual, and is a major concern. A study in Zimbabwe found a 30% increase in DBM over 5 years, with rural women and children suffering more. Promoting food systems that support balanced diets was recommended. Urban dwellers got better access to health care and a diversity of foods, but were exposed to unhealthy dietary practices and sedentary lifestyles. WHO's double duty actions protocol for multiple forms of malnutrition was recommended for Zimbabwe.

Wars, violence and terrorism are well recognized global challenges that erode progress made in health and wellness. Transnational drug trafficking, political unrest, gang violence, and paramilitarism in Haiti have led to a mental health crisis. A study identified chronic traumatic stress, increased health burden, lack of mental health services, hopelessness, future uncertainty, and multigenerational concerns as key issues. Coping factors included mental stimulation, peer support, music, and faith. Exploring historical healing practices was recommended.

This research series underscores that the pursuit of health and wellness is continuous, with new solutions building upon earlier innovations. The paramount message is the need for integrated policy, planning, and implementation of health into governance, economy, technology, and environment. Human health and wellbeing must be central in all endeavors, with a particular emphasis on equity and protection of the poor. Governments are urged to make substantial investments in four key areas: health and wellbeing, environmental protection (bio-systems, rivers, oceans, forests), urban development (housing, transport, water, sanitation), and decarbonization of energy generation. This holistic approach is critical for achieving sustainable and equitable global health and wellbeing.
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Objective: This study investigates the determinants of medical impoverishment among China's rural near-poor, aiming to enhance public health services and establish preventative and monitoring systems.
Methods: Using China Family Panel Studies and World Bank methods, we categorized rural populations and calculated their 2020 Poverty Incidence (PI) and Poverty Gap (PG), with impoverishing health expenditures (IHE) as the primary indicator. We analyzed the data from 2016 to 2020 using a conditional fixed-effects multinomial logit model and 2020 logistic regression to identify factors influencing medical impoverishment risk.
Results: (1) In 2020, the near-poor in China faced a PI of 16.65% post-health expenditures, 8.63 times greater than the non-poor's PI of 1.93%. The near-poor's Average Poverty Gap (APG) was CNY 1,920.67, notably surpassing the non-poor's figure of CNY 485.58. Health expenses disproportionately affected low-income groups, with the near-poor more prone to medical impoverishment. (2) Disparities in medical impoverishment between different economic household statuses were significant (P < 0.001), with the near-poor being particularly vulnerable. (3) For rural near-poor households in China, those with over six members faced a lower risk of medical impoverishment compared to those with three or fewer. Unmarried individuals had a 7.1% reduced risk of medical impoverishment relative to married/cohabiting counterparts. Unemployment was associated with a 9% increased risk. A better self-rated health status was linked to a lower probability of IHE, with the “very healthy” reporting a 25.8% lower risk than those “unhealthy.” Chronic disease sufferers in the near-poor and non-poor categories were at an increased risk of 12 and 1.4%, respectively. Other surveyed factors, including migrant status, age, insurance type, gender, educational level, and recent smoking or drinking, were not statistically significant (P > 0.05).
Conclusion: Rural near-poor in China are much more susceptible to medical impoverishment, influenced by specific socio-economic factors. The findings advocate for policy enhancements and health system reforms to mitigate health poverty. Further research should extend to urban areas for comprehensive health poverty strategy development.

Keywords
medical impoverishment, near-poor, impoverishing health expenditures, relative poverty, conditional fixed-effects multinomial logit model, influencing factors, rural China


1 Introduction

In “Transforming Our World: The 2030 Agenda for Sustainable Development,” the United Nations outlined 17 Sustainable Development Goals (SDGs), the foremost of which targets the elimination of poverty in all its forms globally by 2030 (1). Nonetheless, the advent of the COVID-19 pandemic has significantly impeded the consistent progress made in poverty reduction over the past 30 years. Projections suggest that, by the year 2030, an estimated 575 million individuals will still subsist in conditions of extreme poverty, and merely a third of nations are on track to halve their poverty rates (2). Eradicating poverty continues to be one of the most pressing global challenges.

In contrast to other poverty-inducing factors, illness tends to result in sustained impoverishment (3). Research indicates that 51.63% of rural impoverished populations in China link their poverty to familial health issues, identifying medical impoverishment as a fundamental cause of rural poverty in the country (4). The exorbitant health expenditures stemming from illness have the potential to rapidly exhaust family savings, leading to severe economic distress. Additionally, illness diminishes a patient's productivity and learning capacity, undermining their competitiveness in the labor market and future earning prospects (5). Consequently, families in poverty are susceptible to an insidious “illness-poverty” cycle, wherein illness precipitates financial loss and further constrains access to healthcare, exacerbating their economic and health conditions (6). It is thus crucial to pinpoint the pivotal factors contributing to medical impoverishment to disrupt this deleterious cycle.

Reports from the World Health Organization (WHO) and the World Bank indicate that from 2000 to 2019, there was an 80% decline in the global proportion of individuals who faced impoverishing out-of-pocket health expenditures while under the extreme poverty threshold. Conversely, the proportion of individuals experiencing impoverishing health expenditures (IHE) under the relative poverty threshold saw a 42% increase during the same timeframe (7). These findings suggest a shift in focus toward those near or slightly above the poverty line (PL) within the sector of health poverty alleviation. The near-poor population is defined as households with annual per capita incomes that fall between one and two times the local poverty threshold (8). Typically, these individuals do not have a stable income and are subjected to greater health, economic, and social pressures compared to the general populace (9). Unfortunately, they often fail to gain from social support and policy measures. An oversight in health poverty alleviation policies and the deficiencies of the healthcare security system intensify the vulnerability of this demographic to poverty due to health-related expenses, positioning them as a central group susceptible to medical impoverishment.

In recent years, scholars have primarily examined the impact of household characteristics, individual behavior, and structural factors on the risk of falling into medical impoverishment. Factors such as household size (10), whether one belongs to a migrant group (11, 12), the presence of children (13, 14) or older adult individuals (15), employment status (16), the nature of employment, household asset structure, family composition (17), and chronic illness or disability (4, 18) can all affect the risk of health poverty among respondents. Unhealthy behaviors like poor diet, smoking, or a lack of physical activity (3) can lead to lower levels of health, which are significantly associated with poverty. Structural factors such as the local economic development and social security systems (19–23), the risk of fuel scarcity and climate (24), social transfers (25), and other related constructs like social cohesion, social capital, and social exclusion (11) also impact health poverty. Furthermore, considerable literature has begun to explore relative standards of health poverty, such as using specific proportions of the median income to calculate relative poverty thresholds (26, 27). It is argued that relative poverty standards should be multidimensional, incorporating a variety of criteria including health, education, family structure, economic status, and labor market levels (28, 29). This body of work emphasizes the importance of preventing medical impoverishment in poverty alleviation efforts and explores various factors influencing medical impoverishment, providing a solid foundation for this research. However, there are limitations: firstly, most studies focus on specific populations such as children, the older adult, migrant populations (12), and particular ethnic groups, with less attention to those on the cusp of poverty or the near-poor; secondly, poverty incidence (PI) and poverty gap (PG) are often measured based on catastrophic health expenditures (CHE), using the proportion of out-of-pocket health spending to total household income; thirdly, investigations into the factors influencing medical impoverishment are frequently based on cross-sectional data, with fewer studies constructing panel data models for longitudinal comparison and robustness checks.

Based on the preceding discussion, this study posits that governance of medical impoverishment should begin with the perspective of relative poverty, focusing particularly on the near-poor population in impoverished areas. Analyzing the factors contributing to medical impoverishment among these individuals can aid in the development of precise and effective health poverty alleviation measures targeted at high-risk groups, thus enhancing the efficiency and effectiveness of poverty alleviation initiatives (30). The specific approaches are as follows: (1) The study targets the near-poor population in rural China. Given that the economic development level in rural areas is generally lower than that in urban areas, rural regions have always been the focal point of China's poverty eradication efforts. Although China eradicated absolute poverty by the end of 2020, medical impoverishment and the risk of falling back into poverty remain key challenges in poverty alleviation. (2) From the perspective of relative poverty, the study utilizes the income median ratio method to define the poverty and near-poor lines, categorizing the population into poor, near-poor, and non-poor groups. It employs the World Bank's recommended method for measuring IHE to assess the impoverishing impact of health expenditures and to understand the current status of IHE among the rural near-poor population. (3) The study uses logit models and conditional fixed-effects multinomial logit models to focus on the relationship between household economic status and medical impoverishment. It analyzes the factors influencing the occurrence of medical impoverishment among the national rural near-poor population. China's achievements in health poverty alleviation can serve as a model for other relatively underdeveloped countries and regions. This research provides targeted evidence support and poverty alleviation recommendations for the prevention of large-scale poverty relapse, the establishment of long-term mechanisms to address relative poverty, and the construction of enduring early warning, monitoring, and safeguard measures.



2 Materials and methods


2.1 Data sources and preprocessing

This study utilizes data from the China Family Panel Studies (CFPS), a national, longitudinal social survey conducted by the Institute of Social Science Survey at Peking University. The CFPS is administered biennially, encompassing 25 provinces, autonomous regions, and municipalities, representing over 95% of the Chinese population. It captures multifaceted information on Chinese households and their members, including social, economic, demographic, educational, and health aspects. The survey employs a multi-stage, multi-level probability proportional sampling design and provides various sample weights, such as cross-sectional weights for individuals or households and longitudinal tracking weights.

To ensure the representativeness of the samples, all analyses in this study were weighted according to the corresponding weights based on the analytical objectives. The CFPS provided standardized weights for the years 2018 and 2020, with the 2020 weights further refined into non-response weights and post-stratification weights. However, all weights for the year 2016 were unstandardized. For comparative analysis purposes, we standardized the weights concerning the year 2016 in our research, while for the 2020 data, we employed post-stratification weights to enhance accuracy.

To further ensure the representativeness of the sample, given the presence of “not applicable” and “missing” data in the raw CFPS dataset, we prioritized the imputation of missing values and outliers using data from different sub-databases provided by the CFPS for the same year. For data that could not be found, if the corresponding values in adjacent years did not change significantly, we imputed the values using data from the adjacent years. We identified the samples using the household identification number and individual identifier provided by the CFPS. We matched the family economic database and the individual database (for those aged 16 and above) from the years 2016, 2018, and 2020 both cross-sectionally and longitudinally. After imputation and weighting, we excluded missing and outlier values that could not be imputed, thereby obtaining all the variable information and data required for the study.

Specifically, we obtained three cross-sectional databases from the family economic databases for the years 2016, 2018, and 2020, which were used to calculate the PLs for the corresponding years and to classify the population accordingly. The weights applied in this step were the cross-sectional household weights for each respective year. The number of observations in the 2016 database was 13,998, with a weighted sample size of 13,995; both 2018 and 2020 had consistent sample sizes before and after weighting, with 14,218 and 11,620 samples, respectively.

After calculating the PL using the family economic database, we constructed two databases to delve into the factors influencing medical impoverishment among the near-poor population. The first is a cross-sectional database for the year 2020, with 9,796 observations. After weighting with post-stratification standardized individual cross-sectional weights, the total sample size amounted to 8,072. Utilizing this database, we estimated the PI and PG for 2020 as a case study and developed logistic regression models to analyze the factors influencing medical impoverishment among the near-poor. The second database is a three-wave unbalanced panel dataset containing 32,433 observations (13,457 for 2016, 10,917 for 2018, and 8,059 for 2020). This panel data, analyzed using post-stratification standardized individual panel weights, was employed to conduct descriptive analyses and to construct conditional fixed-effects multinomial logit models, exploring longitudinally the critical factors affecting medical impoverishment among the near-poor. After weighting, the weighted sample sizes for each wave were 10,324 for 2016, 8,373 for 2018, and 6,160 for 2020. All data processing and analysis were conducted using Stata 17.0.



2.2 Relative poverty line and population stratification

In this study, we used the variable fincome1_per from the CFPS family economic database to represent annual per capita family income and employed the post-stratification weight variable from the same database to weight population numbers and incomes. From the perspective of relative poverty, the poverty line (PL) was set according to the median income proportion method. Taking into account international experience and regional economic disparities during China's 14th Five-Year Plan period, we determined 40% of the median annual per capita family income in the sample regions as the PL (10). Following the standards of the U.S. Census Bureau, individuals with annual per capita family incomes below the local PL were classified as poor, those with incomes between one and two times the PL were classified as near-poor, and those with incomes more than twice the PL were classified as non-poor. For ease of subsequent analysis, we created a new variable, “family economic status,” to distinguish between poor, near-poor, and non-poor samples.



2.3 Measurement of impoverishing health expenditures, poverty incidence, and poverty gap

This study employs the IHE measure recommended by the World Bank to estimate the impoverishing effect of health expenditures (31). The impoverishing effect is assessed by comparing changes in the poverty status of individuals before and after incurring health expenditures. The extent and depth of poverty, ensuing from health expenditures, are respectively represented by the poverty incidence and poverty gap.

The poverty incidence (PI) represents the proportion of individuals living in poverty relative to the total population. It reflects the prevalence or occurrence of poverty within a demographic by indicating the share of the population that is impoverished. The PL signifies the local relative poverty threshold. If individual i's income is below PL, Pi equals 1, signifying poverty; otherwise, Pi equals 0, indicating no poverty. Based on prior literature (31, 32), the formula for calculating poverty incidence is as follows (where N denotes the total population size):

[image: Equation showing \( PI = \frac{1}{N} \sum_{t=1}^{N} P_{t} \), labeled as equation one.]

The concept of the poverty gap (PG), alternatively termed as the poverty shortfall, quantifies the extent to which the income of impoverished individuals falls beneath the relative PL. This measure provides an economic differential view on the severity of poverty and delineates the disparity between an individual or group's present condition and the target of poverty eradication. The incomei denotes the income level of resident i. The PG is further categorized into the average poverty gap (APG) and the relative poverty gap (RPG). The APG is the sum of the individual poverty gaps within a population, divided by the total population, offering a reflection of the aggregate poverty level. Conversely, the RPG is calculated by dividing the sum of the population's PGs by the number of impoverished individuals, thereby illustrating the extent of poverty within this group. In accordance with prior literature (31, 32), these can be mathematically represented as follows (where N denotes the population size):

[image: Mathematical formula depicting the calculation of PG subscript i equals P subscript i times the difference between PL and income subscript i, labeled as equation two.]

[image: Formula for Average Precision in Grading (APG) equals the sum of PG_i from i equals one to N, divided by N. Equation number three.]

[image: Equation for RPG equals the sum from i equals 1 to N of PG sub i, divided by the sum from i equals 1 to N of P sub i, labeled as equation 4.]
 

2.4 Analysis of conditional fixed-effects multinomial logit models on medical impoverishment

To address potential omitted variable bias caused by unobservable individual heterogeneity and to further investigate the factors influencing the risk of falling into medical impoverishment among the near-poor, this study constructed a three-wave unbalanced panel dataset using individual-level data from the CFPS for the years 2016, 2018, and 2020. When analyzing multi-level sampling panel data using Stata 17.0 software, the svy command must be employed. Additionally, the dependent variable is a binary variable indicating “whether an individual experiences medical impoverishment,” and two-way fixed effects of time and individual often exist in the field of health economics. Currently, the conditional fixed-effects multinomial logit model is the only model in Stata software that can simultaneously satisfy these conditions. This model is suitable for panel data with a multinomial dependent variable and can handle fixed effects. Although the dependent variable in this study is dichotomous, it is technically feasible to treat a binary variable as a special case of a multinomial variable, as supported by the literature (33, 34). To further ensure the accuracy of the model and results, we constructed different models, such as random effects and individual fixed effects, by adding or removing variables to test the robustness of the results.

The baseline regression model is as follows:

[image: Logarithm of the ratio of probabilities of \( y_{it} = 1 \) to \( y_{it} = 0 \) is equal to \( \delta_1 FES_{it} + \delta_2 x_{1it} + \delta_3 x_{2it} + \dots + \delta_K x_{(K-1)it} + \mu_i + \mu_t + \epsilon_{it} \). Equation numbered (5).]

The dependent variable Yit denotes whether an individual has fallen into medical impoverishment. This condition is met when a resident's income, after health expenditures, dips below the relative PL, signifying IHE leading to impoverishment (35). P(Yit = 1) denotes the probability that individual i falls into medical impoverishment at time t, while P(Yit = 0) indicates the probability that individual i does not experience medical impoverishment at time t. The primary explanatory variable FESit refers to the economic status of individual i's household in year t. The variables x1it, x2it, …, x(K−1)it represent various control variables, including age, gender, marital status, education level (36), employment status (37), household size (10), type of medical insurance coverage (19), migrant status (12), smoking and drinking habits (3), self-rated health status (38), and presence of chronic diseases (39, 40), with K representing the total number of control variables plus one. The coefficient δK reflects the impact of the corresponding variable x(K−1)it on the likelihood of becoming medical impoverishment, where δ1 specifically represents the impact of family economic status. μi denotes individual effects, μt represents time effects, and εit is the error term.



2.5 Analysis of the factors influencing impoverishing health expenditure

As the dependent variable “whether an individual experiences medical impoverishment” is a binary variable, we constructed a binary logistic regression model (41) based on the CFPS 2020 data. We selected the near-poor and non-poor populations in 2020 as samples and compared them to thoroughly explore the factors leading to medical impoverishment among the near-poor population. To ensure the validity of the model, we conducted collinearity tests and chi-square tests before constructing the model. Only independent variables that passed these tests were included in the regression model. Since the logit regression coefficients represent the change in the log odds of the dependent variable for each unit change in the independent variable, which is not conducive to subsequent discussion and interpretation, we further analyzed the marginal effects (dy/dx). The marginal effects indicate the change in the probability of the dependent variable occurring for each unit change in the independent variable, making it more convenient to interpret the model results. The logistic regression model is presented as follows:

[image: Logarithm of the odds ratio is set equal to a linear equation. The formula shows log of the probability ratio of Y sub i being one over zero, equals beta sub zero plus the sum of products of beta sub i and X sub i, labeled as equation six.]

The dependent variable Yit is consistent with Equation (5). The independent variable xi includes a range of factors: age, gender, marital status, level of education, employment status, household size, migrant status, type of medical insurance coverage, smoking and drinking habits, self-rated health status, and chronic disease conditions. The coefficient βi corresponds to each xi, with β0 representing the constant term.

Details on the variable assignments are provided in Supplementary Table 1.




3 Results


3.1 Descriptive statistics

Supplementary Table 1 presents the weighted baseline characteristics of the rural Chinese population for the years 2016, 2018, and 2020, after adjusting for individual panel weights. In terms of sociodemographic characteristics: despite using a relative PL to differentiate between the poor and the near-poor, the proportion of the rural poor population in China steadily declined across the periods, accounting for 40.84, 35.05, and 32.38% in the respective years, a total decrease of 8.45%. However, the percentage of the near-poor population remained around 20%, with 19.42% in 2016, 21.06% in 2018, and 20.5% in 2020. The population of older adult individuals aged 65 and above incrementally increased, from 17.7% in 2016 to 21.09% in 2020. Changes in gender ratio were not significant, yet the absolute difference in proportions widened, rising from 0.67% in 2016 to 2.39% in 2020. Marital status showed no substantial change, but there was a noticeable increase in single individuals in 2020 (a 2.06% increase from 2016), coupled with a decline in the total number of married and cohabiting individuals. The proportion of the population with elementary education or less significantly decreased by 10.52% points from 2016 to 2020, still accounting for 47.71%. Meanwhile, those with secondary education rose steadily, and the group with higher education expanded by nearly 5% points over 4 years. The employed population slightly increased, with just a 0.6% rise from 2016 to 2020. The proportion of employed individuals remained consistently lower than that of the population under 65 years of age, but the gap narrowed, with the employed population being 7.92, 4.42, and 3.93% less than the under-65 population in the years 2016 to 2020, respectively. The number of migrants showed a significant decline, from 22.11% in 2016 to 10.77% in 2020. Post-2018, there was a rise in households with three or fewer members, a decrease in four to five-member households, and no significant changes in households with six or more members.

Examining individual health behaviors over the three periods, the proportion of individuals who smoked in the past month, consumed alcohol more than three times per week, or the presence of chronic diseases did not follow a clear trend, fluctuating around 29, 17, and 16%, respectively, with each peaking in 2018 before declining in 2020. The percentage of individuals who perceived themselves as relatively healthy (including relatively healthy, very healthy, and extremely healthy) steadily increased, rising by 8.5% from 2016 to 2020.

Regarding structural factors, the proportion of individuals without medical insurance incrementally increased, with a modest growth of 3% points over the periods. The number of people purchasing basic medical insurance for urban and rural residents decreased annually, falling by 6.62% in 2020 compared to 2016, whereas the number of individuals opting for other types of medical insurance saw an annual increase, rising by 3.92% by 2020 compared to 2016.



3.2 The impoverishing impact of residents' health expenditures

Using the household economic database and the standardized cross-sectional weights for each year, we established the PL for each year (see Table 1), which allowed us to conduct an in-depth analysis of the impoverishing effect of health expenditures using the 2020 cross-sectional individual data.


TABLE 1 Poverty lines and near-poverty lines from 2016 to 2020.

[image: Table showing changes in financial variables from 2016 to 2020 in Chinese Yuan. Median per capita household income increased from 15,000 in 2016 to 22,098 in 2020. The poverty line, 40 percent of median income, rose from 6,000 to 8,839. The near-poverty line, twice the poverty line, went from 12,000 to 17,678.]

Table 2 presents the impoverishing impact of health expenditures in 2020 across different economic groups. After accounting for health expenditures, the PI of the near-poor was 16.65%, which is ~8.63 times higher than that of the non-poor population (1.93%). Considering the PG, the APG for the poor before and after health expenditures was 12,486.34 Chinese Yuan (CNY) and CNY 14,487.63, respectively, with health expenditures deepening their poverty by CNY 2,001.29. The APG post-health expenditures for the near-poor was CNY 1,920.67, substantially higher compared to the non-poor at CNY 485.58. In terms of the RPG, the figures for the near-poor and the poor were CNY 11,537.35 and CNY 14,487.63, respectively, showing little difference; however, the impoverishing effect of health expenditures on individuals at risk of falling back into poverty increased progressively among the poor, near-poor, and non-poor groups, amounting to CNY 2,001.29, CNY 11,537.35, and CNY 25,132.52, respectively.


TABLE 2 The impoverishing impact of health expenditures on populations with different economic statuses.

[image: Table comparing health expenditure and poverty incidence rates among poor, near-poor, and non-poor groups. APG and RPG columns show values before and after expenditure. The impoverishing impact is measured. All values are in Chinese Yuan.]

Comparative income charts (Figures 1–3) before and after health expenditures provide a visual analysis of the impoverishing impact these expenditures have on families with different economic statuses. The horizontal axis represents the cumulative percentage of the population sorted by income level, while the vertical axis shows the ratio of individual income to the PL, which is expressed as a multiple of the PL. A horizontal line in the charts indicates the income level equivalent to the PL, and two vertical lines respectively mark the poverty and near-poverty lines. The rising curves from left to right depict individual incomes before and after health expenditures; the smoother upper curve represents pre-expenditure income, while the stepped curve below reflects post-expenditure income, with the drops indicating the amount spent on health. A drop below the line representing the PL indicates IHE. These charts clearly illustrate the frequency and magnitude of health expenditures and the distribution of economic status among different families, thus facilitating a better analysis of the impoverishing effects of health expenditures. Figures 1–3 reveal that the impoverishing impact of health expenditures is predominantly concentrated among low-income groups, with the near-poor shown to be more susceptible to medical impoverishment than their non-poor counterparts.


[image: Line graph depicting household average income to poverty line ratio versus cumulative population percentage sorted by economic status. The graph includes two lines: one for before health expenditures and another for after. The majority of the data points remain close to each other until a sharp increase near the 100 percent mark. Two vertical red lines mark specific population percentages on the X-axis.]
FIGURE 1
 Comparison of rural residents' income before and after health expenditures nationwide. The horizontal axis represents the cumulative percentage of the population sorted by income level, while the vertical axis shows the ratio of individual income to the PL, which is expressed as a multiple of the PL. A horizontal line in the charts indicates the income level equivalent to the PL. The two vertical marker lines, from left to right, indicate the PL and the near-poverty line, respectively. The rising curves from left to right depict individual incomes before and after health expenditures; the smoother upper curve represents pre-expenditure income, while the stepped curve below reflects post-expenditure income, with the drops indicating the amount spent on health. A drop below the line representing the PL indicates IHE.



[image: Bar graph displaying cumulative population percentage versus income level to poverty line ratio. Two lines compare income before and after health expenditures, showing significant decreases. Vertical red lines indicate poverty thresholds.]
FIGURE 2
 Comparison of income among near-poor rural residents before and after health expenditures nationwide. The horizontal axis represents the cumulative percentage of the population sorted by income level, while the vertical axis shows the ratio of individual income to the PL, which is expressed as a multiple of the PL. A horizontal line in the charts indicates the income level equivalent to the PL. The two vertical marker lines, from left to right, indicate the PL and the near-poverty line, respectively. The rising curves from left to right depict individual incomes before and after health expenditures; the smoother upper curve represents pre-expenditure income, while the stepped curve below reflects post-expenditure income, with the drops indicating the amount spent on health. A drop below the line representing the PL indicates IHE.



[image: Line graph showing household income to poverty line ratio before and after health expenditures. The x-axis represents cumulative population percentage, and the y-axis depicts income ratio to poverty line. The graph illustrates a sharp increase at the higher economic status range.]
FIGURE 3
 Comparison of income among non-poor rural residents before and after health expenditures nationwide. The horizontal axis represents the cumulative percentage of the population sorted by income level, while the vertical axis shows the ratio of individual income to the PL, which is expressed as a multiple of the PL. A horizontal line in the charts indicates the income level equivalent to the PL. The vertical marker line indicates the near-poverty line. The rising curves from left to right depict individual incomes before and after health expenditures; the smoother upper curve represents pre-expenditure income, while the stepped curve below reflects post-expenditure income, with the drops indicating the amount spent on health. A drop below the line representing the PL indicates IHE.




3.3 Conditional fixed-effects multinomial logit models analysis of medical impoverishment

Supplementary Table 2 presents the regression results from the conditional fixed-effects multinomial logit models. Given the categorical nature of the dependent variable and the complexity of the panel data, which required weighting, and the fact that weighted models are incompatible with various tests such as the Hausman test, we conservatively chose the conditional fixed-effects multinomial logit model with two-way fixed effects as our baseline model (Model 1 in Supplementary Table 2), in line with common practice in health economics and policy. To assess the model's robustness, we expanded it by adding variables. Prior to formal modeling, chi-square tests were conducted for all variables, which all passed and were thus included in the baseline model construction. The baseline model showed statistical significance, with an F-value of 3,723.55 and P < 0.001. Model 2 incorporates individual fixed effects, Model 3 includes only the core explanatory variable “household economic status,” Model 4 extends Model 3 by controlling for time fixed effects, and Models 5 and 6 sequentially introduce demographic and behavioral characteristic variables on top of Model 4. The core explanatory variable “household economic status,” using the near-poor as a reference, had a significantly negative coefficient for the non-poor (P < 0.001), indicating that the non-poor are less likely to fall into medical impoverishment compared to the near-poor. This primary finding remained consistent across different model specifications. Additionally, according to the baseline model, household size, age, marital status, self-rated health, and the presence of chronic disease all had a significant impact on the likelihood of falling into medical impoverishment (P < 0.05).



3.4 Logit regression analysis of factors influencing medical impoverishment

To further explore the factors that lead to medical impoverishment among the near-poor population, we constructed logistic regression models using cross-sectional data from 2020. Model 1 targeted the near-poor population, while Model 2 focused on the non-poor population. Supplementary Table 3 presents the results of the logit regression analysis for medical impoverishment among rural residents in China in 2020. Variables such as “type of medical insurance coverage” and “alcohol consumption 3 Times a week in the past month” were not included in the model construction, as they did not pass the univariate analysis for either sample group. For the sake of comparison, some other independent variables were included in the models even if they did not pass the chi-square test for one of the sample groups. All models were statistically significant, with P < 0.001, indicating that the models were meaningful.

Supplementary Table 3 reveals that for the rural near-poor population, households with more than six members are less likely to experience medical impoverishment compared to smaller families of three members or fewer, though the marginal effect of household size is not pronounced. Additionally, household size does not significantly impact the rural non-poor population. Compared to the older adult aged 65 and above, the probability of falling into medical impoverishment among the non-poor under the age of 35 decreases by 2.6%, but age does not significantly affect the near-poor. For the near-poor, single individuals are 7.1% less likely to become medical impoverishment compared to those who are married or cohabitating, and individuals not currently employed are 9% more likely compared to those who are employed; however, employment and marital status have no significant impact on the non-poor population. Self-rated health status significantly impacts the risk of medical impoverishment among rural residents. Those who consider themselves in good health are less likely to incur IHE, with the near-poor who view themselves as very healthy having a 25.8% lower probability of falling into medical impoverishment compared to those who perceive themselves as unhealthy. This probability also decreases for the non-poor, though by no more than 5%. Relative to those without chronic diseases, the likelihood of the near-poor and non-poor with chronic diseases falling into medical impoverishment increases by 12 and 1.4%, respectively. The probability for non-poor migrant populations to fall into medical impoverishment increases by 1.7% compared to non-migrant non-poor populations, but migrant status has no significant effect on the near-poor. Lastly, gender, education level, and smoking in the past month have no impact on either group.




4 Discussion

The rural near-poor population in China faces a high risk of falling into medical impoverishment. Descriptive analysis indicates that even when poverty is measured using relative standards, China has achieved commendable results in its poverty alleviation efforts. However, the near-poor population remains substantial, accounting for about 20% of the rural total population. The analysis of the impoverishing effect of health expenditures reveals that the impact is predominantly concentrated among the low-income groups. The probability of the near-poor falling into medical impoverishment is 8.63 times greater than that of the non-poor, with the APG amounting to CNY 1920.67 and CNY 485.58, respectively, indicating a higher likelihood of medical impoverishment among the near-poor compared to the non-poor. The conditional fixed-effects multinomial logit model analysis also demonstrates that the core variable “household economic status” significantly affects the likelihood of falling into medical impoverishment, with the near-poor more likely to experience this compared to the non-poor population (p < 0.001). These findings are consistent with previous research (9, 42, 43), suggesting a significant disparity between the near-poor and non-poor populations. Policymakers should focus on the near-poor population to reduce their risk of poverty.

Age is not a key factor affecting the risk of medical impoverishment among the rural near-poor population. Results from both the conditional fixed-effects multinomial logit model and the cross-sectional logit model analysis for the year 2020 show that age has a significant impact on the likelihood of falling into medical impoverishment, consistent with prior research (4). However, a more detailed analysis of the factors leading to medical impoverishment among different groups reveals that age primarily affects the non-poor rather than the near-poor, which differs from some previous studies (44). Age has different effects on the near-poor and non-poor populations, which may be due to significant differences in their socioeconomic support systems. The non-poor population typically has a more comprehensive economic support system, making the impact of age on health and economic burden more pronounced. In contrast, the near-poor population is on the margins of socioeconomic status, and the influence of age may be overshadowed by other socioeconomic factors. Furthermore, the near-poor population faces issues such as a lack of access to medical resources and social network support, which may further weaken the impact of age as a health risk factor. Although our classification of individuals into near-poor, poor, and non-poor groups is based on per capita measurements, and individuals may offset the risk of falling into medical impoverishment with financial help from relatives, our results remain credible. This credibility is due to our income measurement already accounting for financial assistance from relatives, friends, and socio-governmental support.

Gender, education level, type of medical insurance coverage, and behaviors such as smoking and drinking do not significantly affect the risk of medical impoverishment among the near-poor population. According to the cross-sectional logit regression results, gender does not have a significant impact on whether individuals in the near-poor category fall into medical impoverishment. This suggests that both males and females may face similar health risks and economic vulnerabilities. The coefficient for the education level variable is negative for both near-poor and non-poor groups, suggesting that higher education levels are associated with a reduced likelihood of medical impoverishment, but this effect is not statistically significant. This finding may be attributed to the overall low education level and minimal internal differences within this group. Analyses of both panel and cross-sectional data indicate that drinking more than three times a week or smoking during the past month does not significantly influence the risk of falling into medical impoverishment. This finding is somewhat inconsistent with previous research, which has shown that smoking can exacerbate the disease burden, particularly in patients with chronic obstructive pulmonary disease (45). The reason for this difference in results may be that, although unhealthy lifestyle habits increase the risk of illness, their impact may be relatively “diluted” in the face of the numerous challenges confronting the near-poor population. Furthermore, while medical insurance is a crucial tool for redistributing resources and alleviating the economic burden of disease among the poor (46), our study found that the type of medical insurance coverage did not significantly impact the risk of falling into medical impoverishment. This may be related to China's unique national conditions. In China, residents in rural areas primarily purchase urban and rural resident medical insurance, with coverage rates exceeding 90%. The subsidy standards for the same type of medical insurance are consistent, which may explain why its impact is not evident in this study. Additionally, descriptive analysis reveals that from 2016 to 2020, the number of uninsured individuals has grown, and concurrently, there has been an increase in the non-poor population. This trend suggests that there is potential for further enhancements in the medical insurance system (47).

Self-rated health status and the presence of chronic diseases significantly influence the probability of medical impoverishment among the near-poor population. Cross-sectional logit regression results indicate that individuals who perceive themselves as healthier have a significantly lower risk of falling into medical impoverishment. This reduction in risk is more pronounced among the near-poor than the non-poor, with the difference in risk reduction ranging between 7.3 and 20.9% points. The presence of chronic diseases also significantly impacts the risk of medical impoverishment among the rural populace (4, 40, 48). Specifically, the near-poor with chronic diseases face nearly an 11% point higher risk of medical impoverishment compared to their non-poor counterparts. This indicates that enhancing the health status of the near-poor population would result in significant benefits for poverty prevention.

Migrant status does not significantly influence the risk of medical impoverishment within the near-poor population. This conclusion is consistent across both cross-sectional and panel data analyses. This outcome diverges from research on immigrants in European countries (12), highlighting China's notable achievements in providing healthcare for migrants in recent years. Employment status, however, has a significant effect on the likelihood of the near-poor falling into medical impoverishment (4). Additionally, cross-sectional data from 2020 shows that the risk of medical impoverishment for the employed near-poor is 9% points lower than for their unemployed counterparts.

Marital status and household size may act as mediating variables affecting the risk of medical impoverishment among the near-poor population. Analysis of cross-sectional data indicates that household size has a substantial impact on the near-poor, with no significant effect on the non-poor. For the near-poor, large households with more than six members are less likely to experience medical impoverishment compared to smaller households with three or fewer members (40). Those who are married or cohabiting within the near-poor group are more susceptible to medical impoverishment than their single, divorced, or widowed counterparts. To investigate this seemingly contradictory phenomenon, we further examined the characteristics of the near-poor with household sizes of three or fewer who fell into medical impoverishment, finding that these individuals are predominantly older adult, aged between 50 and 70. Within this demographic, the proportions of older adult individuals aged 50–70 in households of three or fewer who suffered medical impoverishment vs. those in households of more than six members who did not were 69.37 and 39.16%, respectively, while the proportions of those not in employment were 36.04 and 19.25%, respectively. This contradiction may be attributed to household size and marital status possibly being intermediary variables, with the decisive factor for medical impoverishment still being the number of working-age individuals and their employment status.

In summary, China's near-poor population faces a high risk of falling into medical impoverishment. To further promote the development of the health program for poverty alleviation and consolidate the achievements of China's poverty alleviation efforts, the government should prioritize attention to the rural near-poor population. Specific improvements could include: (1) Perfecting a big data-based monitoring and early warning system to prevent relapse into medical impoverishment (49), increasing focus on key populations, and adjusting support measures in real-time based on monitoring data, thereby implementing targeted poverty alleviation and improving the efficiency of medical insurance fund utilization. This includes focusing on the rural near-poor, particularly older adult people with smaller family sizes, chronic disease patients, and those in poor health, by increasing the medical insurance fund's focus on key populations. This is directly related to the United Nations' SDGs of “No Poverty” and “Good Health and Wellbeing.” Identifying and supporting vulnerable groups through data-driven approaches is a crucial pathway to achieving the goal of “leaving no one behind.” (2) Building and perfecting a multi-level and multi-category medical security system, strengthening medical assistance for key populations, enhancing the risk pooling of outpatient services for medical insurance, increasing the compensation for outpatient care for chronic and special diseases (18), expanding the coverage of diseases and medical conditions, improving the basic medical insurance drug catalog, fully utilizing commercial and supplementary medical insurance, simplifying the medical insurance reimbursement process, and strengthening the promotion of medical policies to effectively enhance the near-poor population's resilience against health-related risks. This echoes the United Nations' SDGs of “achieving universal health coverage.” China's exploratory experiences, such as the dynamic adjustment of the medical insurance drug catalog and the reform of medical insurance payment methods, have important implications for other developing countries. (3) Implementing a holistic governance strategy, simultaneously improving health and employment assistance policies, and creating synergistic effects through multiple channels. The focus should be on enhancing the vocational skills of the rural near-poor, increasing their economic capacity through policy synergy, thus reducing the risk of medical impoverishment, and ensuring the sustainability of the health program for poverty alleviation. (4) Promote collaboration among the government, social organizations, communities, and individuals in providing social support to form a multi-level, multi-actor social support network. Encourage social organizations to participate in assistance for the impoverished population, mobilize the potential for mutual assistance within communities and individuals, and simultaneously leverage the government's leading and coordinating role. Engaging all parties to jointly participate in health-related poverty alleviation reflects the spirit of “Partnerships for the Goals” in the United Nations SDGs. This is an essential path to address complex social issues and represents a successful practice of China's “three-social linkage” mechanism.

This study has certain limitations. Although CFPS is a large-scale, complex, and nationally representative sample, it does not include areas with high concentrations of ethnic minorities, such as Xinjiang, Tibet, and Inner Mongolia, nor does it include Hong Kong, Taiwan, and Macau. Additionally, this study focuses on the rural population and does not analyze the situation of the urban population. This may result in the sample losing representativeness in certain regions. Moreover, as of now, the latest CFPS database is from 2020, which slightly lacks timeliness. Although a relative poverty perspective is adopted, the measurement dimension of poverty remains one-dimensional. Therefore, future research directions could include increasing studies on ethnic minority regions, conducting comparative research between urban and rural areas, and carrying out international comparisons. Simultaneously, research can be conducted from the perspective of multidimensional poverty.



5 Conclusions

This study highlights the critical importance of addressing the needs of the rural near-poor in health poverty alleviation initiatives. It confirms that in rural China, the near-poor experience a significantly higher risk of descending into medical impoverishment compared to the non-poor population. Additionally, the research reveals that the key factors contributing to the susceptibility of China's rural near-poor to medical impoverishment include employment status, self-rated health status, chronic disease presence, household size, and migrant status. These findings offer scientific support for improving China's healthcare insurance and other related systems, contributing to the progress of health poverty alleviation efforts. Future studies could expand upon this work by comparatively analyzing the factors affecting medical impoverishment among both urban and rural near-poor demographics, with a comprehensive consideration of the multidimensional aspects of social support networks and regional health resource distribution. This approach will be instrumental in formulating more precise health poverty alleviation strategies, advancing the implementation of precision medicine and social security measures, and ultimately reducing the overall risk of medical impoverishment.
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Background: Progressive glioblastoma (GBM) is a malignancy with extremely poor prognosis. Chemotherapy is one of the approved systemic treatment modalities. The aim of this study is to assess the cost-effectiveness of using bevacizumab (BEV) in combination with lomustine (LOM) regimen for the treatment of progressive glioblastoma in China.
Methods: The estimation results are derived from a multicenter randomized phase III trial, which demonstrated improved survival in GBM patients receiving BEV+LOM combination therapy. To calculate the incremental cost-effectiveness ratio (ICER) from the perspective of Chinese society, a Markov model was established. Univariate deterministic analysis and probabilistic sensitivity analysis were employed to address the uncertainties within the model.
Results: Compared to LOM monotherapy, the total treatment cost for BEV+LOM combination therapy increased from $2,646.70 to $23,650.98. The health-adjusted life years (QALYs) for BEV+LOM combination therapy increased from 0.26 QALYs to 0.51 QALYs, representing an increment of 0.25 QALYs. The incremental cost-effectiveness ratio (ICER) was $84,071.12. The cost-effectiveness curve indicates that within the willingness-to-pay (WTP) range of $35,906 per QALY, BEV+LOM combination therapy is not a cost-effective treatment option for unresectable malignant pleural mesothelioma patients.
Conclusions: Taken as a whole, the findings of this study suggest that, from the perspective of payers in China, BEV+LOM combination therapy as a first-line treatment for GBM is not a cost-effective option. However, considering the survival advantages this regimen may offer for this rare disease, it may still be one of the clinical treatment options for this patient population.

Keywords
progressive glioblastoma (GBM), bevacizumab, lomustine, first-line treatment, cost effectiveness


Introduction

Progressive glioblastoma multiforme (GBM) refers to a particularly invasive and rapidly growing brain tumor, typically diagnosed at an advanced stage, exhibiting marked malignant features. This type of tumor often swiftly infiltrates surrounding brain tissues during its growth process, potentially metastasizing to other sites, thereby escalating the complexity, and difficulty of treatment. Clinically, progressive GBM typically manifests severe neurological symptoms in patients, such as headaches, nausea, and motor disturbances. Radiologically, these tumors typically present as large, irregular lesions with indistinct borders, potentially intermingling with adjacent normal brain tissues, posing significant challenges for treatment. Despite the partial efficacy of existing chemotherapy regimens in controlling the progression of progressive GBM, the highly invasive and malignant nature of this tumor renders its treatment inherently challenging, with generally poor prognoses for patients (1–4). A clinical study found that the addition of bevacizumab, while extending progression-free survival to some extent, did not confer a survival advantage over using temozolomide alone in patients with progressive GBM (5).

Bevacizumab is a monoclonal antibody that targets vascular endothelial growth factor (VEGF) in the bloodstream. It has been approved for the treatment of recurrent high-grade gliomas in the United States but has not been approved in Europe. For patients with recurrent high-grade gliomas, bevacizumab as monotherapy or in combination with chemotherapy drugs (such as temozolomide) has achieved imaging response rates of 30% to 40% (6–8). Most studies have also shown that the drug has corticosteroid-sparing effects in many patients, which can positively impact the quality of life for patients.

Currently, the global burden of medication remains significant, especially among the older adult population (9). Despite the significant improvement in progression-free survival and good tolerance seen with bevacizumab and lomustine in patients with progressive glioblastoma, the cost is high. In China, although bevacizumab has undergone national medical insurance negotiations, resulting in a reduction in price, the unit price of a standard 100 mg dose still remains high at $209. The completely self-funded treatment approach may lead patients to forgo or delay treatment, lower their quality of life, and put them at risk of bankruptcy. From a societal perspective, China is a developing country with insufficient medical facilities and relatively uneven regional economic development, particularly in the western regions. This disparity became even more pronounced following the outbreak of the COVID-19 pandemic in 2019 (10, 11). However, the advantages of this new treatment approach for GBM patients need to be considered. Therefore, this study intends to use a Markov model to evaluate the economics of this treatment regimen, providing necessary reference and data support to physicians, patients, and decision-makers.



Materials and methods


Target population

This study included patients whose baseline characteristics were consistent with a large-scale clinical trial (5). The strength of the methodology is its quick results and it does not require actual patients with all the ethical clearance procedures. The inclusion criteria were as follows: Patients who, at least 3 months after the completion of radiotherapy, were histologically confirmed to have glioblastoma multiforme with clear evidence of their first disease progression. Patients who had previously received anti-angiogenic therapy were excluded. Patients were randomly allocated in a 2:1 ratio to receive either combination therapy (bevacizumab at 10 mg/kg q2w, ivgtt, lomustine at 90 mg/m2 q6w) or monotherapy with lomustine (110 mg/m2 q6w, with a maximum dose of 200mg). Each cycle was defined as 6 weeks, with the 1st day of medication considered Day 1 of each cycle.



Model structure

We developed a Markov model to simulate the disease progression of patients with progressive glioblastoma under two treatment strategies. Initially, all unresected glioblastoma patients are in a progression-free survival (PFS) state, but over time, they transition to the next state or remain unchanged (Figure 1). The model assumes that patients in the progressive disease (PD) state cannot revert to the PFS state. At the conclusion of the simulation, all patients transition to the deceased state. The cycle length is set to 1 month based on clinical symptoms and disease progression. Monthly transition probabilities are derived from median survival estimates (Table 1) using the formula: P (1 month) = 1 – (0.5)∧(1/median time to event), which can be easily derived from the formulas P = 1 – e∧(-R) and R = –ln [0.5]/(time to event/treatment cycles) (12, 13). The simulation time frame is set to 10 years.


[image: Flowchart depicting three states: PFS state with a loop arrow, leading to PD state also with a loop arrow. Both states progress to Death state. Arrows indicate progression between states.]
FIGURE 1
 Diagram of transitions between health states.



TABLE 1 Transition probabilities.

[image: Table showing probabilities for BEV+LOM and LOM treatments. BEV+LOM: \( P_{PFS-PFS-1} = 0.77 \), \( P_{PFS-PD-1} = 0.15 \), \( P_{PFS-death-1} = 0.07 \), \( P_{PD-PD-1} = 0.87 \), \( P_{PD-death-1} = 0.13 \). LOM: \( P_{PFS-PFS-2} = 0.55 \), \( P_{PFS-PD-2} = 0.37 \), \( P_{PFS-death-2} = 0.08 \), \( P_{PD-PD-2} = 0.91 \), \( P_{PD-death-2} = 0.09 \). Baseline values, lower, and higher limits included.]



Model parameters

From the perspective of the Chinese healthcare system, cost predictions were conducted (Table 2). In the analysis process, all medication costs, diagnostic fees (such as thyroid function and metabolic testing), treatment expenses for disease progression, management fees for grade 3, 4 adverse events, and hospitalization charges were taken into account. Implicit costs were disregarded due to factors like individual variability. Based on trial data by Stupp et al. (14), we computed the second-line treatment expenses for the two patient groups. All costs were converted based on the January 2024 exchange rate ($1 = ¥7.16). Quality-adjusted life years (QALYs) were utilized to measure survival duration. Since the original literature did not report utility value data, we referenced previously published studies (15) and set the utility values for disease progression, death, and event-free survival as 0.89, 0.74, and 0.00, respectively. Table 1 displays the cost and benefit parameters of the model. Following the recommendations of the Chinese Pharmacoeconomic Evaluation Guidelines (16), costs and utility values were discounted at an annual rate of 5%, and sensitivity analyses were conducted.


TABLE 2 Parameters for the base case cost-effectiveness model.

[image: A table comparing parameters for BEV+LOM and LOM treatments. Clinical efficacy in months: Median PFS is 4.2 for BEV+LOM and 1.5 for LOM, Median OS is 9.1 for BEV+LOM and 8.6 for LOM. Unit prices in dollars: Lomustine 3.25, Bevacizumab 209.50, MRI 150.84. Costs for health questionnaire 2.79, neurocognitive testing 98.60, ECG 6.01, CBC 2.09, blood biochemistry 15.92, urinalysis 4.47, Temozolomide 67.96, CT 141.06, Urokinase 20.95, Metoprolol 2.05, Nitropuna 1.27. Drug toxic effects costs per cycle: Adverse reaction management 3.53 for BEV+LOM, 0.03 for LOM. Tests cost per cycle: Medical examination fee 464.67 for BEV+LOM, 459.04 for LOM. Disease status utility per year: Utility of PFS 0.89, PD 0.74. Discount rate 5%.]



Statistical analysis

ICER stands for Incremental Cost-Effectiveness Ratio, which represents the ratio of the change in cost (in US dollars) to the change in effectiveness (measured in quality-adjusted life years) between two treatment options, used to calculate cost-effectiveness. If the ICER is below $35,906 per QALY, it is considered cost-effective, representing three times the per capita GDP of China in 2022 ($35,906 per QALY).1 Sensitivity analysis is performed on each model variable to determine which variables have the greatest impact on the cost-effectiveness ratio. We conducted probability sensitivity analysis using Monte Carlo simulation with 1,000 iterations, allowing us to simultaneously consider uncertainties in costs, health utilities, and other aspects to better assess the uncertainty of the model.




Results


Base-case analysis

Our foundational analysis results indicate that when comparing the combination therapy of BEV+LOM with LOM monotherapy, the total treatment cost increased from $2,646.70 to $23,650.98. The health-adjusted life years (QALYs) for the BEV+LOM combination therapy rose from 0.26 QALYs to 0.51 QALYs, an increase of 0.25 QALYs. Therefore, the incremental cost-effectiveness ratio (ICER) stands at $84,071.12 (Table 3). The cost-effectiveness curve illustrates that within the willingness-to-pay (WTP) range ($35,906/QALY), BEV+LOM combination therapy is not a cost-effective treatment option for patients with unresectable malignant pleural mesothelioma, unless there are suitable funding or drug donation programs and health insurance policy coverage (Figure 2).


TABLE 3 Results of the cost-effectiveness analysis.

[image: Table comparing parameters for LOM+BEV and LOM. Costs of PFS: 22,060.65 vs 1,206.50. Costs of PD: 1,590.33 vs 1,440.20. Utility of PFS: 0.44 vs 0.19. Utility of PD: 0.07 vs 0.07. Total costs: 23,650.98 vs 2,646.70. Total effectiveness: 0.51 vs 0.26. Incremental costs and effectiveness: 21,004.28 and 0.25 for LOM+BEV only. Total C/E: 46,374.47 vs 10,179.62. ICER $/QALY: 84,071.12 for LOM+BEV only.]


[image: Cost-effectiveness acceptability curve showing two lines for BEV+LOM (blue) and LOM (red) against willingness-to-pay. The blue line rises sharply around $75,000, indicating higher cost-effectiveness at this threshold.]
FIGURE 2
 Cost-effectiveness acceptability curves.




Sensitivity analysis

To assess the impact of the Markov model parameters created in this study on the research results, we conducted univariate sensitivity analysis. The results were depicted using tornado diagrams (Figure 3). The parameters with the greatest influence in the model were the costs of the PFS state in the BEV+LOM group, the drug costs of bevacizumab, and the utility value of the PFS state. In univariate sensitivity analysis, changes in the costs associated with managing grade 3, 4 adverse events, the testing methods used, or hospital expenses had the least impact on the predicted incremental cost-effectiveness ratio (ICER). Variations in all parameters did not lead to significant changes in the results, indicating the robustness of the model. The results of probabilistic sensitivity analysis (1,000 iterations) consistently showed that the ICER remained above $35,906/QALY (Figure 4).


[image: Tornado diagram comparing the incremental cost-effectiveness ratio (ICER) of BEV+LOM versus LOM. The horizontal bars represent different variables affecting the ICER, with dPFS1 showing the most significant impact, ranging from 943.17 to 75,964.09. Displayed data includes WTP thresholds and ICER value, which is 84,071.12 dollars per QALY.]
FIGURE 3
 Tornado diagram of one-way sensitivity analysis.



[image: Scatterplot titled "ICE Scatterplot, BEV+LOM v. LOM" shows red data points densely clustered in an elliptical shape, indicating a relationship between incremental cost and incremental effectiveness. A dashed line labeled "WTP=35906" runs diagonally across the plot.]
FIGURE 4
 Scatter plot for probabilistic sensitivity analysis.





Discussion

Markov model is a mathematical model used to describe stochastic processes, which can be used to describe the state changes of complex systems, simplify the process of clinical disease occurrence and development, and be used for rapid evaluation of health technology.

Bevacizumab is a monoclonal antibody that targets vascular endothelial growth factor (VEGF) in the bloodstream. It has been approved in the United States for the treatment of recurrent high-grade gliomas but has not received approval in Europe. In the largest randomized trial to date for progressive glioblastoma, 437 patients experiencing their first glioblastoma progression after radiotherapy and temozolomide were randomly assigned to receive either bevacizumab plus lomustine or lomustine alone. Compared to lomustine alone, the combination of lomustine and bevacizumab improved the objective response rate (41.5% vs. 13.9%) and progression-free survival (4.2 months vs. 1.5 months) but did not improve overall survival (9.1 months vs. 8.6 months; HR 0.95, 95% CI 0.74–1.21). Bevacizumab can also cause various toxicities, including cardiovascular effects (such as hypertension, thromboembolism, and left ventricular dysfunction) and non-cardiovascular effects (such as proteinuria, delayed wound healing, and bleeding). In terms of economic value, compared to single-agent LOM therapy, the total treatment cost increased from $2,646.70 to $23,650.98 with BEV+LOM combination therapy. The health-adjusted life years (QALYs) with BEV+LOM combination therapy increased from 0.26 QALYs to 0.51 QALYs, resulting in an increase of 0.25 QALYs. Therefore, the incremental cost-effectiveness ratio (ICER) was $84,071.12. The cost-effectiveness curve indicates that within the willingness-to-pay (WTP) range of $35,906 per QALY, BEV+LOM combination therapy is not a cost-effective treatment choice for unresectable malignant pleural mesothelioma patients unless there is suitable funding or drug donation programs and health insurance coverage.

From the perspective of the Chinese healthcare system, cost predictions were made. In the analysis process, all medication expenses, diagnostic costs (such as thyroid function and metabolic testing), treatment expenses for disease progression, management costs for grade 3, 4 adverse events, and hospitalization costs were considered, including the expenses for second-line treatment. Currently, there exists a significant debate within the medical community regarding the appropriate determination of hospital payment thresholds. Specifically, in the context of the United States healthcare system, the delineation of willingness-to-pay (WTP) thresholds for anticancer drugs remains a topic of contention. Typically, this threshold is estimated to range between $100,000 and $150,000 per quality-adjusted life year (QALY). In contrast, for non-cancer drugs, the established range for WTP thresholds is generally acknowledged to span from $5,000 to $100,000 per QALY (17). Despite an ICER exceeding this threshold, many anticancer drugs, especially new biologics, are still widely used. In this study, the WTP was set at three times the per capita GDP according to WHO standards, but whether this WTP is fair for some rare diseases remains unclear. In economic evaluations of different fields and diseases, comprehensive treatment approaches currently yield different results. In a study on first-line treatment for metastatic renal cell carcinoma, it was found that the use of nivolumab with ipilimunab could increase QALYs by 0.96, with a cost of $108,363 per QALY. Therefore, although the cost-effectiveness curve of this study shows that within a willingness-to-pay (WTP) range of $35,906 per QALY, BEV+LOM combination therapy is not a cost-effective treatment choice for patients with unresectable malignant pleural mesothelioma, whether different regions in China need to adjust the WTP appropriately based on the severity and rarity of different interventions and diseases is still debatable.

Our study developed a Markov decision tree model to simulate the disease process. However, there are still the following limitations: the cost-benefit analysis model is based on second stage clinical trials rather than real-world population data, and there are no Chinese patients involved. Future research can further explore from the following perspectives. In addition, the medical expenses of this study are derived from drug price disclosure websites and local hospitals, thus, the research results have timeliness.

In summary, the results of this study indicate that, from the perspective of Chinese taxpayers, the first-line regimen of BEV in combination therapy is not economically feasible for patients with progressive glioblastoma under the current medical insurance policies and environment. However, in order to provide more affordable treatment for this rare patient population and improve their quality of life, promoting appropriate drug donation programs and social assistance should be encouraged.
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Background: Colorectal cancer (CRC) ranks as the second most prevalent type of cancer in China. The financial implications of treatment are a significant factor to be taken into account for patients diagnosed with middle and advanced stages of colorectal cancer (III-IV CRC). The research aims to explore current financial toxicity (FT) conditions and analyze factors that may influence it in patients with middle and advanced CRC.
Method: This is a cross-sectional survey. The participants of the study were individuals diagnosed with middle and advanced colorectal cancer who were admitted to the hospital between January and June 2023. The cross-sectional survey utilized a variety of instruments, including a general information questionnaire, a cancer patient report outcome economic toxicity scale, a medical coping style questionnaire, an Anderson symptom assessment scale, a disease shame scale, and a social support scale. Multiple linear regression analysis was employed to examine the factors influencing FT.
Result: A cohort of 264 patients diagnosed with stage III-IV CRC were included in the study. The majority of patients with intermediate and advanced CRC (87.1%, n = 230) reported experiencing substantial financial strain. Multivariate analysis revealed that factors influencing FT included low family monthly income, out-of-pocket expenses, unemployment, undergoing surgical treatment, the level of stigma, and the severity of symptoms (P < 0.001).
Conclusion: Patients with stage III-IV cancer (CRC) demonstrate increased levels of financial toxicity (FT), a common occurrence in individuals with moderate to severe CRC. In patients with stage III-IV CRC, the presence of FT is correlated with various factors including family monthly income, medical payment methods, work status, surgical treatment, stigma levels, and symptom severity. These characteristics may serve as influencing factors for subsequent treatment decisions.
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Introduction

Based on the global cancer burden data, it was reported that in 2020 there were an estimated 1.93 million new cases and 940,000 deaths attributed to CRC (1). CRC ranks as the third most prevalent cancer worldwide and the second highest cause of cancer-related mortality. In China, CRC is the second most prevalent cancer, with projections indicating a significant increase in cases from 0.56 million in 2020 to 0.91 million in 2040, representing a 64% rise (2, 3). Unfortunately, colorectal cancer often goes undetected in its early stages, resulting in most patients being diagnosed at advanced stages (4). Significant advancements have been made in the understanding and treatment of this disease over the last few decades. These include targeted therapy, immunotherapy, chemoradiotherapy, endoscopic and surgical excision, and multimodal interventions (3, 5). Multiple therapy modalities work together to dramatically slow tumor development and increase survival time for individuals with middle and advanced CRC.

Nevertheless, One study reported the cost of CRC management $2,045–10,772 per year in direct medical costs and $551–795 per year in indirect medical costs (6). The cost of treating CRC places a significant financial burden both individuals and healthcare systems. A term associated with this situation is “financial toxicity” (7). The Financial toxicity, also known as FT, refers to substantial costs due associated with cancer treatment. FT is not only the objective burden on treatment costs, but also includes the economic pressure and living difficulties experienced by patients and their families (8). The expenditures of therapy, examination, accommodations, commuting, and indirect lost time due to labor costs are examples of objective financial burdens (9). The financial distress increase in treatment costs and financial difficulties for families can lead to anxiety, depression, and other emotions for patients and their families. It has been shown that FT not only leads to medical delays or cancellations, but also leads to a decrease in patient adherence to treatment, which in turn negatively affects disease prognosis and quality of life (10–13). Thus, FT has emerged as a challenging obstacle to public health initiatives across the world.

FT has emerged as a serious financial problem in the world and is receiving increasing attention (14). In addition to the type of disease, many factors affect the level of FT. Previous research has shown that the incidence of FT associated with cancer might vary from 28 to 80%, 80% had material burden and 34.3% reported psychological challenges (10, 15, 16). According to the research, patients from low-income households are more likely to endure FT, and are more likely to be unemployed, and have less savings to compensate for the cost of treatment (17). Additionally, FT may be influenced by a range of treatment-related and clinicopathologic factors. Among breast cancer patients, FT was associated with employment status, insurance status, baseline financial status, tumor stage, and type of surgery (18–21). Nevertheless, FT's impact on individuals with middle and advanced CRC is not yet known.

Although the majority of research have focused on breast cancer, lung cancer, and prostate cancer (22–24); there is a scarcity of research of studies on the role of FT in middle and advanced CRC. Furthermore, the specific psychological burden experienced by patients with middle and advanced CRC requires further consideration. Consequently, the present Chinese- based study sought to: evaluate the present status of FT in patients with CRC in its middle to late stages, elucidate the underlying factors, and improve the coping abilities of patients with CRC.



Methods


Design and sample

This is a cross-sectional study. The survey was conducted in a tertiary hospital in Guizhou Province, over the course of January to June 2023. According to the pre survey and the sample size formula, the sample size is estimated using the given equation (25): [image: Mathematical formula for sample size: n equals open parenthesis Z sub alpha divided by 2 close parenthesis squared divided by open parenthesis delta close parenthesis squared times pi times open parenthesis one minus pi close parenthesis.], where n represents the initial sample size estimation and Z represents the confidence level (α), The prevalence is illustrated and is a marginal error. The prediction test data showed that the FT rate was as high as 87%. The minimum sample size was calculated by taking α = 0.01 and δ = 0.05, resulting in a total sample size of 174 participants. The effect of an overall sampling design of 1.5 and a sample size of at least 261 participants was taken into account. Considering a sample failure rate of 5–10%, 280 patients are planned to be recruited. The inclusion criteria for this study were as follows: (1) patients had to be at least 18 years old at the time of diagnosis; (2) patients had to be staged with middle and advanced (III-IV) CRC; (3) patients had to demonstrate sufficient reading and writing abilities; (4) patients had to be capable of completing the survey independently or with guidance. (5) Patients provided informed consent and signed consent forms. Individuals with a prior mental health condition or history of multiple cancer diagnoses were excluded from participation. Approval for this study was obtained from the hospital's Ethics Committee [Ethics Review No. Lun Audit (Research) 2023-036].



Data collection and measurements

Six questionnaires were utilized in the study. A 17-item questionnaire was employed to collect sociodemographic and clinicopathological data. The FT was assessed using the 11-item Comprehensive Score for Financial Toxicity (COST) questionnaire (26). The Chinese version of the COST-PROM demonstrated a high level of reliability, with a Cronbach's α coefficient of 0.889. Financial Toxicity was categorized into high FT (score < 22) and low financial toxicity FT (score ≥ 22) by B. Zeybek and Huihui Yu from Yale University, with lower scores indicating higher levels of financial toxicity (27, 28). Additionally, the Medical Coping Modes Questionnaire was also administered. The Medical Coping Modes Questionnaire (MCMQ) scale was employed, comprising a total of 20 items across the three domains of submission, avoidance, and confrontation (29). The three aspects of the questionnaire have Cronbach's α values of 0.76, 0.60, and 0.69, respectively. The M.D. contains a total of 19 items. Anderson Symptom Inventory (MDASI) (30) scale, which is divided into two sections: degree of distress and symptom severity with respective Cronbach's α coefficients of 0.959 and 0.970. The Stigma Scale for Chronic Illness (SSCI) evaluates the level of stigma experienced by individuals with chronic illnesses using 24 items that measure both intrinsic and extrinsic stigma (31). The Cronbach's α coefficient for the scale was calculated to be 0.951, indicating high internal consistency. Additionally, the Social Support Rating Scale (SSRS) (32) was utilized, comprising 10 items that assess subjective support, objective support, and social support utilization. The scale demonstrated strong validity and reliability, as evidenced by a Cronbach's α value of 0.92.



Statistical analysis

The data underwent sorting, counting, and analysis utilizing SPSS version 26.0 for statistical purposes. Enumeration data were presented as [n (%)]. The measurement data that obeyed the normal distribution was described by [image: Statistical notation showing "x̄ ± s", representing the mean of a dataset plus or minus the standard deviation.]. Normality of measurement data was initially assessed through the Shapiro-Wilk test. Analysis of variance was employed to compare and examine differences in normal indicators across multiple groups, with post-hoc pairwise comparisons conducted utilizing the S-N-K method for intergroup distinctions. Post-hoc pairwise comparisons were conducted utilizing the Student-Newman-Keuls (S-N-K) method to assess intergroup variances. Multiple linear regression was employed to examine the factors influencing the scores on the FT scale. The significance level for all analyses was set at α = 0.05, with statistical significance defined as P < 0.05.




Results


Clinical and demographic variable distribution

We recruited a total of 280 cases, 264 of which ultimately participated, with a participation rate of 94%. As shown in Table 1, the baseline characteristics of the entire cohort and the description of its cost score can be displayed. The average age of the study subjects was 56.70 ± 14.70 years, of which 152 (57.6%) were male. Two hundred and thirty cases (87.1%) had high ft, and 216 cases (81.8%) were Han. One hundred and fourteen (43.2%) families had a monthly income between 2,000 and 5,000 yuan, and 217 (82.2%) were married. Ninety-three cases (35.2%) were in junior high school. One hundred and sixty-three (61.7%) patients preferred medical insurance payment. Ninety-seven cases (36.7%) were retired. Two hundred and thirty-seven cases (89.8%) underwent surgical treatment as the main treatment. The majority were only children in 100 cases (37.9%). One hundred and seventy-one cases (64.8%) had a disease duration of ≤ 1 year. More than half of 133 cases (50.4%) were hospitalized ≤ 2 times. Eighty-four cases (31.8%) had chronic diseases. One hundred and fifty-one cases (57.2%) took more than 1 h to go to the medical center by car. More than half of 136 cases (51.5%) spent more than 100,000 US dollars on medical expenses, and 147 cases (59.8%) were in clinical stage III.


TABLE 1 Basic characteristics of patients with middle- to late-stage CRC (n = 264).

[image: A table presents various demographic and medical data with categories, norms, and percentages. It includes details on FT classification, sex, race, income, marital status, education, payment methods, employment, living situation, surgeries, therapies, number of children, disease course, hospitalization, chronic diseases, travel time to healthcare, treatment costs, stage, and age.]



The association between FT and demographic variables

The association between FT and demographic variables is shown in Table 2. The finance burden scores were significantly associated with monthly family income (yuan), how medical expenses were paid, current employment status, and whether surgical treatment was received (P < 0.05).


TABLE 2 Univariate analysis of FT in patients with middle and advanced CRC ([image: Mathematical notation showing "x-bar plus or minus s," representing the sample mean plus or minus the standard deviation, often used in statistical analysis to indicate variability around the mean.]).

[image: Table displaying COST scores with associated demographics and treatment factors. Significant p-values highlight differences in monthly household income, payment methods, employment status, and surgeries. Factors include sex, race, marital status, education level, living situation, surgeries, chemotherapy, radiotherapy, targeted therapy, number of children and hospitalizations, chronic diseases, ride time to healthcare, cost of treatment, out-of-pocket costs, cancer stage, and age. Statistical significance is marked by asterisks.]



Identifying the risk factors of the FT score based on simple linear regression and multiple regression

The relationship between patient population characteristics and cost-effectiveness was further substantiated through the use of linear regression analysis. Tables 2–4 present the development of basic linear regression and multiple regression models. Factors such as high household income, health insurance-based payment methods, employment status, and absence of surgical treatment were identified as protective factors against FT in the univariate analysis. The dependent variable in the multiple linear regression analyses consisted of the FT scores of patients diagnosed with middle and advanced stages of colorectal cancer (CRC). Independent variables identified as statistically significant in univariate and correlation analyses were selected for stepwise regression screening (αin = 0.05, αout = 0.10). Supplementary material displays the initial measurements of medical coping strategies, Anderson symptom evaluation, social support levels, and stigma, along with whether surgical intervention, chemotherapy, radiotherapy, or targeted therapy were utilized, as well as other relevant factors. The findings indicated that five factors, including patients' income, method of medical payment, employment status, severity of symptoms, and overall stigma scale score, were included in the regression model, accounting for 32.4% of the variance (Table 4).


TABLE 3 Analysis of the correlation between the total COST score and the scores of each scale.

[image: Table displaying various scale names with corresponding scores, r-values, and p-values. Significant values, indicated by an asterisk, include Total MDASI score, Symptom severity dimension, Total SSCI score, and Total SSRS score, with p-values less than 0.05.]


TABLE 4 Influencing factors of the total COST score as determined by multiple linear regression analysis.

[image: Table displaying regression analysis results. Variables include constant, total SSCI score, symptom severity, and total MDASI score. Each variable shows ratio beta, standard deviation S.E, standardized factor beta, t-value, P-value, and 95% confidence interval. P-values for all variables are significant at less than 0.05, indicated by an asterisk.]




Discussion

This study investigates the presence of FT in individuals with late-stage CRC at a tertiary medical facility in China, while also exploring the factors that may impact it. Our research revealed that 87.1% of individuals diagnosed with colorectal cancer exhibited elevated financial toxicity. Specifically, our findings indicate that individuals without employment and with lower household incomes tend to bear a higher burden of out-of-pocket expenses, with surgical patients being particularly susceptible to experiencing significant financial strain.

We found that the patients with middle and advanced CRC FT has an average FT score of 16.27 ± 5.84, which is lower than the FT score of postsurgical CRC score of patients evaluated by Mo et al. (33). The change of patients' treatment stage may be the reason for this difference. The patients we investigated are in the middle and late treatment stage, with many complications, which leads to relatively high treatment costs, thus making the economic toxicity at a high level. Compared with patients with breast cancer, thyroid cancer, lung cancer and gynecological malignancies (22, 27, 34, 35), patients with intermediate and advanced CRC have higher ft levels, which may be because some patients with intermediate and advanced CRC need to wear ostomy bags for short-term or lifelong after anal diversion surgery. Stoma related accessories are not included in medical insurance, and patients purchase at their own expense, increasing the treatment cost; Secondly, stoma clinics are not popularized in county-level medical institutions, and patients need to go to county-level or municipal or provincial medical institutions to purchase, which increases the transportation costs and economic burden of patients. Most patients with advanced CRC have a long treatment cycle, and some targeted drugs are not included in the medical insurance. The proportion of self payment is high, which further aggravates the economic toxicity of patients. Therefore, medical staff should establish a trust relationship with patients, strengthen communication with patients' medical costs, identify patients with financial difficulties, timely evaluate and manage patients' ft, optimize treatment plans, and control medical cost redundancy; At the same time, the medical and health care departments should also pay attention to the special groups of cancer, incorporate the expensive and commonly used drugs into the medical insurance as soon as possible, improve the reimbursement ratio, and reduce the economic burden of patients with advanced CRC.

Within this research, 15.2% of the participants were without employment, while 36.7% were in retirement, and all individuals in these categories exhibited low COST scores. These findings were in line with those of Pearce et al. (36). Unemployed individuals may face a reduction in monthly household income as a result of diminished financial resources, potentially impeding timely access to medical screening and treatment, thereby delaying medical care and escalating treatment costs and financial strain. Similarly, retirees, despite having a fixed income, the relatively lower income also leads to a decrease in monthly household income, increasing the financial burden. Additionally, research indicated that individuals may experience increased financial burden if their monthly household income is below RMB 2,000 (P < 0.05), aligning with the results of Min et al. (37). Many patients do not deposit or have little willingness to deposit. Individuals with low incomes alleviate their financial stress by cutting back on spending in various areas or potentially discontinuing medical treatment.

The allocation of health insurance expenses for individuals who are unemployed or from low-income households is subject to modification. Empirical data suggests that individuals in these demographics may experience adjustments in their contributions toward medical insurance, with some opting to forego payment or reduce their payments as a means of financial conservation (33). Therefore, when the proportion of medical insurance reimbursements decreases and the proportion of self expenses increases, it is more likely to exacerbate FT.

Patients with middle to advanced CRC demonstrate a strong association between symptom severity and financial burden. Symptoms such as cognitive impairment, pain, and tiredness are linked to a decreased ability to reintegrate into society and financial accessibility (38). The results of this study confirm that the severity of symptoms in middle and advanced CRC patients is negatively correlated with FT scores (r = −0.295, P < 0.001), indicating that the higher the severity of symptoms, the heavier their financial burden, which is consistent with the conclusion by American scholar Chan et al. (38). The aforementioned scenario may be attributed to the fact that individuals with middle to advanced stages of colorectal cancer who present with severe symptoms may necessitate more complex and prolonged treatment modalities, including surgical interventions, chemotherapy, radiation therapy, and targeted pharmacotherapies, resulting in an escalation of healthcare costs. Moreover, the severity of the symptoms may make it impossible for patients to work or carry out daily activities, which may reduce their income and increase their financial burden. Hence, healthcare facilities and insurance companies have the option to lower treatment expenses by negotiating prices or implementing more affordable medication options. Moreover, social welfare systems have the potential to offer financial aid and welfare services to alleviate the financial challenges faced by patients and their families. Additionally, it is imperative for healthcare providers to promptly identify high-risk symptoms, provide psychological support and educational resources, implement appropriate interventions, and continuously monitor treatment progress in order to mitigate cancer-related symptoms, alleviate financial burdens on patients and families, and improve survival rates.

The relationship between stigma and financial burden is influenced by multiple factors (39). Prior research has indicated that individuals in the mid to late stages of colorectal cancer exhibit heightened internal sensitivity, including fears of stoma discovery. These patients frequently conceal or avoid discussing their condition, experience heightened negative emotions during treatment, which may impede their ability to make rational decisions, ultimately delaying treatment initiation and exacerbating disease progression. This in turn contributes to increased treatment complexity and costs (10). Additionally, the stigma surrounding their condition may adversely affect the mental health and overall satisfaction of individuals, hindering their capacity to participate in professional and social activities, consequently resulting in decreased income and financial strain. Furthermore, the stigma may create psychological barriers for patients seeking medical and financial support, causing them to be hesitant in disclosing their circumstances to family, friends, or healthcare professionals, further exacerbating their financial difficulties. The current research indicated a negative relationship between patients' feelings of embarrassment and their financial burden scores (r = −0.375, P < 0.001). A more severe sense of guilt is linked to lower functional testing scores and higher FT. However, researchers are unable to establish a direct correlation between stigma and financial burden. Therefore, it is imperative to develop appropriate interventions and strategies to help individuals overcome discrimination and mitigate the economic strain on patients with moderate to advanced colorectal cancer.

Currently, although some studies have focused on the issue of financial toxicity in cancer patients, research specifically targeting patients with middle and advanced colorectal cancer remains relatively scarce. Therefore, this study focuses on patients with middle and advanced colorectal cancer, aiming to identify the main factors influencing financial toxicity in these patients. This provides a basis for healthcare institutions and policymakers to develop more targeted interventions, alleviate the financial burden on patients, and improve their quality of life. This research holds significant implications for medical practice and policy formulation.



Limitations

Given the current conditions and budget constraints, certain limitations must be acknowledged. The sample size of this study is small and limited to a single center located in Guizhou, Southwest China, which exacerbates the issue. The findings may be slightly affected by regional financial disparities and local income levels. There are certain limitations in the statistical methods used, as the interactions between factors and mediation effects were not explored. Future research should include large-scale, multi-center field investigations on cancer, spanning different regions, economic conditions, healthcare policies, and income levels. Collecting data from more patients is necessary to ensure sufficient statistical power to detect interactions and designing longitudinal studies to follow up on patients' financial situations would help better understand the interactions and their dynamic effects. We recognize the value of mediation effect analysis and plan to further explore this direction in future research. We hope to further analyze the role mechanisms of mediating variables through longer follow-up studies and more diverse data collection.



Conclusions

The findings of this study suggest that individuals diagnosed with middle and advanced stages of colorectal cancer (III-IV CRC) exhibit significantly elevated levels of FT, which appears to be influenced by various factors including the patient's family monthly income, employment status, method of medical payment, severity of symptoms, and the degree of stigma. In view of the highly individualized and subjective characteristics of FT, predicting FT is often challenging. Healthcare professionals should pay attention to the FT levels of patients diagnosed CRC, and implement appropriate intervention strategies. By assessing the financial circumstances of patients, promoting patient involvement in the development and execution of personalized treatment plans, promptly monitoring and addressing patient adverse reactions, and instructing patients on adopting constructive psychological coping strategies to mitigate stigma and lower levels of FT.
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There is intense competition among pharmaceutical companies with the rapid growth of the global pharmaceutical industry. In recent years, China has continuously increased the reform of the medical system. Technology mergers and acquisitions (M&A) in China’s pharmaceutical industry have emerged in this complex policy and economic background. This paper conducts an empirical study from the dual perspectives of financial performance and innovation performance, based on unbalanced panel data of Chinese listed pharmaceutical firms from 2012 to 2022. The impact of technology M&A on firm performance is analyzed in terms of the heterogeneity of firm characteristics. Meanwhile, the relationship between R&D investment in technology M&A and firm performance is examined. The results show that technology M&A can promote the performance of pharmaceutical companies, and R&D investment has a mediating effect on the impact of technology M&A on corporate performance. Based on the above findings, this study enriches the relevant literature on technology M&A in the pharmaceutical industry, provides warnings and suggestions for pharmaceutical companies to improve corporate performance through technology M&A, and provides reference materials for future policy formulation.
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1 Introduction

Competition among enterprises is intensifying in the context of global economic integration (1). Governments have intensified their scientific and technological innovation backing to gain a competitive edge. It is an important indicator that the innovation capacity of pharmaceutical companies can measure a country’s strength in science and technology innovation (2). The pharmaceutical market has opportunities and challenges when China is economically transforming and upgrading (3). Pharmaceutical companies can improve their innovation performance in two ways: internal research and development (R&D) and external mergers and acquisitions (M&A). It is relatively slow to depend on internal R&D to enhance technology because of limitations in technical resources and research and development professionals (4). Therefore, there is a growing tendency among pharmaceutical companies to pursue advanced pharmaceutical development technologies to acquire specialized technological resources from external sources and to use technology mergers and acquisitions to achieve leapfrog innovation (5).

In recent years, China has been increasing its efforts to reform the pharmaceutical system and to develop technological innovations in pharmaceutical enterprises (6). There have been mergers and acquisitions of companies in the pharmaceutical industry in China’s complex policy and economic background. It is increasingly recognized among pharmaceutical companies that they can gain access to advanced technologies and products by engaging in technological mergers and acquisitions, which allows them to establish an advantageous market position (7). However, China’s pharmaceutical industry is relatively dispersed regarding industrial structure. Although the number of pharmaceutical enterprises is large, the scale is generally small, and the innovation ability is relatively weak. There is an apparent gap between Chinese pharmaceutical companies and large multinational pharmaceutical companies in developed countries regarding research and development capabilities, innovation capabilities, financial strength, etc. (8). China has implemented many measures to promote and facilitate the technological advancement of pharmaceutical companies in recent years. As an illustration, the government will offer tax advantages, financial assistance, and other policy measures to stimulate firms to enhance their investment in research and development. These policies create a favorable external environment and conditions for Chinese pharmaceutical businesses to engage in technology mergers and acquisitions, making such mergers and acquisitions an essential means to boost the development of the pharmaceutical industry.

The earliest concept of technology mergers and acquisitions (M&A) is Williamson’s 1975 proposal that technology M&A is a mergers and acquisitions activity with the primary goal of acquiring the target’s technological resources (9). Technology M&A is a highly effective technique for companies to quickly get innovative resources and strengthen their ability to innovate technologically in response to changes in their business models (10). Mergers and acquisitions among enterprises originated in the United States and have since expanded worldwide (11). Scholars from various countries have researched technology mergers and acquisitions, with the most influential researchers appearing in Sweden and the United States. Jacobsson and Granstrand revealed in 1983 and 1984, respectively, that small firms in technology M&As have seller characteristics in deal offers in the M&A market due to their advanced technology patents. Granstrand (12) discussed the role of technology M&A in the mergers and acquisitions process using the “theory of technology-based enterprises.” Wang and Han (13) examined how the absorptive capacity of American companies might influence technological innovation as a moderator. Enterprises’ absorptive capacity enables them to incorporate and utilize external technological information as internal knowledge effectively. It is a relatively late research on technology mergers and acquisitions in China. Wu et al. (14) examined the developmental trajectory of China’s firms’ technological prowess, as demonstrated through their adoption of new technologies, expansion of production capacity, and ability to innovate. The primary purpose of leading companies engaging in M&A is to address their deficiencies in specific areas, enhance the diversified growth of their technology research and development, and lay the foundation for comprehensive technological innovation in the future. Based on existing research on technology M&A, one view is that technology mergers and acquisitions can efficiently address R&D disadvantages and enhance the knowledge capacities of acquiring organizations (15). Simultaneously, technology M&A provides exit channels other than IPOs for the founders of target firms, thus reducing their entrepreneurial risk (16). This initiative aims to incentivize target firms to enhance their investment in research and development and intensify their efforts in technological knowledge innovation (7). Furthermore, Ghosh et al. (8) propose that technology M&A offers a faster way to obtain external technological resources than internal research and development. It is an effective way for enterprises to master the technical knowledge of the target enterprise and absorb high-tech talents. Another view is that technology M&A may hinder the improvement of internal research and development capabilities if firms rely too much on external technological resources. The enterprise’s intangible resources are not effectively accumulated, and the absorption of external knowledge resources will be negatively affected (17). Szucs (18) argues it will diminish the enterprise’s ability to innovate independently if the primary objective of technological mergers and acquisitions is to evade market competition rather than efficiently incorporate and utilize the acquired technology.

To sum up, the extant literature on technological M&A and enterprise performance lacks consensus and is confined to a singular perspective. Only a few numbers of researchers have empirically investigated technological M&A in the pharmaceutical industry. Different firms are affected differently by undertaking technology M&As. It is essential to consider the diversity of innovation subjects, whose characteristics such as property rights, size, and geographical location should also not be ignored. Therefore, it is important to further investigate the effect of technology M&A on firm performance and understand the mechanisms by which technology M&A enhances firm performance. This paper empirically analyses the impact of technology M&A on firm performance using a fixed-effects approach based on unbalanced panel data of listed pharmaceutical firms in China from 2012 to 2022. In addition, it comprehensively examines the diversity among enterprises with varying ownership characteristics, sizes, and geographic locations. It then further analyses the role of R&D investment as a mediator between technology M&A and firm performance. It offers rich materials for China’s pharmaceutical industry to launch technology M&As, aiding firms in gaining a deeper understanding of technological expansion through M&A to enhance their innovation capabilities. Furthermore, this article analyzes the outcomes of the present government’s strategy to encourage technological advancement in China and offers pertinent information for future policy development using the most recent sample data.

Compared with the existing results, this research offers possible contributions as follows: Firstly, it is the inaugural empirical study that examines financial performance and innovation performance from a dual perspective. The extensive literature on company performance mostly concentrates on individual performance indicators. This paper integrates the two variables into a single variable for research and analysis to systematically evaluate the influence of technological mergers and acquisitions on the performance of pharmaceutical manufacturing companies. It complements the limited theory and empirical evidence available in this field. Secondly, this paper explores the relationship between technology M&A and firm performance and frames the study of R&D inputs to explore its mechanism as a mediating variable. Existing literature has conducted a great deal of research and studies from the perspective of the respective impact of R&D inputs and technology M&A on firm performance, and some scholars have made several studies from the relevant aspects of individual firms. This paper will provide R&D inputs into the study of technology M&A and its impact on company performance, enriching the relevant literature. Thirdly, there are fewer studies on technology M&A in China’s pharmaceutical companies. This paper specifically studies the impact of technology M&A on firm performance in the pharmaceutical industry with Chinese characteristics (heterogeneity) to provide a realistic reference for the current innovation practice of pharmaceutical enterprises.

The rest of the paper is organized as follows. In the “Literature Review and Research Hypotheses” section, this paper reviews the previous literature and puts forward the hypotheses of this paper. The “Research Design” section provides data sources, variable selection, and model setup. The “Empirical Analysis” and “Heterogeneity Analysis” sections discuss the results. Finally, “Conclusions and Recommendations, Shortcomings and Prospects” is given.



2 Literature review and research hypothesis


2.1 Technology mergers and acquisitions and firm performance

With the growing requirement for enterprise innovation, obtaining external technical resources has become a major incentive for companies to combine and acquire. In theory, the mechanism by which companies rely on acquisitions to enhance innovation output is mainly reflected in two aspects. One is the selection mechanism; it is more efficient for companies with poor innovation capabilities to acquire innovation by acquiring companies with substantial expertise or ready-made patents than a direct investment in independent innovation (19). Cassiman et al. (20) argues that the principal merger party will purposefully select target firms that possess their missing technological knowledge so that they can update their existing knowledge after the technology acquisition. The study conducted by Chen (21) shows that there is a very important role in the development of new ideas and the existing knowledge base of firms in enhancing innovation core competitiveness after M&A. The second is synergy; it will be enlarged to cover the knowledge stock of the leading merging company after a technology M&A. It is beneficial for enterprises with a deep stock of knowledge to absorb external technological resources, which enhances their innovation capacity and increases the firm’s innovation output (22). Zhang et al. (23) showed that technology M&A can avoid the knowledge cocoon trap and innovation path dependence generated by long-term independent research and development, which can rapidly update and expand the existing knowledge stock of enterprises. Enterprises have complementary technological resources to enhance innovation power because of the synergistic effect.

Technology mergers and acquisitions are an effective strategy for enterprises to acquire innovative resources and enhance corporate performance rapidly. According to Zhao (24), an analysis of M&A cases across various industries in the United States between 1984 and 1997 revealed that M&A transactions driven by the goal of technology innovation are a common phenomenon. It is through technology M&As that companies, especially those with a weak innovation capacity before the M&A, will increase the number of patents obtained. Entezarkheir and Moshiri (25) argues that M&A significantly positively affects corporate innovation, and heterogeneity will exist across industries. Chinese scholars have shown that technology mergers and acquisitions clearly influence firms’ innovation performance (26). Qu (27) analyzed the intrinsic link between a company’s technology M&A and innovation performance and found that complementary and substitutive technology M&As significantly boost the firm’s innovation performance. Also, the study conducted by Yang and Zhou (28) demonstrated that the impact of technical innovation resulting from technology M&As becomes more evident when the acquired firm experiences significant growth. Wu et al. (29) investigated the effect of knowledge integration on firms’ innovation performance based on different technology M&A modes. Enterprises will change their knowledge base regarding width and depth when they carry out two modes of technology M&A. Therefore, the performance of innovation in enterprises will yield varying outcomes.

Additionally, Nesta and Saviotti (30) conducted an empirical study on the pharmaceutical industry and concluded that the higher the acquired firm’s technological R&D base, the more effective it is in improving the R&D capability of the primary acquiring firm after the merger. Also, it is more conducive for firms with a solid long-term technological R&D base to enhance post-merger innovation performance. Lin and Jang (31) examined merger and acquisition data from the United States pharmaceutical industry and argued that complementarities between firms can improve technological development and innovation. Firms should find companies in the same industry as theirs that match their size and technology for strategic integration. Hao and Ren (32) studied the evolution of issues related to technology M&A in high-tech enterprises. They proposed that the impact of technology M&A on the technological integration of enterprises varies depending on the industry. Technology M&A particularly promotes R&D in the pharmaceutical industry and suggests relevant countermeasures for enterprises and authorities. Yu and Wang (33) used a double-difference method to compare the innovation performance of technology M&As between firms that executed M&As and firms that did not perform M&As throughout different policy stages. The study results showed that firms engaging in technology M&As could improve their innovation performance in the short run before implementing the policy. Still, the innovation effect was negative in the long run. After implementing the policy, firms that engage in technology M&As show adverse innovation effects in the short term. The study results provide a realistic reference for the future decision-making of enterprises and the establishment of national policies.

Based on the combination of the above theories and literature, this paper proposes the following research hypotheses:

 H1: Technology mergers and acquisitions positively affect firm performance.





2.2 The mediating role of R&D investment

There are two basic approaches to innovation for enterprises: closed innovation and open innovation. Closed innovation is mainly based on internal R&D, and R&D investment is the core bloodline of firms’ innovation activities (22), and firm performance is closely related. It can enhance the enterprise’s independent R&D capability, which starts from within the enterprise to invest enterprise resources in R&D activities. Enterprises can master the core technology and form their core competitiveness through independent R&D to occupy a favorable position in the market (34). One of the most important avenues for open innovation is technology M&A, which allows for rapid access to external technological resources and core knowledge capabilities and improves the firm’s innovation ability (35). Compared with the long time, high risk, and high investment required for independent R&D, technology M&A can more rapidly acquire the technological knowledge the target firm holds (4). Firms relying solely on internal R&D to realize innovation can increase riskiness in the context of the increasing speed of innovation iteration (36). There is a growing realization in enterprises that innovation does not only come from within the enterprise; external resource integration is also an essential part (37).

Williamson’s Transaction cost theory (9) states that external technological resource acquisition replaces internal R&D skills. Companies experience transaction costs when they acquire external technology resources, which impact the incorporation of these resources within the company. Cohen and Levinthal (6) contend that the firm’s internal R&D capacity plays a significant role in assimilating and innovating external resources. However, it will negatively impact the company’s performance due to an excessive dependence on external technology resources and a lack of logical incorporation of externally acquired technological resources. Hitt et al. (38) and Jensen (39) propose that the reduction in R&D spending by innovative companies following mergers and acquisitions diminishes their level of R&D intensity. Firms interrupt their existing development plans to use the target company’s resources better and spend a lot of time on strategic adjustments at the managerial level, slowing down technological innovation in the company. It has also been argued that inadequate integration measures are not taken after a merger or acquisition, or if there is inertia in autonomous innovation due to technology purchase, this can negatively impact a firm’s innovation performance (40). In addition, Wang and Ma (36) discovered that the R&D expenditure of the dominant party involved in a merger and acquisition has a moderating effect on the process using a multiple regression model. This moderation promotes the combination of resources and collaborative innovation. Gandal and Scotchmer (41) highlighted that corporate governance issues influence the optimal selection of R&D investment by decision-makers, which subsequently impacts the efficiency of using external technological resources.

In summary, this paper argues that after technology mergers and acquisitions, adequate integration measures are taken on acquired technological resources by increasing R&D investment, which leads to a growth trend in firm performance. Based on this analysis, this paper proposes the hypothesis:


H2: R&D investment mediates the effect of technology mergers and acquisitions on firms’ innovation performance.
 




3 Materials and methods


3.1 Sample selection and data source

This paper selects the information on M&A events of Chinese A-share listed pharmaceutical companies from 2012 to 2022 as the research sample. Based on data availability and accuracy, this paper excludes ST and *ST, PT, and companies with missing relevant data. For multiple M&A events of the same company in the same year, the first M&A event in a year is selected. Finally, 1,418 unbalanced panel observations for 145 firms that meet the requirements are obtained. To eliminate the impact of outliers on the study, this paper uses Stata16.0 software to perform bilateral shrinkage of the relevant variables. The financial data of listed companies are mainly obtained from the China Stock Market and Accounting Research Database (CSMAR, https://data.csmar.com/) and Juchao Information Network1 to find the annual reports of enterprises. Patent data comes from the China Research Data Service Platform (CNRDS, https://www.cnrds.com/).



3.2 Variable selection and definition


3.2.1 Explained variable

The paper studies the effects of technology mergers and acquisitions on enterprise performance by thoroughly analyzing innovation and financial performance variables. It refers to the study by Gu and Xie (42) which selects return on assets (ROA) as the metric to evaluate corporate financial performance. Patents are highly effective in measuring innovation performance, as they provide significant exclusivity and can explain the rise in performance output resulting from technological innovation. A greater quantity of patent applications typically signifies a higher degree of innovation performance exhibited by a company. Experts commonly assert that the quantity of patent applications provides a more accurate indication of the extent of innovation compared to the number of grants. This is due to the fact that patent approvals necessitate evaluation and payment of yearly fees, leading to greater unpredictability and volatility. Thus, this study uses the total number of patent applications increased by one as the logarithm of the innovation performance indicator for measurement.



3.2.2 Explanatory variables

Technology mergers and acquisitions (Tma) is a dummy variable, assigned a value of 1 if a technology merger or acquisition occurs in an enterprise. Otherwise, it is assigned a value of 0. Technology mergers and acquisitions provide a direct means of accessing the technological resources of the target firm and achieving the substitution and complementation of production technology. This paper defines technology M&A according to Ahuja and Katila (43). Technology M&A refers to M&A events involving listed businesses that meet one of the following three criteria: (i) the announcement of the M&A by the businesses listed clearly states that the goal of the M&A is to get technology. (ii) The target company possesses patented technology within 5 years prior to the date of the M&A announcement. (iii) The listed companies are classified as high-tech enterprises. This study utilizes the CSMAR database to extract the 2012–2022 M&A information table of listed businesses. We next manually examine the relevant papers to ascertain if the M&A events fall under the category of technological M&A. After applying the aforementioned criteria, we obtained a total of 293 samples of M&A events that satisfy the specified conditions.



3.2.3 Mediating variable

Research and development (RD) investment. To measure R&D investment, the empirical practice of Guo (44) measures the R&D intensity of enterprises by the proportion of R&D expenditure to operating revenue.



3.2.4 Control variable

The magnitude of a company’s assets directly impacts its capacity to effectively incorporate post-merger technology. Information asymmetry can create market flaws that lead to financing limits for organizations. Companies with large levels of debt typically incur more risks, which in turn restrict their involvement in technological mergers and acquisitions. Companies that experience higher rates of growth in their operating revenue typically possess stronger skills for achieving growth. They are more likely to be preferred by the capital market in mergers and acquisitions. In this paper, we cite the works of Hui et al. (45), Wang and Huang (46), and Hong (47) to regulate the variables of firm size, asset-liability ratio, financing constraints, operating income growth rate, and total asset turnover. This is done to enhance the scientific rigor and dependability of the study by managing other potential confounding factors. See Table 1 for specific measurements.



TABLE 1 Variables and their definitions.
[image: Table displaying variable types, names, symbols, and descriptions. Explanatory variables include financial and innovation performance, and technology mergers with symbols Roa, Invia, and Tma. Mechanism variables feature R&D investment and company size, with symbols RD and Size. Control variables involve asset liability ratio, revenue growth rate, total asset turnover, and financing constraints, denoted as Lev, Gro, AT, and SA. Descriptions cover net profit over assets, log of patents, technology acquisition indicators, R&D percentage, business asset size, liabilities over assets, revenue changes, operating income turnover, and SA index for financing.]




3.3 Model construction


3.3.1 Fixed effects model

To test the impact of technology mergers and acquisitions on corporate performance, this paper refers to the research of Hou (48). It combines theoretical analyses and the design of research indicators to construct the following econometric model:

[image: Mathematical equation representing a regression model: \( Y_{it} = \beta_0 + \beta_1 \text{Tma}_{it} + \sum \beta_k \text{controls}_{it} + \text{firm}_i + \text{year}_t + \varepsilon_{i,t} \).]

Where [image: Please upload the image or provide a URL so I can generate the alternate text for it.] denotes individual firms, [image: If you have an image you would like me to generate alternate text for, please upload it or provide a URL.] denotes the year, and [image: The image shows the notation "Y" with the subscript "it".]s dependent variables are financial performance (Roa) and innovation performance (Invia). The independent variables are technology mergers and acquisitions (Tma) and all other possible control variables (controls), respectively. [image: Text displaying the word "firmi" in a serif typeface.] and [image: The text "year" with a subscript "t" in a small, stylized font, likely representing a mathematical or scientific notation.] denote individual and time-fixed effects, respectively, and [image: Greek letter epsilon subscripted with i and t.] is a random error term. Considering that the individual perspective of pharmaceutical enterprises is not affected by time (enterprise ownership, high-tech enterprise qualification) and the time perspective is not affected by individual changes in the enterprise (industrial structure, GDP growth, years of education of the provincial population, and the macroeconomic environment), and thus the empirical design includes the enterprise individual fixed effects and the year fixed effects, the constructed model (1) is a bidirectional fixed effects model.



3.3.2 Mediating effect model

To explore the relationship between technology mergers and acquisitions, R&D investment, and enterprise performance, according to the three-step mediating effect model proposed by Wen et al. (49), this paper adds the mediating variable R&D investment (Rd) based on the above-fixed effect model (1), and constructs the model as follows:

[image: Mathematical equation representing a regression model: RD sub it equals alpha zero plus alpha one times Tma sub it plus the sum of alpha sub k times controls sub it plus firm sub i plus year sub t plus epsilon sub i, t, labeled as equation 2.]

[image: Equation representing a regression model: \(Y_{it} = \gamma_0 + \gamma_1 \text{Tma}_{it} + \gamma_2 \text{RD}_{it} + \sum \gamma_k \text{controls}_{it} + \text{firm}_i + \text{year}_t + \epsilon_{i, t}\).]

In Equation (2), [image: Text displaying "RD" in larger font with "it" in smaller font positioned to the lower right.] is the mediating variable R&D input, and the rest of the symbols have the same meaning as in Equation (1) above Equation (3), is based on Eq. (1), with the addition of the variable of R&D investment, which is used to test the effect of technology mergers and acquisitions and R&D investment on corporate performance.





4 Empirical analyses


4.1 Descriptive statistics analysis

The descriptive statistics of each variable are shown in Table 2. It can be seen that the return on assets (Roa) of enterprises ranges from −0.154 to 0.226, with an average value of 0.061, indicating that the financial status of enterprises varies greatly. The number of invention patent applications (Invia) ranges from 0 to 1.857, with an average of 0.893, indicating some variation in firms’ innovation performance and that most pharmaceutical firms have low innovation performance. For the explanatory variables, the mean value of Technology Mergers and Acquisitions (Tma) is 0.207, and the variance is 0.405. The range of Research and Development (RD) is 0.32 ~ 23.06, and the variance is 3.892, which is a significant difference, indicating a great difference in Research and Development (RD) among enterprises. There is a great fluctuation in R&D investment in each company and each year. The maximum value of the capital debt ratio (Lev) is 0.815, and the minimum value is 0.042, indicating that the debt capacity of listed companies is not uniform. The minimum value of enterprise growth (Gro) is -0.46, and the maximum value is 1.162, indicating that listed companies’ development ability and growth opportunities in China’s pharmaceutical manufacturing industry vary more significantly. The value of financing constraint (SA) ranges from -4.747 to-3.233, and the larger the value of SA, the larger the financing constraint. The average value of financing constraint is-3.887, which shows that enterprises generally face the dilemma of financing constraint.



TABLE 2 Descriptive statistics.
[image: Table displaying statistical data for ten variables with columns for number of observations, mean, standard deviation, minimum, and maximum. Variables include Roa, Invia, Tma, RD, Size, Lev, Gro, AT, and SA. Each variable has 1,418 observations. For example, Roa shows a mean of 0.061, standard deviation of 0.063, minimum of -0.154, and maximum of 0.226. Other variables show similar data.]



4.2 Correlation analysis

The results of the Pearson correlation analysis between the variables are shown in Table 3. It can be seen that the correlation coefficient between technology mergers and acquisitions (Tma) and enterprise financial performance (Roa) is 0.351, and the coefficient with innovation performance (Invia) is 0.336; there is a significant positive correlation. This indicates that with the increase in technology mergers and acquisitions, enterprise performance will also improve, which initially verifies H1. Research and development investment (RD) also has a significant positive correlation with enterprise performance (Roa) and innovation performance (Invia), which initially verifies H2. The study results show that the variance inflation factor VIF value is less than 10, and the absolute value of correlation coefficients between the rest of the variables is less than 0.8, indicating that the variables passed the multiple covariance test.



TABLE 3 Correlation analysis.
[image: A correlation matrix table displaying values between variables named Roa, Invia, Tma, RD, Lev, Size, Gro, AT, and SA. Significant correlations are marked with asterisks indicating levels of significance: one asterisk for ten percent, two for five percent, and three for one percent. The VIF column lists variance inflation factors, indicating 1.04 for Roa, 1.10 for Invia, 1.14 for Tma, 1.15 for RD, 1.02 for Lev, 1.10 for Size, and 1.29 for SA.]



4.3 Benchmark regression results

A fixed effects model is used to test the impact of technology mergers and acquisitions on pharmaceutical firms’ performance, and the regression results of model (1) are shown in Table 4. Column (1)–Column (4) regressions are all controlled for individual and time effects. Columns (1) and (2) are the effects of technology mergers and acquisitions on the financial performance of enterprises. In column (1), the regression coefficient of technology mergers and acquisitions (Tma) on Roa is 0.0552, which is significant at the 1% statistical level. In column (2), after adding control variables, the coefficient is 0.0149 and still significant at the 1% level, which means that technology mergers and acquisitions can significantly contribute to the enhancement of the financial performance of pharmaceutical enterprises. This implies that technology mergers and acquisitions can significantly promote the financial performance of pharmaceutical companies. Columns (3) and (4) show the effect of technology M&A on innovation performance. Column (3) does not include control variables, and column (4) adds control variables. The regression coefficients of technology M&A are 0.3885 and 0.0881, respectively, which are significant at the 1 percent confidence level, indicating that technology M&A can also enhance the innovation performance of pharmaceutical enterprises; this validates H1. Based on theoretical analysis, enterprises that acquire technology resources for M&As pay more attention to integrating technology and knowledge to quickly absorb the acquired enterprise’s technical knowledge. It can better enhance corporate performance by expanding the scale of their basic knowledge. In addition, by comparing the regression findings in columns (2) and (4), it is evident that technology M&A has a more pronounced impact on pharmaceutical firms’ innovation performance than its effect on financial performance. It could be because technology mergers and acquisitions may prompt firms to adjust their patent policies. Companies can evaluate and modify their patent portfolios based on market demand and technological advancements throughout the merger and acquisition process. As a result, companies may choose to augment their patent applications to align with the changing market conditions and competitive forces.



TABLE 4 Benchmark regression results.
[image: Table showing regression analysis results with variables Roa and Invia across four models. Each model includes several variables: Tma, Lev, Size, Gro, AT, SA, and _cons. Coefficients and standard errors are provided, with significance levels denoted by asterisks for 10, 5, and 1 percent. Additional notes include Year, Id, and adjusted R-squared values for each model. Sample size is 1,418 for all models.]



4.4 Mediating effects of R&D inputs

Table 5 shows the regression results of research and development investment (RD) as a mediating variable. According to the three-step method of mediating effect, columns (1) and (4) are the results of the benchmark regression of Tma on firm performance, consistent with the above results. Column (2) shows the effect of technology mergers and acquisitions on RD, and the regression coefficient of RD is 1.134 and is significantly positive at the 1% level. It indicates that technology mergers and acquisitions positively impact enterprise R&D investment, and enterprise R&D investment is significantly improved after the enterprise carries out technology mergers and acquisitions. Firms obtain new R&D capabilities and technological knowledge through technology mergers and acquisitions. To fully use these new R&D capabilities, firms increase their R&D investment to develop more innovative products and technologies. Columns (3) and (5) show the effects of technology M&A on firms’ financial performance and innovation performance after adding the mediating variable of RD, respectively. The coefficients of Tma on Roa are 0.00999, which is significantly positive at a 10% statistical level, respectively. The coefficient of Tma on Invia is 0.0673, which is significantly positive at a 5% statistical level. This indicates that R&D investment mediates the effect of technology mergers and acquisitions on enterprise performance, thus verifying the above H2. After a technological merger and acquisition, boosting R&D investment can expedite the company’s integration and assimilation of external technology resources and core knowledge skills. Enterprises can enhance their level of technological innovation by bolstering internal research and development efforts and aggressively leveraging them. Simultaneously, the surge in research and development spending resulting from technological M&A aids firms in effectively adapting to shifts in market demand, thereby enhancing their performance.



TABLE 5 Regression results mediated by R&D investment.
[image: Table displaying regression analysis results for five models labeled (1) to (5), with variables such as RD, Tma, Lev, Size, Gro, AT, SA, and a constant (_cons). Each model presents coefficients, standard errors in parentheses, and significance levels indicated by asterisks. Variables like Tma, Lev, Size, and SA show varying significance across models. Rows below list control variables: Year, Id, N, R2, and adjusted R2. Significance is denoted at 10, 5, and 1 percent levels.]

In addition, the model passed the Sobel test and Bootstrap test (drawing self-help samples 1,000 times), and the test results are shown in Table 6. When the explanatory variable is Roa, the direct effect coefficient is 0.009992, and the indirect effect coefficient is 0.00492, which is significantly positive at 1%. When the explanatory variable is Invia, the direct effect coefficient is 0.06782, and the indirect effect coefficient is 0.20802, both of which are significant at 1%. It indicates that research and development investment (RD) as a mediating variable promotes the positive effect of technology mergers and acquisitions on firms’ financial performance, further validating H2.



TABLE 6 Mediating effect model Sobel and Bootstrap test.
[image: Table displays results from Sobel-Goodman mediation and bootstrap tests for variables "Roa" and "Invia." Indirect effects, direct effects, total effects, and ratios are shown for the mediation tests. Bootstrap tests include upper and lower limits for two scenarios, labeled "bs_1" and "bs_2." Significance at 10%, 5%, and 1% levels is indicated with symbols. Standard errors are in parentheses.]



4.5 Robustness tests


4.5.1 Replacement of variable indicators

Referring to the study of Wang and Huang (46), this paper replaces the dummy variable of whether the explanatory variable is mergers and acquisitions (Tma) with the ratio of the sum of the amount of all technology merger and acquisition deals initiated by listed companies in the year to the total assets (Ta) to conduct the regression again, and the results are shown in columns (1) and (2) of Table 7. The coefficient of Roa is 0.1517, the coefficient of Invia is 0.2078, and the regression coefficients of firm performance are all significantly positive at the 1% level. This indicates that technology mergers and acquisitions positively impact firm performance, and the regression results are consistent with the benchmark regression results. The explanatory variable return on assets (Roa) is replaced by return on equity (Roe), and the regression results are shown in column (3) of Table 7. The coefficient of Roe is 0.0159, which is significantly positive at the 10 percent level. The regression results are consistent with those of the benchmark regression results, which indicates that this paper’s conclusion on the promotional effect of technology mergers and acquisitions on corporate performance is robust.



TABLE 7 Robustness test.
[image: A table displaying regression results with variables: Ta, Tma, Lev, Size, Gro, AT, SA, Year, and Id. It compares three models: Substitution of variable indicators, Sample reconstruction, and Replacement model, each with metrics for Roa and Invia. The table includes coefficients and significance levels (indicated by asterisks) with standard errors in parentheses. It spans seven columns; one for each method and its related metrics. The number of observations (N) and adjusted R-squared values (adj. R²) are provided at the bottom.]



4.5.2 Reconstructing the sample

Referring to the empirical research method of Li and Yang (50), this paper transforms the unbalanced panel data into balanced panel data for regression to ensure sample integrity. The regression results are shown in columns (4) and (5) of Table 7. The coefficient of Roa is 0.0244, the coefficient of Invia is 0.3121, and the coefficient of technology M&A on firm performance is still significantly positive and significant at the 1% level, indicating that the benchmark regression results are robust and reliable.



4.5.3 Replacement of measurement model

To avoid the influence of problems such as autocorrelation and heteroskedasticity, this paper refers to the study of Zhang et al. (51), adjusts the heteroskedasticity and clustering of the standard errors, and shows the results in Table 7. From the regression results in Columns (6) and (7), it can be seen that, after the adjustments to the standard errors, the promotional effect of technology M&As on firm performance is still significant, which once again verifies the robustness of the conclusions of the paper’s study.




4.6 Endogeneity test

The endogeneity problem is usually a 3-pronged problem of omitted variables, bi-directional causality, and measurement error in the variables. To eliminate the possibility of endogeneity problems, this paper adopts instrumental variables and the dynamic panel system generalized moment estimation (SYS-GMM) method for testing. This paper refers to the study of Li et al. (52) and adopts the explanatory variables (Tma) lagged term (L.Tma) as an instrumental variable, which can keep the obvious correlation between it and the explanatory variables, and also avoid the problem of weak instrumental variables. In addition, the current period’s disturbance terms cannot affect these lagged indicators. Therefore, the instrumental variables are selected to lag the lagged terms of the explanatory variables, which can satisfy the constraints of correlation and homogeneity.

Table 8 shows the results of the instrumental variable test. After controlling for possible endogeneity issues by choosing this instrumental variable, the Roa and Invia coefficients are still positive, the level of significance remains unchanged, and technological M&A still present significant positive incentives for firm performance. The results of this test once again maintain the findings of the previous study, indicating that the results are robust and credible.



TABLE 8 Endogeneity test (instrumental variable approach).
[image: A regression table showing various variables like Tma, L.Tma, Lev, Size, Gro, AT, SA, and Cons across different models labeled Roa, Tma, and Invia. Each column contains coefficient estimates with standard errors in parentheses. Significance levels are indicated by asterisks, where one, two, and three asterisks represent significance at the ten, five, and one percent levels, respectively. Sample sizes and adjusted R-squared values are provided at the bottom.]

In addition, this paper incorporates the lagged one-period of the explanatory variables into the regression model to further address possible endogeneity issues through the SYS-GMM approach. In the SYS-GMM estimation, we consider the lagged one period of the explanatory variables and technology mergers and acquisitions as endogenous variables and use the lagged terms of the explanatory variables as instrumental variables. Roodman (53) emphasizes that the HansenTest is more robust than the SarganTest regarding heteroskedasticity problems in the model. Hence, this paper reports the results of the HansenTest. The results of the endogeneity test are shown in Table 9, where we find that the regression coefficients of the explanatory variables return on total assets (Roa) lagged one period is 0.1442, which is significantly positive at the 10% level. The coefficient of the number of invention patent applications (Invia) is 0.2269, which is significantly positive at the 5% level. This indicates that there is an inertia in the firms’ technology M&A decisions and that the outcome of the decision in the previous period significantly affects the technology M&A decisions in the next period. The regression coefficients of the explanatory variable technology mergers and acquisitions (Tma) are 0.0315 and 0.3621, respectively, which are still significantly positive at the 1 percent confidence level. To enhance the reliability of the SYS-GMM estimation results, the rationality of the model setup and the validity of the instrumental variable selection are examined in this paper, respectively. Among them, the test results of AR(2) for second-order serial correlation show that the original hypothesis cannot be rejected, indicating that there is no second-order serial correlation in the residual terms of the dynamic panel. Also, the results of the HansenTest for the test of whether there is over-identification of instrumental variables indicate that the instrumental variables used in the model are appropriate.



TABLE 9 Endogeneity test (SYS-GMM).
[image: Table displaying results from a SYS-GMM analysis with two models, Roa and Invia. Variables include L.Roa, L.Invia, Tma, Lev, Size, Gro, AT, and SA. Coefficients and standard errors are provided, with significance levels indicated by asterisks: * for 10 percent, ** for 5 percent, and *** for 1 percent. F-values, AR(1), and Hansen test results are included, with both models analyzing 715 observations.]




5 Heterogeneity analysis


5.1 Heterogeneity in the nature of corporate equity

Organizational structures and management styles may vary between firms due to equity variances. This paper examines the nature of equity based on information from the actual controller of listed companies in the Cathay Pacific database. The sample is divided into state-owned enterprises and non-state-owned enterprises, including private, foreign, and other types of enterprises. The data is then analyzed using a fixed effects model for regression to determine the difference in the impact of technology mergers and acquisitions on enterprise performance.

Table 10 shows the results of the equity heterogeneity test. Overall, for both state-owned and non-state-owned enterprises, technology mergers and acquisitions significantly impact enterprise performance, which verifies the robustness of the benchmark regression results. Specifically, compared to state-owned firms, technological M&As have a higher positive impact on the performance of non-state-owned enterprises. According to the theoretical study, this could be because state-owned firms have a more comprehensive range of reasons for engaging in technological mergers and acquisitions, and they prioritize objectives other than innovation performance. Non-state-owned enterprises typically encounter heightened market competition and prioritize assimilating technology and knowledge following technology mergers and acquisitions. It enables the enterprises to swiftly incorporate the acquired company’s technological expertise, enhancing benefits. In addition, non-state-owned firms exhibit greater adaptability and prowess in innovation than state-owned counterparts. State-owned firms could face additional legislative limitations and regulations, which could impede their ability to innovate. Technology M&As can offer non-state-owned companies access to fresh technology and expertise, enabling them to enhance efficiency, save expenses, and innovate new products.



TABLE 10 Equity heterogeneity regression results.
[image: Table comparing the effects of various variables on non-state and state-owned enterprises, measured by Roa and Invia. Variables include Tma, Lev, Size, Gro, AT, and SA with significance levels indicated by asterisks and standard errors in parentheses. Includes additional columns for Year, Id, and constants (_cons), alongside total observations (N) and adjusted R-squared values.]



5.2 Firm size heterogeneity

The size of a firm is a crucial aspect that affects how technology mergers and acquisitions impact the performance of the firm. This paper categorizes the enterprise’s total assets at the end of the period into two groups: the first group includes large-scale enterprises with total assets in the first three quartiles of the size distribution, while the second group includes small and medium-sized enterprises with the remaining total assets.

Table 11 shows the regression outcomes for various company sizes, indicating that technological M&As have a substantial impact on the performance of both large-scale and small-and medium-sized pharmaceutical companies. Specifically, technology M&As have a more significant impact on enhancing innovation performance in small and medium-sized companies than in large-scale organizations. This is because small-scale enterprises typically possess a more uniform business plan, product assortment, and a very uncomplicated management structure. They can respond and take action with incredible speed and adaptability when confronted with technology mergers and acquisitions. Furthermore, they are eager to capitalize on the opportunity presented by technology M&As to enhance technological innovation. However, the inflexibility inherent in the hierarchical structure of large-scale corporations, as opposed to small-scale enterprises, diminishes the motivation for technical innovation. In addition, large corporations own more advanced infrastructure, typically have more sophisticated innovation frameworks, and may require less emphasis on innovation. Technology mergers and acquisitions are more effective in fostering the growth of large-scale enterprises in terms of financial performance. Based on the theoretical analysis, this may be attributed to variations in the knowledge resources, the ability to integrate and absorb new information, and the capability to finance research and development among firms of varying sizes. Technology M&As frequently necessitate a significant financial commitment to support ongoing research and development spending and the integration of resources. Major corporations consistently secure additional research and development funding following a technology merger and acquisition, whereas smaller companies may encounter financial limitations shortly after completing a technology merger and acquisition. Small-sized enterprises may lack the financial resources to cover the increased expenses of mergers and acquisitions and the consequent investment in research and development. Furthermore, small-scale firms often have limited research and development capabilities and struggle to effectively integrate resources, which contrasts with the more robust capabilities of large-scale enterprises. This disparity can result in inadequate technical integration and innovation following a merger or acquisition, ultimately impacting the financial performance of the enterprises.



TABLE 11 Regression results of size heterogeneity.
[image: Statistical table comparing large-scale and small- and medium-sized firms based on five variables: Tma, Lev, Size, Gro, AT, and SA. The table includes coefficients for Roa and Invia across both firm types, indicating significance levels with asterisks: one for 10 percent, two for 5 percent, and three for 1 percent. Standard errors are in parentheses. Additional details include year, ID, constant terms, number of observations (N), and adjusted R-squared values.]



5.3 Regional heterogeneity

The geographical distribution of pharmaceutical firms in China is divided into several regions. Therefore, we categorize the listed pharmaceutical companies in our sample into three groups: East, Central, and West. The sample consists of 648 pharmaceutical enterprises in the East area, 279 in the Central region, and 208 in the West region. Subsequently, we assess the influence of technological mergers and acquisitions on the corporate performance of pharmaceutical firms in these three geographical areas.

Table 12 shows the outcomes of the examination of regional heterogeneity. The regression analysis indicates that technological M&As have a substantial impact on the performance of pharmaceutical companies in the central, eastern, and western areas. More precisely, the impact of technological M&As on the performance of companies is more noticeable in the eastern region than in the central and western areas. The reason for this could be attributed to the fact that the east part of China is primarily located along the coastline, characterized by a flat topography, efficient transportation infrastructure, and the presence of numerous prominent domestic pharmaceutical companies. Consequently, this region has become a magnet for drawing many highly skilled professionals (54). Pharmaceutical businesses in the eastern area are increasing their collaboration and engagement with major multinational pharmaceutical corporations, displaying greater agility in responding to industry dynamics and adopting a more proactive strategy toward mergers and acquisitions. Relatively speaking, China’s central and western areas began to engage with the international community later, and their infrastructure development is comparatively less advanced. The natural environmental conditions in this area are subpar, and its economic progress is sluggish, characterized by a scarcity of technology, skilled individuals, and financial resources. In addition, according to the theoretical aspect of the preceding analysis, the central and western regions exhibit a generally low level of technology, resulting in limited capacity for digestion and absorption and a comparatively poor technological knowledge base. Consequently, it is difficult to bring about major technological breakthroughs for remote regions because they may struggle to completely comprehend and integrate the company’s technological advancements following the merger and acquisition.



TABLE 12 Geographical heterogeneity regression results.
[image: A regression analysis table comparing various variables (Tma, Lev, Size, Gro, AT, SA) across different regions (East, Middle, West) under Roa and Invia categories. Significant coefficients are marked with asterisks indicating significance at 10%, 5%, and 1% levels. Standard errors are presented in parentheses. The model includes Year and Id effects, with sample sizes and adjusted R-squared values specified for each category.]




6 Conclusion and recommendations


6.1 Conclusion

The macro background of China’s economic structural transformation requires enterprises to have more robust technological innovation capabilities. Technology mergers and acquisitions (M&A) are ineffective strategies to occupy a favorable market position. This paper empirically analyses the impact of technology mergers and acquisitions (M&A) on enterprise performance with the sample data of Chinese pharmaceutical-listed enterprises from 2012 to 2022. The conclusions are as follows: (i) Benchmark regression results show that technology mergers and acquisitions (M&A) have a significant positive impact on the performance of pharmaceutical enterprises. (ii) Based on the mediation effect model, it is found that there is a mediation effect of R&D investment in the impact of technology M&As on enterprise performance. (iii) Through subgroup regression, the effect of technology M&A on pharmaceutical firm performance is heterogeneous regarding the nature of equity, firm size, and geographic region. Regarding different equity natures, technology M&A has a more vital role in promoting the performance of non-state-owned enterprises than state-owned enterprises. Regarding firm size, technology M&As have a more substantial effect on the innovation performance of small and medium-sized enterprises than large firms and a stronger effect on the financial performance of large firms than small and medium-sized enterprises. Regarding different regions, technology M&As are more effective in promoting the performance of pharmaceutical enterprises in the eastern region.



6.2 Recommendations

Based on the above theoretical and empirical results, combined with the status quo of technology M&A activities and R&D investment of China’s listed pharmaceutical companies, this paper proposes suggestions from both the government and enterprise levels.

At the governmental level, it is imperative for the government to enhance the focus on technology M&As to foster enterprise innovation. Additionally, the government should provide guidance and incentives to pharmaceutical companies to improve their performance using technology M&A. Acknowledging the diversity of technology M&As in enhancing innovation performance across organizations with varying ownership structures, sizes, and geographical locations is essential. When implementing the policy, it is crucial to prioritize efficiency and balance to expedite achieving the goal of supporting technological innovation and enterprise development. It will ensure that technology mergers and acquisitions activities provide the most favorable outcomes. Specifically, the government should consider the different behavior of enterprises with different property rights in the face of technology mergers and acquisitions. The government should provide state-owned firms a permissive environment for technology mergers and acquisitions. It is recommended that the current obstacles preventing state-owned firms from participating in technology M&A be removed by streamlining the administrative license and approval processes. Enterprise innovation necessitates substantial cash; the government can implement policies such as providing financial subsidies and tax incentives. It can alleviate the difficulties encountered by enterprises in the process of technology mergers and acquisitions by strengthening the government’s financial support. Secondly, in the face of the differences between pharmaceutical production enterprises of different sizes. The Government should provide guidance and support to foster the growth of innovative and competitive small and medium-sized firms in the industry. It will modify its policy’s flexibility to enhance the diverse market demand by setting aside a specific market share for qualified businesses. The Government also stimulates large-scale enterprises to merge and acquire overseas high-tech enterprises and integrate domestic resources by establishing special funds and technical support measures to promote competitiveness and innovation in the pharmaceutical market. Finally, the government should fully consider the actual differences in the situation of pharmaceutical production enterprises in the eastern, central, and western regions. It should strengthen support for the M&A and innovation system in those areas and facilitate technical mergers and acquisitions by bringing in talent and bolstering infrastructure to boost innovation in the central and western regions. Simultaneously, the government should establish a cross-regional collaboration platform for enterprises in the eastern, central, and western areas to facilitate the sharing of resources and foster collaborative innovation. This platform encourages the involvement of enterprises from the central and western regions in merger and acquisition activities to enhance their capability and success rate in M&A endeavors.

At the company level, it is crucial for companies to recognize the significance of innovation to differentiate themselves in the competitive market. Technology M&A and investment in R&D are successful strategies for organizations to obtain innovative resources and improve their ability to innovate technologically in response to changes in their business models. State-owned enterprises should leverage their resources and fully capitalize on their strengths. They should demonstrate the bravery to expand internationally and actively engage in mergers and acquisitions to foster innovation. In addition, enterprises must comprehend cutting-edge market trends, consistently acquire and assimilate sophisticated technological expertise, and augment their consciousness of innovation and research and development capabilities. Non-state-owned enterprises must align with national strategies, persist in exploring and innovating, and enhance their investment in research and development. They should focus on innovation and quality and offer a wide range of items to cater to consumers’ diverse needs to gain a competitive edge in the market. It will help them avoid competing with similar products. Large enterprises should leverage their extensive technological expertise and consistently innovate by building upon their existing technology to improve the level of R&D and enhance the core competitiveness of firms in the industry. Small and medium-sized enterprises should evaluate their capacity for growth and determine if they can obtain external technological resources by engaging in technology mergers and acquisitions. It is essential to thoroughly assess the potential risks and advantages of technology M&As and develop a comprehensive M&A strategy that effectively incorporates technology and accelerates technology upgrading smoothly. Also, enhancing the accumulation of financial resources and human capital is imperative. They should exercise stringent control over the allocation of research and development funding, attract exceptionally skilled individuals to increase the scope of corporate knowledge, and strengthen the fundamental competitiveness of firms. In addition, it is crucial to be mindful of market trends and fully comprehend the cutting-edge advancements within the sector. Pharmaceutical enterprises in the central and western regions should enhance their collaboration with external firms that possess robust research and development capabilities, as well as universities and research institutes. By combining industry, academia, and research, they can enhance the existing technology level, breaking through the bottleneck and improving the success rate of technology M&A. At the same time, enterprises should consider improving the welfare treatment of talents and strengthening the training of talents to ensure the long-term development of enterprises.




7 Shortcomings and prospects

This study still has many shortcomings, which may also be worth further exploration. First, this paper only studied the pharmaceutical manufacturing industry in China. Although pharmaceutical manufacturing enterprises are typical representatives of the real economy and high-tech economy, the research object is still limited and can expand the scope of the study to other industries in other countries in the future. Second, due to the availability of data, this paper only considered listed pharmaceutical enterprises, and the phenomenon of technological mergers and acquisitions also exists in non-listed pharmaceutical enterprises. Future research can turn to unlisted companies to fully understand the relationship between technology M&A and firm performance. Third, this paper only analyzes the correlation from the relationship between technology M&A, R&D investment, and firm performance, but in practice, there may be other unobserved factors (such as market competition, managerial decision-making, etc.) affecting firm performance, so it is necessary to explore the correlation analysis more deeply in the future.
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As economic development advances, there is an increasing focus on improving health conditions, making healthcare expenditure a critical issue worldwide. In China, healthcare spending has shown a marked upward trend, highlighting the importance of understanding its underlying determinants to guide effective policy-making. This study introduces the application of an SV-TVP-FAVAR model to examine the drivers of healthcare expenditure in China from 2007 to 2022. The analysis reveals that economic factors, demographic composition, and policy interventions significantly influence healthcare spending dynamics. Economic growth is strongly linked to increased healthcare expenditure, with economic factors having a particularly pronounced impact during periods of prosperity. Although an aging population drives greater demand for healthcare, the growth rate of healthcare spending has not kept pace with demographic aging, especially following China’s economic slowdown. Policy variables present a dual-edged impact: while increased fiscal outlays contribute to budget deficits, limiting the fiscal space for healthcare investment, government emphasis on scientific and technological progress tends to enhance healthcare spending, indicating a synergistic relationship between these areas. Furthermore, the study identifies a prolonged impact of the COVID-19 pandemic on healthcare expenditure, which continues to interact with other driving factors over an extended period. The empirical findings from this research provide crucial evidence to support the development of informed healthcare policies.
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1 Introduction

The nexus between economic development, evolving health consciousness, and the disruptive impact of pandemics has underscored an escalating appreciation for the intrinsic value of health, thereby amplifying efforts aimed at ameliorating health conditions. Healthcare expenditure epitomizes a nation’s commitment to the medical and health sector from a societal standpoint (1, 2), correlating closely with health outcomes such as diminished mortality rates and prolonged life expectancy. Notably, China has experienced a marked surge in healthcare expenditure in recent years. Illustrated in Figure 1, the allocation of public financial resources to healthcare in China surged from 141.885 billion yuan in 2007 to 2,254.200 billion yuan in 2023. Over this period, the growth rate of healthcare expenditure in China peaked at 47.51%, stabilizing below 10% after 2015. The outbreak of the COVID-19 pandemic in late 2019 had profound global repercussions (3, 4). In response to the pandemic’s negative impacts, China’s healthcare expenditure growth surged to 14.31%. The expenditure levels in 2021 remained consistent with those of 2020, and in 2022, the growth rate further increased to 17.38%, significantly outpacing GDP growth during the same period. This trend underscores the Chinese government’s heightened focus on the healthcare sector, robust health measures are essential at every level (5).

[image: Line and area chart depicting data from 2007 to 2022. The yellow area represents fluctuating values, peaking between 2011 and 2013 before declining sharply in 2014 and gradually rising again in 2022. The orange line shows a consistent upward trend over the same period, with values increasing steadily from 2008 to 2022.]

FIGURE 1
 Annual total value of China’s healthcare expenditure (unit: 100 million yuan) and annual growth rate.


China’s fiscal healthcare expenditure primarily focuses on the medical service delivery system, public health service system, and basic healthcare insurance system. In 2009, a new phase of healthcare reform began, with healthcare expenditure surpassing 250 billion yuan, signaling a significant resurgence in government financing in the healthcare sector. This period saw not only rapid expansion in the scale of fiscal healthcare spending but also a shift in investment priorities away from the previously hospital-centric approach. The new healthcare reform plan emphasizes two key aspects of fiscal healthcare expenditure allocation: first, the government’s financial support to enhance healthcare service capacity, directly addressing the issue of “access to care”; second, multi-level fiscal backing aimed at developing a multi-tiered healthcare insurance system to mitigate the challenge of “high healthcare costs.” Despite ongoing challenges in China’s healthcare insurance system, the multi-tiered framework, primarily centered on basic healthcare insurance, is steadily gaining strength. Coverage under employee medical insurance, urban resident medical insurance, and the new rural cooperative medical scheme now exceeds 1.3 billion individuals, achieving a coverage rate of over 95% and establishing it as the world’s most extensive basic healthcare security network.

Previous research has primarily focused on the impact of healthcare expenditure on areas such as population health, life expectancy, and multidimensional poverty. The advent of digital technology (6), however, has brought new perspectives to this field. In particular, the relationship between healthcare expenditure and population health has received significant scholarly attention. Although most existing research suggests strong institutional support for healthcare services leads to better population health outcomes, some studies argue that the relationship between healthcare spending and health improvements remains unclear (7–9), positing potential oversight regarding the long-term ramifications of healthcare expenditure. Despite the recent surge in China’s healthcare expenditure, it remains lower than that of Western developed countries. However, unchecked rapid growth in healthcare spending could intensify economic burdens, potentially surpassing socioeconomic capacity and posing significant challenges to the sustainability of healthcare financing and the long-term development of healthcare infrastructure. Understanding the determinants of healthcare expenditure is therefore crucial for policymakers, as it enables them to grasp the underlying drivers of expenditure fluctuations and assess the varying impacts of different factors, ultimately supporting the formulation of sound and sustainable healthcare policies.

Current research on the determinants of healthcare expenditure spans diverse areas, including demographics, economics, disease epidemiology, education, environmental quality, and atmospheric conditions. These studies have provided valuable insights from various perspectives. However, disparities in healthcare insurance systems, economic development, population demographics, and cultural contexts across countries lead to variations in the factors influencing healthcare expenditure. As a result, there is no standardized approach for assessing the impact of these determinants across different national contexts, and subjective biases may affect the analysis.

Moreover, previous studies have predominantly employed static or relatively static methodologies, such as instrumental variable techniques, generalized autoregressive models, and logistic regression, to investigate the drivers of healthcare expenditure. Yet, healthcare expenditure is subject to fluctuations due to exogenous shocks like health crises or policy reforms. The impact of different determinants on healthcare expenditure is also context-dependent. Therefore, relying on static or relatively static methods may introduce biases, highlighting the need for more dynamic approaches in analyzing healthcare expenditure determinants.

In this vein, this study espouses the SV-TVP-FAVAR model, amalgamating diverse determinants into the analytical framework, encompassing a myriad of variables intrinsic to China’s healthcare expenditure trajectory. Leveraging a factor-augmented approach, it surmounts the limitations inherent in antecedent methodological paradigms concerning extensive data computations. Moreover, this study adopts a dynamic perspective in probing the determinants of healthcare expenditure, spotlighting the disparate impacts engendered by analogous determinant shocks on healthcare expenditure across distinct temporal epochs. This augurs well for judiciously modulating healthcare expenditure levels, thereby ensuring equitable provisioning of fundamental medical and public health amenities to both urban and rural denizens.

The subsequent sections of this manuscript are structured as follows: Section 2 delineates the methodology employed in model construction, while Section 3 furnishes an exhaustive exposition of the pertinent variables. Section 4 undertakes dynamic simulations to elucidate the driving forces behind healthcare expenditure in China. Finally, the concluding section encapsulates the entirety of the paper and proffers policy implications.



2 Methodology


2.1 Model construction

The factors influencing healthcare expenditure (HCE) are often multifaceted, and past research on identifying the drivers of HCE has faced challenges, particularly in accurately isolating the determinants of HCE from a vast array of influencing factors. Additionally, the impact of the same factors on HCE may vary under different economic conditions, necessitating a dynamic perspective when analyzing the drivers of HCE. To address the limitations of previous studies, this paper employs the SV-TVP-FAVAR model to analyze the drivers of China’s HCE. This model, on the one hand, incorporates factor-augmented approaches, enabling the processing of large volumes of information and mitigating the “curse of dimensionality” faced by classical models. On the other hand, its time-varying nature allows for a dynamic analysis of HCE drivers under different economic conditions in recent years, thereby avoiding potential biases from overlooking the time-varying characteristics of HCE drivers in previous studies. This approach is essential for accurately examining the factors influencing HCE.

In order to study the determinants of HCE, we first start with a classic VAR model as shown in Equation 1:

[image: Equation representing a time series model: \( A y_t = \beta_1 y_{t-1} + \cdots + \beta_s y_{t-s} + u_t \), where \( t = s + 1, \ldots, n \).]

Where [image: It seems there was an error displaying the image. Please try uploading the image file directly or provide a URL.] is a [image: I'm unable to generate alt text based on a 1x1 pixel image since it doesn't provide meaningful visual information. Please provide a different image or more context.] vector of observed variables, representing China’s healthcare expenditure (HCE). A is a [image: Mathematical expression showing "l times l" with a multiplication sign between two lowercase letter "l"s.] vector coefficient matrix, [image: Sequence of mathematical symbols: beta one, beta two, continuing with ellipses, beta subscript s.] is also [image: Mathematical expression showing the absolute value of variable \( l \), represented as \(|l|\).]dimensions. [image: The image shows a lower-case italic letter "u" with a subscript "1".] is a disturbance item, which represents an exogenous impact. According to the setting of the classic VAR model (10), A should be a lower triangular matrix. From this, the classic VAR model can be written as follows (11, 12) as shown in Equation 2:

[image: Mathematical expression for a time series model: \( y_t = B_1 y_{t-1} + \cdots + B_s y_{t-s} + A^{-1} \Sigma \varepsilon_t, \varepsilon_t \sim N(0, I_k) \) labeled as equation (2).]

Where [image: Mathematical formula showing \( B_i = A^{-1} \beta_i \), where \( B_i \) is equal to the inverse of matrix \( A \) multiplied by vector \( \beta_i \).], for [image: Mathematical notation showing "i equals one, comma, dot dot dot, comma, s".]. It is evident that the classic VAR model, being a constant-parameter model, is unable to address time-varying issues and typically handles only a limited number of variables. Therefore, it is essential to extend the classic VAR model to better accommodate these complexities.

Where the elements in the matrix [image: Greek uppercase letter Sigma, used in mathematics to denote summation.] are the standard deviations of structural shocks. Define [image: Mathematical expression showing \(X_t = I_k \otimes (y'_{t-1}, \ldots, y'_{t-k})\), where \(I_k\) is the identity matrix and \(\otimes\) represents the Kronecker product.], the model can be rearranged as (13, 14) as shown in Equation 3:

[image: Mathematical equation labeled as equation three: \( y_t = X_t\gamma + A_t^{-1}\Sigma_t\varepsilon_t \).]

[image: It seems you've attempted to include an image, but it hasn't been uploaded. Please try uploading the image again or provide a URL. If you have any additional context or description to include, feel free to add that as well.] is a [image: Mathematical expression: \( k^2 s \times 1 \).] dimension vector composed of [image: Mathematical expression with the letter B, subscript i, and a prime symbol.]. Further, we can define every parameter in the VAR model after finishing as time-varying, then there are Equation 4:

[image: Mathematical equation: \( y_t = X_t \gamma_t + A^{-1} \Sigma \epsilon_t \), where \( t = s+1, \ldots, n \). It is labeled as equation (4).]

Coefficient matrix [image: Mathematical symbol gamma with subscript one, in a serif font style.], parameters [image: The image contains a mathematical notation, "A" with a subscript "t", indicating a variable or element labeled as \( A_t \).] and [image: Uppercase Greek letter Sigma with a subscript lowercase l.] are all time-varying, Let at be a stacked vector of the lower-triangular elements in [image: The image shows the notation "A" subscripted with "t".], and have [image: Mathematical equation showing \( h_{jt} = \log \sigma_{jt}^2 \).], [image: The mathematical notation "j equals one, up to k" is shown, indicating a range of values for j from one to k.], [image: Equation with variables and parameters. It shows "t equals s plus one, comma, up to n."]. All relevant parameters should follow the innovative random walk form as shown in Equation 5:

[image: Mathematical notation showing a set of equations and a covariance matrix. The equations are: \( \gamma_{t+1} = \gamma_t + u_{\gamma t} \), \( a_{t+1} = a_t + u_{at} \), and \( h_{t+1} = h_t + u_{ht} \). The matrix shows that the vector \((\epsilon_t, u_{\gamma t}, u_{at}, u_{ht})\) is normally distributed with mean zero and a covariance matrix containing identity matrix \( I \) and diagonal elements \( \Sigma_{\gamma}, \Sigma_a, \Sigma_h \).]

Where [image: The formula shows \( \gamma_{s+1} \sim \mathcal{N} (\mu_{\gamma 0}, \Sigma_{\gamma 0}) \), indicating that \(\gamma_{s+1}\) is normally distributed with mean \(\mu_{\gamma 0}\) and covariance \(\Sigma_{\gamma 0}\).], [image: Mathematical equation expressing that \( a_{s+1} \) is distributed according to a normal distribution with mean \( \mu_{a0} \) and covariance \( \Sigma_{a0} \).] and [image: The formula shows \( h_{s+1} \sim \mathcal{N}(\mu_{h0}, \Sigma_{h0}) \), indicating a normally distributed random variable with mean \(\mu_{h0}\) and covariance \(\Sigma_{h0}\).], [image: The mathematical expression shows \( t = s + 1, \ldots, n \).]. [image: The image displays the Greek letter mu (μ) followed by a subscript zero.], [image: Greek letter mu followed by subscript a and zero.] and [image: Italic lowercase Greek letter mu followed by subscript h zero.] all come from the OLS estimation of the pre-sample data, [image: Summation symbol followed by gamma subscript zero.], [image: Summation symbol with subscript "a0".] and [image: Summation symbol followed by the subscript "h zero".] all are diagonal matrices. In order to further enable the model to deal with high-dimensional problems, a factor extraction equation is constructed as Equation 6:

[image: Mathematical equation displaying: X sub t equals Psi superscript u v u sub t plus Psi superscript v v sub t plus e sub t, labeled as equation 6.]

[image: Mathematical notation displaying the symbol "X" with a subscript "t".] is [image: Mathematical notation showing dimensions of a matrix or vector, represented as \(N \times 1\), indicating N rows and 1 column.] dimensional information set, cover as many factors as possible that affect China’s HCE. [image: The image shows a mathematical notation: "u subscript v subscript t" indicating a variable with subscripts v and t.] and [image: Formula showing a variable with subscript, represented as "v sub t".] the unobservable part and the observable part, respectively. [image: The Greek letter Psi with superscript u and v.] and [image: Greek letter psi (Ψ) with a superscript letter v.] express the factor loading matrix of [image: A mathematical notation showing an equation in parentheses with the variables \(N\) multiplied by \(L\).] dimension and [image: Mathematical expression showing a matrix with dimensions \(N \times M\).] dimension, [image: Equation showing \( N \gg L + M \), indicating that \( N \) is much greater than the sum of \( L \) and \( M \).], [image: The formula shows epsilon sub t is distributed as a normal distribution with a mean of zero and covariance matrix Omega sub t.]. The extended model is capable of handling high-dimensional data, with all parameters being time-varying, making it more suitable for studying the drivers of China’s healthcare expenditure (HCE).



2.2 Variable selection and data description

As mentioned earlier, the driving factors for healthcare expenditure vary across countries. Therefore, this study selects the potential influencing factors based on the characteristics of China. Compared to other studies, this paper adopts a factor-enhanced approach, which allows for the consideration of more influencing factors and provides a clearer description of the driving factors of healthcare expenditure. Table 1 presents the selected driving factors, which are obtained from the Wind database. Considering that the economy has always been an important factor influencing healthcare expenditure (15), this study selects China’s Consumer Price Index (CPI) and Gross Domestic Product (GDP) as the driving factors for healthcare expenditure in China. CPI measures the degree of inflation, while GDP reflects the overall economic output of a country. Strengthened economic power and increased consumer capacity will promote higher expectations for health among residents. In addition to the economy, population structure is also an important influencing factor for healthcare expenditure (16). As the degree of population aging deepens, healthcare systems face more prominent challenges. Therefore, this study selects the proportion of the population aged 65 and above as a relevant indicator for measuring aging. At the same time, Labor Force (LAB) is selected to measure the actual economic active population in China, providing another perspective to verify the driving effect of population structure-related variables on healthcare expenditure. Policy factors can also significantly influence healthcare expenditure (17). The government can influence a country’s healthcare sector in various ways and plays a leading role in China’s healthcare system. The government’s investment in health reflects its attention to health and people’s livelihood issues. Therefore, this study selects the variables Rev. and STE as proxies for policy factors.



TABLE 1 Descriptive statistics of the main variables.
[image: A table presents variables related to China's economic indicators from 2007 Q1 to 2022 Q4. It includes health care expenditure, consumer price index, GDP growth, demographics of those aged 65 and above, labor force participation, fiscal revenue, and science and technology expenditures. Each variable displays statistics like mean, maximum, minimum, standard error, and median. The sample period is noted for each variable.]

To mitigate the risk of overlooking pertinent variables influencing healthcare expenditure, supplementary factors associated with the aforementioned aspects are integrated into a cohesive analytical framework as background datasets. To circumvent the “curse of dimensionality” stemming from an excessive array of variables, a factor-augmented methodology is employed to manage the related variables. Through this approach, three latent factors are derived, and the posterior mean trends of these factors are depicted graphically in Figure 2. It is discernible that during periods marked by significant economic or policy shifts, the posterior mean trends of the related factors exhibit conspicuous fluctuations. The extracted latent factors serve as proxies capturing the predominant information embedded within the original dataset.

[image: Three line graphs showing trends from 2005 to 2025 for different datasets. Each graph has a peak around 2020, followed by a steep decline. The vertical axes show varying scales for measurement.]

FIGURE 2
 The trend of the posterior mean of the extracted common factors.





3 Empirical results


3.1 An empirical test of the driving factors of HCE in China

Figure 3 elucidates the prospective influence of driving factors on healthcare expenditure in China. Within the three-dimensional depiction, the X-axis denotes the onset time of the shock, the Y-axis delineates the subsequent response period following the shock, each unit representing a quarter, and the Z-axis portrays the intensity of response. The plane defined by XOZ embodies the temporal dimension, signifying the extent of healthcare expenditure response in China triggered by driving factors across distinct temporal epochs. Conversely, the plane delineated by YOZ represents the response dimension, elucidating the reaction of healthcare expenditure in China instigated by driving factors at specific temporal junctures.

[image: Six 3D line graphs showing the impact of various economic factors on HCE over time. Each graph represents a different factor: CPI, Dem, Rev, GDP, LAB, and STE. X-axes represent the years from 2010 to 2020, Y-axes show the factors’ impact on HCE, and Z-axes illustrate the gradual change. The graphs use a color gradient from yellow to red.]

FIGURE 3
 Three-dimensional impulse response of China’s health care expenditure. Note: Each subfigure with the title of “[image: Upward arrow followed by epsilon subscript X transitioning to Y.]” demonstrates the response of variable Y to an orthogonalized positive shock to variable X. One period in the figure denotes one season.


It is evident that various driving factors significantly affect healthcare expenditure in China, with their impacts evolving over time. Prior to 2015, a positive unit increase in the Consumer Price Index (CPI) led to an increase in healthcare expenditure. However, post-2015, this effect became increasingly negative. Since 2020, the response of healthcare expenditure to CPI has shown signs of structural change, characterized by a notably slower convergence rate. Regarding Gross Domestic Product (GDP), an overall increase in GDP generally promotes healthcare expenditure. Nonetheless, the influence of GDP on healthcare expenditure has diminished annually until the COVID-19 pandemic, which triggered a resurgence in GDP’s impact on healthcare expenditure, accompanied by a prolonged response duration.

The impact of the aging index on healthcare expenditure in China reflects a pattern similar to that of CPI, with a pronounced initial effect that diminishes over time, often turning negative. Notably, the influence of the aging index on healthcare expenditure extends beyond the COVID-19 pandemic. Enhanced labor force participation is associated with increased healthcare expenditure, displaying a U-shaped pattern: an initial decline followed by subsequent growth. The response to a positive shock in labor force participation converges relatively quickly. Regarding policy factors, an increase in fiscal revenue leads to a negative reaction in healthcare expenditure, with gradual convergence and structural effects. Conversely, a positive shock in science and technology fiscal expenditures results in an increase in healthcare expenditure, characterized by a slow initial decline, followed by an increase and a relatively swift convergence.

The tridimensional analysis of driving factors reveals that labor force participation and fiscal expenditures on science and technology significantly impact healthcare expenditure dynamics in China. Among economic determinants, Gross Domestic Product (GDP) reflects overall economic output, while the Consumer Price Index (CPI) measures inflationary pressures. In periods of strong economic growth, increased residents’ incomes and greater government capacity to invest in public health lead to higher healthcare expenditure. Furthermore, robust economic conditions enhance consumer spending, causing a positive CPI shock to stimulate healthcare expenditure. However, as the economy stabilizes, the impact of CPI on healthcare expenditure diminishes.

Additionally, with rising life expectancy and declining birth and mortality rates, the proportion of the older adult population continues to grow, intensifying the challenges associated with healthcare expenditure. The global aging trend further exacerbates these challenges in China, as the expanding older adult demographic increases societal burdens and the demand for healthcare services, thereby driving up healthcare expenditure.

Policy dynamics exhibit a complex influence on healthcare expenditure. The government plays a crucial role in shaping public health and influencing the healthcare system. A positive shock in fiscal revenue results in a negative response in healthcare expenditure due to fund reallocation, where increased spending in other sectors reduces available resources for public health. Conversely, higher fiscal allocations to science and technology reflect a period of emphasis on innovation, which often accompanies increased investment in public health. This is evidenced by the significant impact of China’s science and technology expenditures on healthcare expenditure.



3.2 Robustness test

To ensure the resilience and reliability of the empirical findings, a robustness test is conducted to assess the impact of driving factors on healthcare expenditure in China. The primary variable utilized to gauge healthcare expenditure in China is denoted as “Health care expenditure in GDP,” represented by the variable “The personnel expenditure of public health institutions and the sum of public health service expenditures” in the Wind database1. In this examination, the variable “the proportion of healthcare expenditure in GDP (%)” is substituted, and the ramifications of diverse driving factors on healthcare expenditure in China are simulated. The results, depicted in the Figure 4, affirm that the substitution of the variable does not alter the principal conclusions of this study, thus corroborating the steadfastness of the research findings.

[image: Six 3D surface plots showing robustness analysis of factors affecting human capital efficiency over time. Plots display variations from 2010 to 2025, highlighting influences like CPI, Dem, Rev, GDP, LAB, and STE on HCE robustness. Each plot features a color gradient from red to yellow, indicating changes in robustness values across these periods.]

FIGURE 4
 Three-dimensional impulse response of China’s health care expenditure (robustness test). Each subfigure with the title of “[image: An upward arrow followed by epsilon subscript X, a right arrow, and Y.]” demonstrates the response of variable Y to an orthogonalized positive shock to variable X. One period in the figure denotes one season.





4 Discussion

This study contributes to the ongoing debate about the determinants of healthcare expenditure in China, particularly in light of varying perspectives in the literature. While existing research often highlights the positive impact of strong institutional support on population health outcomes, there are contrasting views that question the direct relationship between healthcare expenditure and improvements in health. Our findings align with the nuanced understanding that healthcare expenditure alone does not unequivocally lead to better health outcomes, emphasizing the role of economic, demographic, and policy factors in shaping these dynamics.

Economic growth is a key driver of healthcare spending, especially during periods of prosperity, yet the recent economic deceleration has revealed a disconnect between the needs of an aging population and actual healthcare expenditure. This misalignment suggests that healthcare expenditure must be strategically managed to address the evolving demographic pressures. Furthermore, policy interventions exhibit a dual effect: while increased fiscal spending has strained public budgets, investments in science and technology have positively influenced healthcare expenditure. The lingering effects of the COVID-19 pandemic further complicate the relationship between spending and health outcomes, highlighting the need for a more nuanced and adaptable approach to healthcare policy.

In summary, this study underscores the complexity of the relationship between healthcare expenditure and population health, advocating for a balanced and dynamic approach to policymaking that considers the multifaceted influences of economic, demographic, and policy variables.



5 Conclusion

Based on our analysis, several key conclusions emerge. First, economic development closely influences healthcare expenditure, with the Chinese government’s investments significantly easing population burdens and showing heightened sensitivity during economic upswings. Second, demographic shifts, particularly an aging population, significantly impact healthcare spending. Despite rising demand, expenditure growth has not aligned with aging trends due to economic slowdowns, highlighting the need for targeted government attention. Third, policy interventions have a dual effect: increased fiscal spending can strain budgets, while investment in science and technology often boosts healthcare funding, demonstrating a beneficial interplay. Lastly, the extended impact of the COVID-19 pandemic on healthcare expenditure underscores a more complex, fragile system. The SV-TVP-FAVAR model’s capacity to address time-varying and high-dimensional data is crucial for informing effective policy decisions.

Policymakers should adopt flexible fiscal strategies that balance healthcare spending with economic conditions and address demographic challenges through targeted investments. Emphasizing technological advancements while managing fiscal constraints is crucial. Additionally, robust contingency plans for health crises are essential.

Future studies should use dynamic models to capture time-varying impacts on healthcare expenditure, conduct comparative international research, explore the role of technological innovations, and perform longitudinal analyses to understand long-term effects.
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Footnotes

1   The specialized public health service network in China includes professional service institutions such as disease prevention and control, health education, and maternal and child health care, as well as grassroots medical and health institutions with integrated medical and preventive functions. In urban areas, these are community health service institutions, while in rural areas, they are township health centers and village clinics, collectively forming an interconnected public health service system. Therefore, in this study, the sum of the financial subsidies received by specialized public health institutions and grassroots medical and health institutions is used as a proxy variable for public health expenditure.
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Introduction: As the Chinese government places an increasing emphasis on public fitness services, there has been a concomitant growth in public demand for greater fiscal expenditure in this area. However, in light of the constrained growth in government financial resources, it is of paramount importance to allocate these resources in a rational manner in order to effectively address the public’s fitness and health needs. This study aims to evaluate the efficiency of public expenditure on national fitness services across China, thereby providing valuable insights for policymakers to optimize resource allocation and improve service efficiency.
Methods: The study employs a super-efficiency Data Envelopment Analysis (DEA) model, in conjunction with the Malmquist Index and Tobit regression model, to assess the efficiency of fiscal spending on fitness services in 31 Chinese provinces from 2017 to 2020. The analysis employs both static and dynamic approaches to present an objective view of the development of public fitness service levels across different regions and to empirically identify the key factors influencing fiscal spending efficiency.
Results: The findings indicate substantial regional variations in the efficiency of fiscal expenditure on public fitness services. While some provinces demonstrate high efficiency in the use of public funds, others exhibit notable inefficiencies, particularly in areas with lower levels of economic development and population density. The findings underscore the existence of redundant expenditure and the varying effectiveness of resource utilization across provinces.
Discussion: The study recommends that future strategies prioritize the scientific planning of fiscal inputs into public fitness services, the precise optimization of expenditure structures, the exploration of collaborative supply mechanisms, the expansion of demand-driven feedback channels, the integration of technological innovations, and the acceleration of digitalization in public fitness services.
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1 Introduction

The comprehensive nationwide implementation of physical fitness activities represents a noteworthy innovation within China’s distinctive socialist framework (1). The 20th National Congress of the Communist Party of China explicitly delineated the objectives and responsibilities necessary to establish a modern socialist sports powerhouse, integrating physical fitness public services with pivotal national strategies. This role is of critical importance for the strategic advancement and historical mission of modernizing Chinese sports. The development of a balanced, scientific, and advanced physical fitness public service system not only fulfills the public’s aspirations for a healthy lifestyle but also provides essential support for the construction of a sports powerhouse and a healthier China. The promotion of universal, age-friendly physical fitness services on a national scale represents a pivotal step toward the achievement of modernization and shared prosperity through health investments.

By 2020, China had established a public fitness service system that was consistent with its objective of fostering a moderately prosperous society in all aspects. However, in light of the growing demand for fitness from the population, the inadequacy and imbalance in the provision of public fitness services have emerged as urgent issues that require immediate attention. Subsequently, the “Guiding Opinions on Building a Higher-Level Public Fitness Service System,” issued in 2022 by the General Office of the Communist Party of China and the General Office of the State Council, explicitly emphasized the crucial role of accelerating the modernization of public fitness service governance in developing a more sophisticated public fitness service system (2). The efficiency of public fitness service delivery, as measured by the ratio of national fiscal expenditure to the output of these services, is a critical indicator of the modernization of public fitness service governance. The focus on public expenditure efficiency represents a central theme in both international politics and research. Improving this efficiency is key to directing more resources toward public welfare (3). This is regarded as the optimal strategy for addressing the pressures of economic, demographic, and fiscal challenges (4, 5). As China continues to prioritize and invest in universal public fitness services, the scale of fiscal expenditures in this area has progressively increased. Nevertheless, a more comprehensive investigation is necessary within the academic community to gain a comprehensive understanding of the efficiency of these services, the factors influencing it, and the optimal strategies for utilizing limited financial resources to enhance service efficiency.



2 Literature review

The efficiency of financial expenditures on public fitness services serves as a pivotal indicator of the modernization of public fitness service governance. It elucidates the relationship between national financial expenditures and the output of these services. A comprehensive and objective evaluation of the supply efficiency of public fitness services across diverse Chinese provinces, cities, and autonomous regions, coupled with an in-depth examination of the factors influencing this efficiency, is vital for enhancing the quality and scope of public fitness services. The objective of these initiatives is to ensure the fulfillment of the fitness and health needs of the population. As the state places increased emphasis on the domain of sports public services, a multitude of policies and regulations have been enacted, attracting significant scholarly interest in topics such as the efficiency of sports public services and government performance evaluations.

Researchers have employed a variety of methodologies and models to facilitate comprehensive discussions and analyses. The extant body of research can be broadly categorized into three dimensions: In the initial stages of research, the focus was on developing an evaluation index system for sports public services. This objective was accomplished through the construction of index systems employing factor analysis, data envelopment analysis (DEA), the integration of the Balanced Scorecard (BSC) with the Analytic Hierarchy Process (AHP), Delphi development techniques, and radar analysis methods. These studies were followed by empirical studies (6–10). Subsequently, researchers employed multivariate statistical analysis methods to assess the levels of efficiency in the supply and expenditure of sports public services. The fundamental DEA model was utilized to assess the efficiency of sports public services or resource allocation at the provincial and municipal levels, indicating relatively low input–output efficiency (11–16). Moreover, innovative applications and methods have been documented, including the combination of DEA with exploratory spatial data analysis to evaluate efficiency output levels and spatial distribution (17–19), the integration of DEA with the Malmquist model for a comprehensive evaluation of financial inputs into sports public services (20, 21), and the employment of DEA and Tobit models to explore the factors influencing public sports services (22, 23). Furthermore, impact of alterations in relative technical efficiency on the efficacy of sports public expenditure in EU countries has been investigated (24). Additionally, Shao and Bo’s (2022) proposal of an intelligent evaluation method for public sports services based on the theory of intuitionistic fuzzy sets has been considered, which markedly enhances the reliability of these assessments (25). The DEA model has been extensively in a variety of sectors, including healthcare, where it has been utilized to assess the efficiency of hospitals and other healthcare providers. These studies underscore the model’s versatility and its capacity to accommodate a multitude of inputs and outputs, thereby rendering it a valuable instrument for assessing public service efficiency (26, 27). In the context of public fitness services, the application of DEA allows for a comprehensive evaluation of resource allocation and service delivery across different regions, which is crucial for understanding and addressing regional disparities. The DEA-Malmquist-Tobit model has gradually become a significant tool for measuring the combination of static and dynamic data and analyzing the influencing factors of panel data. The Malmquist index model has become a standard DEA method for measuring dynamic productivity due to its numerous advantages (28). The Tobit model is employed to address the issue of truncated data in efficiency evaluation, with the aim of estimating the contribution degree of variables to efficiency and subsequently analyzing the influencing factors (29). Previous studies have demonstrated the efficacy of integrating the Malmquist Index and Tobit models for the analysis of public service efficiency in diverse contexts, including healthcare and sports (30, 31). These studies have demonstrated the effectiveness of the models in capturing both the temporal dynamics of efficiency and the influence of external factors. By building on these methodologies, our study makes a contribution to the existing literature by applying this combined approach to the evaluation of public fitness services, offering new insights into the factors driving efficiency in this sector.

However, the majority of studies have concentrated on the fundamental, unchanging DEA model, which is unable to assess the efficiency of multiple units and disregards the dynamic evolution of performance trends. This paper diverges from the conventional focus on the fundamental DEA model and a static viewpoint by developing an evaluation metric for financial investment in public fitness services in China, utilizing provincial panel data from 2017 to 2020. The Super-Efficiency DEA-Malmquist-Tobit Model was selected for its capacity to account for regional heterogeneity in economic development and public service efficiency. This model permits a comprehensive examination of both static and dynamic efficiency, facilitating the identification of factors that contribute to efficiency variations across different provinces. The incorporation of the Tobit regression enables a more nuanced examination of the influence of these factors on efficiency scores, addressing the particular challenges posed by the heterogeneous economic contexts within China.


2.1 Theoretical foundation

It can be argued that public fitness services, which are crucial for satisfying the population’s fitness demands, are fundamentally characterized by their public welfare orientation. As the primary provider, the government ensures universal and equitable access to sports by offering a range of venues, facilities, events, fitness guidance, and other related services. In general, when a country’s per capita GDP reaches the moderately developed level, there is a greater propensity for fiscal expenditure to be allocated to public services such as public culture and social welfare (32). As the primary provider, the government bears the responsibility of ensuring that all citizens have access to universal and equal national fitness services, as well as the protection of their rights (33). In accordance with the public needs theory, the government is responsible for providing public goods in order to meet the needs of the public (34, 35). It is therefore expected that government-provided fitness services will be non-discriminatory, ensuring that all citizens are accorded equal access. However, due to the heterogeneity of inter-regional economic development in China, there are differences in financial expenditure and the total output of public fitness service supply for all. It is not feasible for all local governments to provide the same amount of public fitness services. Nevertheless, it is necessary to ensure the efficiency of financial expenditure, regardless of the amount, so that the financial expenditure of “less money, more work” can further improve the quality of national fitness public services. This theory provides a framework for evaluating the efficiency of public fitness services, emphasizing the importance of meeting public demand through effective and equitable resource allocation. In the context of this study, the theory is applied to evaluate the extent to which public fitness services align with these principles across different regions of China. However, the considerable heterogeneity in regional economic development across China has resulted in notable discrepancies in both the financial expenditure and the overall volume of public fitness services (21). Such disparities are influenced by a number of factors, including the allocation of funding for sports and the institutional frameworks in place. Moreover, there is an increasing public demand for more effective and comprehensive fitness services. It is therefore of the utmost importance to ensure the efficiency of financial expenditure. In order to significantly enhance the quality of public fitness services, it is essential to achieve the objective of “more with less.”



2.2 Research hypothesis

This study employs the Tobit model to identify the primary factors influencing the efficiency of fiscal expenditures on China’s national fitness public services, analyzing the impacts from social, economic, and cultural perspectives. In light of the extant literature and the distinctive characteristics of China’s national fitness public services, it is hypothesized that factors such as the level of economic development, population density, government size, and educational level significantly affect the efficiency of these fiscal expenditures. The specific hypotheses are outlined below.


H1: There is a positive correlation between the level of economic development and the efficiency of public expenditure on comprehensive fitness public services (15, 36–38). The analysis employs provincial gross domestic product (GDP) as a proxy for economic development. The majority of existing research indicates a positive correlation between economic development and service efficiency. Therefore, this study proposes that elevated levels of economic development enhance the government’s capacity to improve service efficiency. Nevertheless, the distribution of resources without regard for efficiency and the potential for wasteful expenditure could result in inefficiencies.
H2: There is a positive correlation between population density and the efficiency of public expenditure on comprehensive fitness public services. The number of individuals per square kilometer within each province serves as a proxy for population density. It is proposed that a higher population density may result in reduced costs associated with government management and supervision, thereby enhancing expenditure efficiency due to economies of scale (15, 39). Nevertheless, some academic perspectives propose a negative correlation between population density and service efficiency. These perspectives suggest that denser populations may result in overutilization and increased operational costs (37, 40). This hypothesis posits that a higher population density is associated with increased utilization rates of fitness services, which in turn facilitate resource access and reduce management costs.
H3: The greater the size of the government, the lower the efficiency of public expenditure on comprehensive fitness public services. n this study, the ratio of government consumption expenditure to GDP as a measure of government consumption scale. The relationship between government size and fiscal expenditure efficiency is a topic of contention in the academic literature. Marlow proposes that the efficacy of local government fiscal policies is inextricably linked to the congruence between public service supply and demand (41). Gordon, however, suggests that local government fiscal policies might result in external costs due to the potential for competitive rivalry among governments to reduce public service efficiency (42). Oates posits that fiscal policies exert a positive influence on the efficiency of public services. In the context of public cultural services, a larger government size is often associated with a reduction in the efficiency of fiscal expenditures (43, 44). Accordingly, the hypothesis put forth is that a larger government size impedes efficient fiscal management in public services.
H4: It is posited that the greater the level of education in a given region, the more efficacious the expenditure on comprehensive fitness public services. The hypothesis that the educational level, indicated by the proportion of the population with a specialized degree or above, is positively correlated with government financial efficiency (12, 45). However, some contest this correlation (37). This hypothesis posits that a higher proportion of the population with a university degree or above will result in greater awareness of sports activities, a higher demand for comprehensive fitness services, and an enhanced capacity for public engagement in governmental feedback and oversight. Consequently, this will result in an enhancement of governmental performance.






3 Materials and methods


3.1 Materials


3.1.1 Evaluation index selection

The indicators selected for this study are primarily drawn from the “Sports Industry Statistical Yearbook,” a publication compiled by domestic scholars and the National Sports Bureau’s Economic Department. Based on an extensive review of the literature and data from the Economic Department of the General Administration of Sport of China, the Statistical Yearbook of China’s Sports Industry was compiled. This was combined with data from China’s national fitness public service to create a comprehensive study of 31 provinces, which were considered as decision-making units. The focus of the study was on the efficiency of financial expenditures on comprehensive fitness public services. In the context of comprehensive fitness public services in China, the outputs are closely related to factors such as the area of sports venues, the number of sports organizations and the availability of guidance services, as well as participation in mass sports activities (46). As comprehensive fitness public services are not itemized separately in financial expenditures, this paper employs findings from existing research to inform the selection of indicators based on data availability. The inputs and outputs selected for the DEA model were based on an extensive literature review and reflect the specific characteristics of public fitness services in China. The input indicators are comprised of two elements: per capita financial expenditure on comprehensive fitness public services (X1) (13, 22, 47) and the proportion of comprehensive fitness service expenditure within local financial budgets (X2) (13, 22, 36). The output indicators are as follows: the per capita area of sports venues (Y1) (13, 22, 48), the number of social sports instructors per 10,000 people (Y2) (11, 22), the number of sports social organizations per 10,000 people (Y3) (11, 13, 47), the number of mass sports activities conducted (Y4) (49, 50), and the proportion of the population regularly engaged in physical exercise (Y5) (11, 13, 15). The aforementioned indicators which are commonly used in similar studies to evaluate the efficiency of public services (11–16, 21, 37), and collectively constitute an evaluation index system for assessing the efficiency of comprehensive fitness public services, as shown in Table 1.



TABLE 1 Evaluation indicators.
[image: Table depicting categories of indicators related to sports services. Input indicators include financial expenditure with specific indicators like per capita financial expenditure on public fitness (X1), and percentage of fiscal expenditure (X2). Output indicators cover area of sports fields (Y1), guidance services for sports organizations with numbers of instructors (Y2) and organizations (Y3), and mass sports participation, with activities conducted (Y4) and population engagement (Y5). Definitions and units like CNY, percentage, square meters, and occurrences are provided for each.]



3.1.2 Data sources

The data used in this study were mainly obtained from the “China Statistical Yearbook,” the “Sports Industry Statistical Yearbook,” and data provided by the National Bureau of Statistics, as well as the official websites of provincial sports bureaus (including municipalities and autonomous regions, but excluding Hong Kong, Macau, and Taiwan). The study covers the period from 2017 to 2020 and includes data from 31 provinces. Missing data were interpolated using the mean value method.




3.2 Methods


3.2.1 Super efficiency DEA model

Data Envelopment Analysis (DEA) is a nonparametric method based on in linear programming that is used to assess relative efficiency (51). The traditional DEA models, specifically the CCR (52) and BCC (53) frameworks, serve as the foundation for this methodology. A number of scholars have extended these models to address a variety of research objectives, with the super-efficiency model representing a significant advancement. This model addresses the problem in conventional DEA frameworks where multiple Decision-Making Units (DMUs) are simultaneously considered efficient, each achieving an efficiency score of unity. This makes it difficult to make meaningful comparisons of their efficiency levels.

The input-oriented super-efficiency DEA model, proposed by Andersen and colleagues in 1993, differentiates DMUs by evaluating each unit in the context of an efficiency frontier formed by the other units, thus excluding the unit being evaluated (54). This approach allows efficiency scores to exceed unity, thus allowing differentiation through numerical comparisons between DMUs. It is worth noting that the efficiency scores of DMUs identified as inefficient remain unchanged, thus ensuring consistent assessments across the board. The super efficiency DEA model formula (55) is as follows:

[image: Mathematical expression for an optimization problem: minimize theta subject to the summation from j equals one to n, excluding k, of X sub j times lambda sub j is less than or equal to theta times X sub k.]

[image: Mathematical equation showing the summation from j equals one to n, excluding k, of Y sub j times lambda sub j is greater than or equal to Y sub k.]

[image: Lambda sub j is greater than or equal to zero, where j equals one, two, up to n.]

Where X represents the input index, Y represents the output index, and θ represents the super-efficiency value. When we evaluate the relative efficiency of the kth DMU, the ideal output Y of the DMU can be expressed as all k DMUj except the input and output of the kth DMU (j = 1,2,…,k) of linear combinations.

An illustrative example of this principle is the use of an input-oriented radial traditional CRS model. To illustrate, if DMUs A, B, and C are efficient and form the efficiency frontier, the analysis of DMU B would involve projecting it onto the frontier segment AC to determine point B′. The superior efficiency of B compared to B′ is quantified by the ratio of OB’ to OB, as shown in Figure 1.

[image: Graph showing a triangular region with points A, B, and C connected by solid lines, and a dashed line from A to the origin O. Additional points D, B', and E are plotted outside the triangle. The axes are labeled x2/y and x1/y.]

FIGURE 1
 Schematic diagram of the super-efficiency model.




3.2.2 Malmquist index model

The concept of total factor productivity change (TFPC), which represents improvements in technological innovation and technical efficiency, was originally introduced by Solow (56). The Malmquist index model, developed from the DEA framework, is a well-known method for calculating TFP and has been extensively used in studies by Caves and others (57, 58). TFPC estimates are derived by using distance functions to quantify both Technical Efficiency Change (TEC) and Technical Progress Change (TPC), thereby elucidating the evolving dynamics in the provision of comprehensive public fitness services.

In this context, TPC represents the degree of technological advances or breakthroughs that occur between successive time periods. Conversely, TEC represents the effectiveness of resource allocation strategies. The decomposition of TEC into Pure Technical Efficiency Change (PTEC) and Scale Efficiency Change (SEC) is of paramount importance for a dynamic study of input–output efficiency. PTEC, by isolating the impact of scale, reflects adjustments in input intensity and provides insights into the administrative efficiency in delivering public fitness services. Conversely, SEC serves as a central metric for assessing whether changes in the scale of inputs are consistent with the optimal scale of production, thereby ensuring the scalability of resources.

In the Malmquist index model, the following symbols are employed to denote the distance function, input values, and output values, respectively, for a given time period:

[image: Formula representing total factor productivity change, denoted as TFPC, equals function M of variables X sub t, Y sub t, X sub t plus 1, and Y sub t plus 1.]

[image: Mathematical equation featuring a fractional expression inside parentheses. On the left side of the multiplication symbol, the fraction has variables D sub t+1 of (X sub t and Y sub t) over D sub t+1 of (X sub t+1 and Y sub t+1). On the right, it has D sub t of (X sub t and Y sub t) over D sub t of (X sub t+1 and Y sub t+1). The entire expression is raised to the power of one-half.]

[image: Mathematical expression showing a fraction and product combination. The main fraction has a numerator of \(D_{t+1}(X_t, Y_t)\) and a denominator of \(D_{t+1}(X_{t+1}, Y_{t+1})\). This is multiplied by a complex expression in parentheses, raised to the power of one-half, involving a series of fractions with terms \(D_{t+1}\) and \(D_t\) over different variables.]

In the Malmquist index model, Dt, Xt, and Yt denote the distance function, input values, and output values, respectively, for a given time period t. The TFPC quantifies the change in productivity of a DMU from period t to t + 1. A TFPC value exceeding 1 signifies an enhancement in the level of supply, reflecting a favorable trajectory. Conversely, a TFPC value below 1 indicates a decline, suggesting a downward trend in the level of supply of national fitness public services. This metric is pivotal for evaluating temporal shifts in productivity and the adequacy of service supply in the context of national fitness services.



3.2.3 Panel data Tobit model

The super-efficiency DEA framework allows the quantification of efficiency in the provision of national fitness public services across regions, resulting in discrete efficiency scores. Nevertheless, the model does not account for factors that are not directly related to inputs and outputs. Ordinary least squares (OLS) regression is the conventional tool for coefficient analysis. However, its applicability is constrained when confronted with discretely valued dependent variables, which can potentially lead to biased and inconsistent parameter estimates (59). To address this challenge, Tobin proposed a truncated regression model, replacing the ordinary least squares method with maximum likelihood estimation, known as the Tobit model (29). To address this gap, this study employs the Tobit model, which incorporates variables from social, economic, and cultural dimensions, with the aim of analyzing the main determinants affecting the efficiency of national fitness service supply. The Tobit theoretical model offers several advantages over other models. The model is designed to account for the inherent complexity of the national fitness public service system, which is predominantly government-supplied and encompasses a multitude of domains. This addresses issues related to singular inputs and multiple outputs. Secondly, the estimation methods employed in the Tobit model are designed to minimize bias. Finally, the Tobit model addresses truncation issues within the performance distribution, thereby facilitating a more accurate analysis of influential factors. Although the Tobit model is commonly used for the analysis of censored data, it is not without limitations in this context. This is particularly true given that the efficiency scores generated by the super-efficiency DEA model are not capped at 1. To address this issue, we conducted a series of diagnostic tests to ensure that the model’s underlying assumptions were met. Our findings indicated that the Tobit model was an appropriate choice for our analysis. Notwithstanding these limitations, the Tobit model remains an appropriate choice for examining the factors influencing efficiency scores in this study due to its capacity to accommodate the truncated nature of the dependent variable. Therefore, the efficiency score was selected as the dependent variable for the Tobit model because it directly reflects the relative efficiency of public fitness services across different provinces. In contrast to TFPC, which assesses changes over time, the efficiency score offers a more immediate evaluation of resource utilization, making it the most pertinent metric for our research objectives. This choice allows for a more precise analysis of the factors influencing current efficiency levels, which is central to the study’s aim of improving resource allocation in public fitness services.




3.3 Statistical analyses

The empirical work entailed the collection of panel data from 31 Chinese provinces over the period spanning 2017 to 2020. The inputs and outputs for the DEA model were carefully selected with great care, based on an analysis of existing literature and an examination of the specific characteristics of public fitness services in China. The initial phase of the statistical analysis is to verify that the collected data encompasses all DMUs relevant to the efficiency evaluation, thereby ensuring both completeness and accuracy. In order to facilitate the comparison of data sets with varying units and magnitudes, it is essential to standardize the data. Any missing values are interpolated using the mean value method. Moreover, to guarantee the rationality of the evaluation criteria, a correlation test is performed to confirm the positive correlation between input and output indicators, which is a prerequisite for the super-efficiency model. The initial evaluation of the static comprehensive efficiency of financial expenditures on comprehensive fitness public services is conducted using the Super Efficiency DEA model. Subsequently, the Malmquist index model is employed to assess the dynamic TFPC and its decomposition indicators, with a particular focus on the contributions of technological progress and efficiency changes to the overall productivity variation. Furthermore, Tobit regression was utilized to examine the variables affecting efficiency, considering the truncated nature of the efficiency scores. The following subsections provide detailed descriptions of the data sources, variable definitions, and model specifications.




4 Results and discussion


4.1 Efficiency measurement of fiscal expenditure on national fitness public services


4.1.1 Static efficiency measurement based on the super efficiency model


4.1.1.1 Correlation analysis among indicators

This stage involves the calculation of Pearson correlation coefficients, the results of which are presented in Table 2. The indicators demonstrate a significant correlation, thereby confirming the appropriateness of the selected evaluation metrics for the super-efficiency model.



TABLE 2 Correlation test between input indicators and output indicators.
[image: Correlation matrix displaying relationships between variables X1, X2, X3, X4, X5, X6, X7, Y1, Y2, Y3, Y4, and Y5. Significant correlations are noted with asterisks: single asterisk denotes p<0.05, and double asterisks indicate p<0.001. Correlation values vary, with notable pairs like X2 and X1 at 0.804**, and Y5 and Y4 at 0.568**.]



4.1.1.2 An analysis of the efficiency of financial expenditure on comprehensive fitness public services

The super-efficiency DEA model was applied to evaluate the efficiency of financial expenditure on comprehensive fitness public services at the provincial level in China. The results are presented in Table 3. The mean comprehensive efficiency score was found to be 0.62, indicating a general inefficiency (θ < 1) in the allocation and utilization of financial resources This highlights the urgent necessity for improvements in financial efficiency at the provincial level.



TABLE 3 Fiscal expenditure efficiency of national fitness public services in 2017–2020.
[image: A table shows data on various provinces from 2017 to 2020, including an average column. Provinces like Beijing, Shanghai, and Guangdong are listed with numerical values for each year, reflecting trends over time. The average values vary by province, with Jiangsu having the highest average at 1.17. The overall average across all provinces and years is 0.62.]

A comprehensive analysis of the data indicates a significant discrepancy in efficiency levels across provinces. It is noteworthy that five provinces—Shanghai, Jiangsu, Zhejiang, Anhui, and Xinjiang—achieved an efficiency rating of θ ≥ 1, with Jiangsu reporting the highest rating of θ = 1.17. These findings indicate that these provinces are effectively utilizing their fiscal resources. In contrast, the majority of provinces exhibited an efficiency score below 1, indicating that there is significant potential for improvement. Specifically, 34.5% of the provinces, including Chongqing and Jilin, exhibited efficiency values between 0.6 and 1 (0.6 ≤ θ < 1). It seems probable that this group represents regions where economic constraints necessitate relatively efficient fiscal management despite limited resources. Conversely, 48.4% of provinces, including major economic centers such as Beijing, Tianjin, and Hebei, exhibited efficiency values below 0.6 (θ < 0.6), indicating a classification of inefficiency. This inefficiency may be attributed to potentially lax management practices or an inefficient allocation of resources, which overshadow their high input–output ratios in comprehensive fitness public services.

Moreover, an examination of the data from multiple years reveals a complex trajectory. Notably, regions such as Tianjin and Hebei have exhibited a gradual improvement in efficiency, whereas Beijing and Chongqing have demonstrated a decline.




4.1.2 Dynamic efficiency measurement based on the Malmquist index model


4.1.2.1 Overall analysis

From a time series perspective, the Malmquist Index, representing the TFPC of financial expenditures on comprehensive fitness public services in China from 2017 to 2020, records an average value of 1.076 (see Table 4). The index indicates that the level of comprehensive fitness public services in China has exhibited an upward trend, with an average annual growth rate of 0.76%. It is noteworthy that the detailed metrics for the period from 2017 to 2020 indicate that the annual growth rate of PTEC is 0.16%, while SEC has experienced negative growth. This indicates that the expansion of TEC is predominantly attributable to enhancements in PTEC, rather than to increases in scale.



TABLE 4 Malmquist index of fiscal expenditure on national fitness public services in China from 2017 to 2020.
[image: Table displaying efficiency changes from 2017 to 2020. Columns include TEC, TPC, PTEC, SEC, and TFPC. TEC values rise from 0.926 to 1.029, averaging 1.012. TPC decreases to 0.963 before increasing to 1.110, averaging 1.063. PTEC increases to 1.067, then decreases to 1.040, averaging 1.016. SEC starts at 0.980, peaks at 1.019, then drops to 0.989, averaging 0.996. TFPC grows from 1.042 to 1.143, averaging 1.076. Definitions included below.]

The mean value and average annual growth rate of the Malmquist Index are 1.076 and 0.76%, respectively. While these figures indicate growth, they are relatively modest and underscore the substantial potential for enhancing efficiency of financial expenditures on comprehensive fitness public services in China. The period from 2017 to 2019 was distinguished by a fluctuating upward trend, with the primary influence being the negative growth in TPC. However, there was a notable positive increase in TPC from 2019 to 2020, indicating an encouraging upward trend and underscoring the impact of TPC on TFPC.

The observed trends in dynamic efficiency trends are closely associated with policy changes that occurred during the study period. For example, the observed increase in efficiency in certain provinces coincides with the implementation of targeted fiscal policies designed to enhance the delivery of public services. Conversely, the observed decline in efficiency in other regions may be attributed to policy shifts that resulted in reduced funding or a shift in the focus of public fitness programs. A detailed examination of these policy changes will facilitate a more nuanced understanding of their influence on efficiency and enable the identification of strategies for maintaining or enhancing service delivery in the future. In conclusion, the dynamic efficiency of financial expenditures on comprehensive fitness public services in China is influenced by both PTEC and TPC. This dual influence demonstrates the complexity of the factors at play and underscores the necessity for targeted strategies to enhance both the technical efficiency and technological progress underlying the provision of these services.



4.1.2.2 Specific analysis

As detailed in Table 5, the decomposition of TFPC and its annual dynamic efficiency indicates that the TFPC values for 26 provinces exceed 1, accounting for 83.87% of the total. This suggests that there has been an improvement in TFPC across the majority of provinces. In contrast, the TFPC values for 15 provinces are below the mean, representing 48.38% of the total. This underscores the necessity for targeted efficiency enhancements in these areas.



TABLE 5 Malmquist index of fiscal expenditure on national fitness public services in various provinces from 2017 to 2020.
[image: Table displaying various efficiency metrics for different Chinese provinces. Columns include TEC, TPC, PTEC, SEC, and TFPC. Each row shows values for one province. At the bottom, the average is listed for each column.]

The annual growth rate of TFPC for comprehensive fitness public services stands at 0.76%. However, the growth of PTEC is relatively low and unstable, coupled with an annual negative growth in SEC of 0.4%. These figures indicate significant variations in TPC among provinces, underscoring the necessity for more precise investments in comprehensive fitness public services to promote technological advancement and enhance the scientific level of supply services. This is particularly important given the observed reduction in inputs and lower efficiency in resource allocation.

In terms of provincial performance, the TFPC for 15 provinces, including Hebei, Henan, Sichuan, Yunnan, and Guangxi, is below the average. This is attributable to diminished expenditure efficiency, which is predominantly shaped by PTEC and SEC challenges. Conversely, provinces such as Jilin, Hubei, and Guangdong are subject to the efficiency of TPC. Moreover, provinces such as Beijing, Tianjin, and Shaanxi are affected by an excessive scale, which has resulted in a reduction in efficiency. The considerable regional disparities in efficiency can be attributed to a number of factors, including differences in economic development, population density, and the policies enacted by local governments. For example, provinces such as Jiangsu and Zhejiang, which have higher economic growth rates, exhibit higher efficiency scores due to more effective resource allocation and more developed infrastructure. In contrast, provinces such as Gansu and Qinghai exhibit lower efficiency scores, which may be attributed to constrained financial resources and less efficacious governance structures. The case studies demonstrate the necessity for bespoke policy interventions that take into account the distinctive challenges faced by each region.





4.2 Analysis of factors influencing the efficiency of fiscal expenditure on national fitness public services

In accordance with the formulated research hypotheses regarding influencing factors, descriptive statistics were performed on the variable indicators, with the results presented in Table 6. The efficiency values derived from the super-efficiency DEA model exhibit a merging-sorting characteristic. To gain further insight into the efficiency of fiscal expenditure on national fitness public services in China, randomness tests were conducted using panel data, as illustrated in Table 3. The Hausman test was employed to ascertain the suitability of employing either a fixed effects model or a random effects model. Subsequent to the acceptance of the null hypothesis in the test results, the random effects model was adopted, thereby confirming that the foundational assumptions of this model were met. Subsequently, a panel data Tobit random effects model was implemented, structured as follows:

[image: Equation representing a panel data model, \( y_{it} = \alpha + \beta X_{it} + \mu_i + \xi_{it} \), with indices \( i = 1, 2, \ldots, n \) and \( t = 1, 2, \ldots, T \).]

In this context, the variable i represents the cross-sectional individual, while t represents time. yi represents the efficiency score θ, α is the constant term, Xit denotes the variables of influencing factors, β is the coefficient of the influencing factor, μi is the random variable, and ξit is the random disturbance term.



TABLE 6 Descriptive statistical analysis of variables.
[image: Table displaying various statistics for four variables: Regional GDP, Population density, Ratio of government consumption expenditure, and Proportion of population with college degree or above. Statistics include mean, standard deviation, maximum, and minimum values for each variable.]

To ensure the robustness of the Tobit model was robust, a unit root test was conducted, necessitating the application of logarithmic transformations to the variable data in order to address issues of heteroskedasticity. Two models were developed. Model 1 is a Tobit model that incorporates random effects, while Model 2 is a conventional random effects model that serves as a validation step following the exclusion of variables that were found to be insignificant in Model 1. The analytical results, as illustrated in Table 7, offer insights into the dynamics of the factors influencing the efficiency of fiscal expenditures.



TABLE 7 Tobit regression analysis of the efficiency of financial expenditure on comprehensive fitness public services from 2017 to 2020.
[image: Comparison table showing two models with variables, ratios, and p-values. Model 1 has regional GDP ratio 0.0402, p-value 0.000000190, population density ratio 0.00139, p-value 0.0000430, college degree ratio -0.518, p-value 0.705, tertiary education ratio -0.889, p-value 0.58, log-likelihood -16.962579, and Rho value 0.6907944. Model 2 has regional GDP ratio 0.0266, p-value 0.000000203, population density ratio 0.00137, p-value 0.0000804, college degree ratio -0.83, p-value 0.622, tertiary education ratio -0.75, p-value 0.681, log-likelihood -17.480463, and Rho value 0.6406089.]


4.2.1 Analysis of individual effect variance

The rho value, which represents the ratio of individual effect variance to total variance, indicates values of 0.690 and 0.640 for the two models, respectively. A comparison of these values with the log-likelihood values indicates that there is no significant difference between the models. This suggest that individual effects do not play a significant role in explaining the observed variations in efficiency across the 31 provinces and cities.



4.2.2 Comparison of log-likelihood values

A comparison of the log-likelihood values between the two models reveals no significant differences, thereby confirming the effectiveness of both models in analyzing the efficiency factors. The results demonstrate that both models indicate a significant influence of regional GDP and population density on the efficiency of financial expenditure on comprehensive fitness public services (p < 0.01). These findings lend support to Hypotheses H1 and H2, indicating that higher levels of economic development and population density are positively correlated with service efficiency. This finding is consistent with those of previous studies and lends support to the theory that denser populations result in reduced input costs and enhanced efficiency (15, 39). However, in provinces or cities with high economic development or large population densities, variations in low efficiency may be attributed to excessive investment funds, which may result in redundancy and lower resource efficiency.



4.2.3 Analysis of government consumption expenditure and educational attainment

Neither the share of government consumption expenditure nor the level of education has a significant impact on the efficiency of comprehensive public services, leading to the rejection of hypotheses H3 and H4. The lack of impact of government consumption expenditure on service efficiency may be due to administrative consumption control measures aimed at preventing excessive government size and resource waste. In addition, the representativeness of the educational attainment data from the National Bureau of Statistics may not fully reflect the educational level of the population, possibly contributing to the insignificant results.





5 Strength and limitations

The construction of a super-efficiency DEA-Malmquist model and the utilization of the Tobit model provide comprehensive insights into the fiscal expenditure efficiency of China’s national fitness public services. In particular, the Tobit model provides valuable quantitative guidance for policymakers through its marginal effect analysis, showing both positive and negative effects on fiscal efficiency.

While the Tobit model is instrumental in analyzing fiscal efficiency and dealing with censored dependent variables, it primarily facilitates correlation analysis and is limited in its ability to establish causality. The assumptions of the Tobit model may also simplify the complexities of the real world, making it difficult to deal with non-linear relationships or complicated interaction effects. These issues are critical for practical fiscal efficiency analysis and require further theoretical and empirical validation.



6 Conclusion and policy recommendations


6.1 Conclusion

The basic goal of constructing a higher level of national fitness public service supply and balance is to improve the efficiency of fiscal spending. In 2022, the General Office of the Central Committee of the Communist Party of China and the General Office of the State Council issued “Opinions on Building a Higher Level of National Fitness Public Service System.” This initiative aims to improve people’s physical fitness and operate a more efficient national fitness public service system. Based on the theoretical foundation of the super-efficiency DEA-Malmquist model, this study evaluates the efficiency of fiscal expenditure on national fitness public services in China’s 31 provinces from both static and dynamic perspectives and analyzes significant influencing factors such as economic development level and population density. Key findings from the empirical research using the Tobit random effects model include:

	1. General Inefficiency: From 2017 to 2020, the efficiency of fiscal expenditure on national fitness public services averages 0.62, indicating a general inefficiency in which fiscal funds are not fully utilized. There is a notable disparity among provinces, with only five provinces achieving an effective status, led by Jiangsu Province with the highest efficiency score.
	2. Dynamic Efficiency Trends: The Malmquist index shows an annual increasing trend in fiscal expenditure efficiency, albeit at a relatively low rate of 0.76%. The dynamic increase is mainly influenced by changes in PTEC and TPC.
	3. Influencing Factors: Regional GDP and population density significantly influence the efficiency of fiscal expenditure, with both showing a strong positive correlation. This confirms the hypotheses that economic development and population density are crucial for improving service efficiency.



6.2 Policy recommendations

Based on the study’s conclusions, several policy recommendations are proposed to improve the efficiency of fiscal spending and the delivery of national public services:

1. Strategic Fiscal Planning: Align fiscal investment with the needs for sports development needs and increase the proportion of fiscal expenditure dedicated to national fitness within the sports industry. Adjust fiscal investment based on economic development and public demand for sports in different regions to promote equitable development among provinces.

2. Optimization of Fiscal Expenditure Structure: Address inefficiencies in the fiscal management of the sports industry by optimizing the structure of fiscal expenditure, improving the utilization of financial resources, and ensuring the effective allocation of national fitness resources.

	3. Collaborative Supply Mechanisms: Enhance the participation of social capital in national fitness services through competitive mechanisms and modern resource allocation methods such as BOT (Build-Operate-Transfer) and PPP (Public-Private Partnerships), aiming to improve the PTEC and TPC of resource allocation.
	4. Digital Development and Demand-Oriented Services: Accelerate the digital development of national fitness services, build an integrated national fitness smart sharing cloud platform, and establish a demand-oriented feedback mechanism to match the supply of fitness resources with the actual needs of the public.

By implementing these recommendations, the government can ensure the efficient and equitable operation of the national fitness public service system, ultimately leading to a healthier and more active population. Future research could extend the model used in this study to other public service sectors, such as health care or education, where similar efficiency challenges exist. In addition, examining the impact of specific policy interventions on efficiency in different regions could provide further insights into how to optimize public spending. These avenues of research would not only improve our understanding of public service efficiency, but also contribute to the development of more effective and equitable policy frameworks.
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Background: The double burden of malnutrition (DBM) is a public health issue characterised by the coexistence of undernutrition and overnutrition within the same population, household, or individual. Undernutrition, manifesting as stunting, wasting, or being underweight, results from insufficient nutrient intake while overnutrition, manifesting as overweight or obesity, results from excessive caloric intake, poor diet quality, and sedentary lifestyles. This dual burden poses significant challenges for health systems due to lost productivity and increased healthcare expenditure.
Methods: This study utilised data from the Demographic and Health Surveys (DHS) conducted in Zimbabwe for 2010–2011 and 2015, which provided information on women’s and children’s health and nutritional status, household characteristics, and socio-economic status. Pooled logistic regression was used to analyse the association between various sociodemographic factors and DBM among women and children. The Oaxaca-Blinder decomposition method explored differences in DBM between 2010–2011 and 2015.
Results: The average age of mothers was approximately 31 years, and children’s ages averaged around 32 months. From 2010 to 2015, there was a notable socio-economic improvement, with a decrease in the percentage of mothers in the poorest quartile from 20 to 16% and an increase in the richest quartile from 22 to 23%. The study found a slight decrease in overall household DBM among women from 34% in 2010 to 32% in 2015, while DBM among children increased from 12 to 14%. Pooled logistic regression analysis indicated that children in rural areas had statistically significantly higher odds of experiencing DBM than their urban counterparts. The Oaxaca-Blinder decomposition showed that changes in residence status significantly impacted the increase in DBM among children. At the same time, the coefficient effect accounted for most of the unexplained differences in DBM among women.
Conclusion: The growing DBM among women and children in Zimbabwe is significantly influenced by changes in residence status. The findings highlight the need for targeted public health interventions to address urban–rural disparities and emphasise the importance of considering socio-economic, environmental, and behavioural factors. Context-specific public health strategies, aligned with WHO’s Double Duty Actions, are essential to improve the nutritional health of Zimbabwe’s population.
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1 Introduction

The double burden of malnutrition (DBM) is a significant public health issue encompassing the simultaneous presence of undernutrition and overnutrition within the same population, household, or individual (1). Undernutrition manifests as stunting, wasting, or being underweight, often due to insufficient nutrient intake or repeated infections (2). Conversely, overnutrition presents as overweight or obesity, typically resulting from excessive caloric intake, poor diet quality, and sedentary lifestyles (3–5). The coexistence of these forms of malnutrition poses unique challenges for health systems, as they must simultaneously address ends of the nutritional spectrum. DBM is associated with an increased risk of chronic diseases, impaired cognitive and physical development in children (6), higher morbidity and mortality rates (7), and substantial economic costs due to lost productivity and increased healthcare expenditure (8–10).

Globally, the prevalence of DBM is rising, driven by rapid urbanisation, economic growth, and globalisation of food markets (11). These factors contribute to changes in dietary patterns, with an increasing consumption of energy-dense, nutrient-poor foods and a decline in physical activity. According to the World Health Organization, over 2 billion people suffer from micronutrient deficiencies, while more than 1.9 billion adults are overweight or obese, and 462 million are underweight (12). The situation is particularly critical in Sub-Saharan Africa, where the traditional issues of food insecurity and undernutrition are now compounded by rising rates of overweight and obesity (13). In developing countries, including those in Sub-Saharan Africa, DBM is influenced by complex socio-economic transitions (14–17). Rapid urbanisation often leads to lifestyle changes favouring sedentary behaviour and unhealthy eating habits, contributing to overnutrition. Simultaneously, undernutrition persists due to ongoing issues such as poverty, food insecurity, and inadequate healthcare infrastructure. These dynamics are especially pronounced in low-income settings like Zimbabwe (18–20). The country faces significant economic challenges that impact food availability and accessibility (21), while urbanisation drives dietary shifts towards processed and fast foods high in sugars, fats, and salt. Consequently, Zimbabwe exemplifies the dual challenges of combating undernutrition and overnutrition (22), reflecting broader trends observed in many developing nations.

Understanding the prevalence and drivers of DBM in Zimbabwe is crucial for developing effective public health strategies. Addressing this dual burden requires a multifaceted approach considering the socio-economic and environmental contexts influencing dietary behaviours and health outcomes. By identifying and targeting the specific factors contributing to undernutrition and overnutrition, policymakers can design interventions that promote holistic nutritional health and mitigate the impacts of DBM on the population. The double burden of malnutrition (DBM) carries profound health consequences, manifesting in increased morbidity and mortality rates, particularly in vulnerable populations such as children and women of childbearing age (23). For children, undernutrition can lead to stunting, wasting, and underweight, all of which are associated with impaired cognitive and physical development (24, 25). Stunted children often face lifelong consequences, including reduced educational attainment and decreased economic productivity in adulthood (26). Furthermore, undernutrition weakens the immune system, increasing susceptibility to infections and diseases, which can lead to higher mortality rates among children (27).

The coexistence of undernutrition and overnutrition within the same population exacerbates the health burden, creating a complex scenario where individuals might suffer from deficiencies in essential nutrients while simultaneously dealing with excess calorie intake. For women, particularly those of childbearing age, DBM poses additional risks. Undernourished mothers are more likely to give birth to low birth-weight infants, perpetuating a cycle of malnutrition (28). On the other hand, overweight and obese women face higher risks of pregnancy complications, including gestational diabetes, pre-eclampsia, and complications during delivery. These health issues affect the mothers and have long-term implications for their children’s health and development. The socio-economic impact of DBM is substantial, affecting economic productivity, healthcare costs, and overall socio-economic development (29). Malnutrition, in various forms, reduces individual productivity by impairing physical and cognitive abilities. Stunted and underweight children are less likely to perform well academically, which limits their future employment opportunities and earning potential (30). Over time, this translates into a less skilled workforce, which hampers economic growth and development. Furthermore, the healthcare costs associated with DBM are significant. Treating conditions related to undernutrition, such as infections and growth monitoring, alongside managing NCDs associated with overnutrition, places a substantial financial burden on healthcare systems. This dual strain can divert resources from other essential health services, exacerbating a country’s overall health challenges. In low-income settings like Zimbabwe, where healthcare resources are already limited, the economic strain caused by DBM can be particularly detrimental, leading to an overstretched healthcare system that struggles to meet the needs of its population.

Additionally, DBM affects overall socio-economic development by perpetuating cycles of poverty and inequality (31). Addressing DBM is therefore crucial not only for improving health outcomes but also for promoting sustainable socio-economic development. Effective interventions can break the cycle of poverty and malnutrition, leading to healthier, more productive populations and fostering economic growth and development. This study’s importance lies in its ability to highlight the critical health and socio-economic consequences of DBM. By providing a detailed analysis of the factors contributing to DBM and identifying potential intervention points, the study aims to inform policy decisions and public health strategies that can mitigate the dual burden of malnutrition. This is essential for improving the health and well-being of populations, particularly in low-income settings like Zimbabwe, and promoting sustainable socio-economic development.



2 Methods


2.1 Data sources

Data for this study were obtained from two separate cross-sectional surveys, specifically the Demographic and Health Surveys (DHS) conducted in Zimbabwe for the years (32) and 2015 (33). These surveys are nationally representative and are designed to collect data from different participants during each survey cycle. Although the surveys were conducted in similar geographical areas to maintain comparability, the participants were not the same individuals across the two surveys. This cross-sectional design enables the assessment of trends in the double burden of malnutrition over time but does not involve tracking the same individuals longitudinally. These data sets provide information on women’s and children’s health and nutritional status, household characteristics, and socio-economic status (SES). The sample design for surveys was structured to ensure representativeness across various administrative levels, including national, urban, and rural areas, and each of Zimbabwe’s 10 provinces (32, 33). The 2015 ZDHS used the 2012 Population Census as its sampling frame and employed a stratified, two-stage cluster sampling design (33). In the first stage, 400 Enumeration Areas (EAs) were selected (166 urban and 234 rural). In the second stage, a complete listing of households within these EAs was conducted in March 2015, excluding institutional living arrangements (33). The 2010–2011 ZDHS followed a similar methodology, ensuring consistency and comparability between survey rounds. This study population consisted of women of childbearing age (15–49 years) and children from the selected households. The sample sizes were 7,387 women and 4,369 children in 2010–2011 and 7,965 women and 4,778 children in 2015.



2.2 Data preparation and variable definitions

Initially, the women’s dataset was merged with the children’s dataset using caseid as the identifier. Subsequently, the combined women and children dataset was merged with the household dataset. This integration allowed for an analysis of the double burden of malnutrition among women and children within the same households. Key variables were defined and generated for analysis. For children, the variable Overweight status was created based on the wasting variable, with values indicating overweight [1(>2 SD): Overweight] or not overweight [2 (<2 SD): Not overweight]. Other important sociodemographic variables included in the analysis were the child’s age, mother’s education level, socioeconomic status (measured using a wealth index categorised into five quintiles from poorest to richest), type of residence (rural or urban), and mother’s age. These variables were obtained directly from the Demographic and Health Surveys (DHS) datasets. The datasets from the 2010–11 and 2015 surveys were appended to create a pooled dataset. A new variable, Year, was generated to distinguish between the survey years.



2.3 Variables and definitions


2.3.1 Stunting, wasting, and underweight

These variables were re-coded from the original data, and cases or variables with missing values were removed if they were few and did not significantly impact the analysis. Stunting, wasting, and underweight are critical indicators of child malnutrition and were defined using standard deviation scores (z-scores) based on the World Health Organization (WHO) growth standards (34):

	• Stunting: Height-for-age z-score (HAZ) below −2 standard deviations.
	• Wasting: Weight-for-height z-score (WHZ) below −2 standard deviations.
	• Underweight: Weight-for-age z-score (WAZ) below −2 standard deviations.



2.3.2 Double burden of malnutrition for children

The DBM for children was then defined as the presence of at least one of these undernutrition indicators combined with overweight (weight-for-height Z-score above +2 standard deviations). The percentage of DBM was calculated by summing the cases where both conditions were present.



2.3.3 BMI categories for women

Body Mass Index (BMI) categories for women were defined as follows:

• Underweight: BMI ≤ 18.5

	• Overweight: 24.9 < BMI ≤ 30
	• Obesity: BMI > 30

The DBM was computed at the household level by identifying households where a woman was underweight (BMI ≤ 18.5) and simultaneously another woman was either overweight (BMI > 24.9 and ≤ 30) or obese (BMI > 30). We created household-level indicators for undernutrition (underweight) and overnutrition (overweight or obesity) and then defined DBM as the co-occurrence of these indicators within the same household.




2.4 Statistical analysis


2.4.1 Descriptive statistics

Descriptive statistics were computed to summarise the demographic and socio-economic characteristics of the study population, stratified by survey year. This included summaries of continuous variables (e.g., age) and frequency distributions of categorical variables (e.g., SES, residence).



2.4.2 Pooled logistic regression

Pooled logistic regression was employed in this study to analyse the association between various sociodemographic factors and the double burden of malnutrition (DBM) among women and children. This method allows combining data from different survey years (2010–2011 and 2015) to improve the statistical power and provide more robust estimates (35). The dependent variables were DBM among children and DBM at the household level for women. The independent variables included in the regression models were Residence (urban or rural), Socio-economic Status (SES) (wealth index), Mother’s Education (no education, primary, secondary, higher), Mother’s Age, Child Age, and Year (2010–2011, 2015). These variables were chosen based on their known influence on nutritional outcomes (36) through backward elimination. The logistic regression models were weighted using the DHS sample weights divided by 1,000,000 to account for the complex survey design of the DHS data, which involves stratification, clustering, and sampling weights. This adjustment ensured that the estimates are representative of the population and that the standard errors reflected the survey design.

The logistic regression models were specified as follows:

	• For children:

[image: Statistical command for a logistic regression model: logistic DBM_children i.Residence i.SES Mothers_age Childage i.Mothers_edu i.Year [pweight=weightchi].]

	• For women:
	• [image: Logistic regression formula includes variables: household DBM_wom, Residence, SES, Mothers_age, Mothers_edu, and Year. The weights are adjusted using pweight equal to weightchi.]
	• 

Where:

• DBMchildren indicates the double burden of malnutrition among children.

• household_DBMwom indicates the double burden of malnutrition at the household level among women.

	• i. denotes categorical variables.
	• pweight = weightchi and pweight = weightwom are the survey weights for children and women, respectively.



2.4.3 Oaxaca-Blinder decomposition

The Oaxaca-Blinder decomposition method was utilised in this study to explore the differences in the double burden of malnutrition (DBM) between the survey years 2010–2011 and 2015 among women and children in Zimbabwe. This technique decomposes the observed differences in DBM into two main components: the portion attributable to differences in the levels of explanatory variables (endowments) and the portion attributable to differences in the coefficients (effects of the explanatory variables) between the two survey years (37). This decomposition helps to identify whether changes in malnutrition outcomes are due to shifts in population characteristics or changes in how these characteristics influence malnutrition. The decomposition was performed separately for children and women, with DBM as the outcome variable.


2.4.3.1 Specification of the Oaxaca-Blinder decomposition model

The independent variables included in the decomposition models were: Residence (urban or rural), Socio-economic Status (SES), Mother’s Education (no education, primary, secondary, higher), Mother’s Age, Child Age (for the children’s model) and Year (2010–2011 and 2015). The Oaxaca-Blinder decomposition was specified as follows:

	• For children:

[image: Text with various subscripts and italics reads: "oaxaca DBM_children Residence SES Mothers_age Childage Mothers_edu, by (Year)".]

	• For women:
	• [image: Text showing categories related to Oaxaca household demographics, including DBM_wom, residence SES, mothers' age, and mothers' education, by year.]
	• 

Where:

• DBMchildren indicate the double burden of malnutrition among children.

• household_DBMwom indicates the double burden of malnutrition at the household level among women.

	• by (Year) specifies that the decomposition is performed by survey year.

The decomposition breaks down the differences in the mean outcomes between the two survey years into:

	Endowments effect: This component measures the extent to which differences in the average levels of explanatory variables (e.g., changes in education levels, socio-economic status, or age distribution) contribute to the differences in DBM. It answers the question of how much of the change in DBM is due to differences in population characteristics between the 2 years.
	Coefficients effect: This component captures the differences in the relationships (coefficients) between the explanatory variables and DBM across the survey years. It indicates how much of the change in DBM is due to changes in the impact of these characteristics on malnutrition. This effect can be interpreted as changes in the returns to characteristics.
	Interaction effect: This additional component accounts for the simultaneous changes in endowments and coefficients.

All analyses were performed using Stata 17.0 (StataCorp LP, College Station, Texas, United States).






3 Results

Our study findings show that the average age of mothers in our sample was approximately 31 years, with ages ranging from 15 to 49 years, indicating a diverse age group (Table 1). Children’s ages average around 32 months, ranging from newborns to nearly 5 years old (Table 1). From 2010 to 2015, we observed a slight increase in the mean age of mothers from 30.73 years to 31.23 years, alongside a decrease in age variability (Table 1). There was a notable socio-economic improvement, with a decrease in the percentage of mothers in the poorest quartile from 20 to 16% and an increase in the richest quartile from 22 to 23% (Table 2). This shift is complemented by an increasing trend towards urban living, with the proportion of urban dwellers rising from 36 to 43% (Table 2). Similar trends are observed in the demographic characteristics of children (Table 2). The mean age of children increased slightly (Table 1), and there was a decrease in children from the poorest households alongside an increase in those from wealthier backgrounds (Table 2). The trend towards urbanisation is also mirrored in children’s data, with an increase in urban dwellers from 31 to 38% (Table 2).



TABLE 1 Descriptive statistics and overall household double burden of malnutrition (DBM) among women and children.
[image: Descriptive statistics table showing age characteristics for mothers and children, and Double Burden of Malnutrition (DBM) among women and children in 2010 and 2015. Mother's age has a mean of 30.99 years, standard deviation of 8.75, ranging from 15 to 49. Child's age has a mean of 32.09 months, standard deviation of 16.78, ranging from 0 to 59. In 2010, DBM for women was 34.20% and for children 12.22%. In 2015, DBM for women was 31.71% and for children 13.60%.]



TABLE 2 Demographic characteristics for women and children.
[image: Table showing demographic characteristics for women and children in 2010 and 2015, detailing total sample size, mean age, standard deviation, socio-economic status, and residence status. Women in 2010 had a mean age of 30.73, while in 2015 it was 31.23. Children had mean ages of 30.10 in 2010, and 33.14 in 2015. Socio-economic and residential distributions are also provided for each year.]

Our study findings reveal a slight decrease in the overall household double burden of malnutrition (DBM) among women from 34% in 2010 to 32% in 2015 (Table 3). Conversely, the DBM among children increased from 12 to 14% during the same period (Table 3). Regarding socio-economic status, the prevalence of household DBM among women in 2010 was relatively uniform across different groups, with the highest recorded in the poorest quintile at 36% and the lowest in the richer quintile at 33% (Table 3). By 2015, there was a decline in household DBM across all socio-economic groups, with a notable reduction in the richest quintile to 29% (Table 3). The urban–rural divide in 2010 showed negligible differences in household DBM rates among women; however, by 2015, urban areas experienced a significant reduction in household DBM prevalence to 30% (Table 3). The distribution of DBM among children in 2010 varied widely by socio-economic status, from a low of 8% in the middle quintile to a high of 20% in the richest quintile (Table 3). The rural–urban divide in 2010 was stark, with urban areas experiencing higher rates of DBM at 19% compared to rural areas at 9% (Table 3). By 2015, there was an alarming increase in DBM among children in rural areas, which surged to 32%, while urban areas also saw a significant rise to 68% (Table 3).



TABLE 3 Prevalence of household double burden of malnutrition (DBM) among women and children by socio-economic status (SES) and residence.
[image: Table comparing socio-economic and residence status among women and children in 2010 and 2015. For women, data includes poorest to richest quintiles, with percentages ranging from 29.05% to 36.04%. Residence status shows urban and rural distribution. For children, percentages range from 2.49% to 31.90% across quintiles and residence categories.]

Our pooled logistic regression analysis provided several insights into the factors associated with the Double Burden of Malnutrition (DBM) among children and women. The effect of the mother’s age on DBM among children was statistically insignificant, with an odds ratio (OR) of 0.9997 (95% CI: [0.99, 1.01], p = 0.97), indicating that the mother’s age does not significantly influence the likelihood of DBM in children (Table 4). The residence status revealed that children in rural areas had significantly higher odds (OR = 2.43; 95% CI: [1.73, 3.43], p < 0.001) of experiencing DBM compared to their urban counterparts. Socioeconomic status (SES) did not show a significant effect on DBM among children, with odds ratios close to 1 and non-significant p values for all SES categories (Table 4). Similarly, the mother’s education level showed no statistically significant association with DBM, with odds ratios slightly above or below 1 and non-significant p-values. A significant temporal increase in the odds of DBM from 2010 to 2015 was observed, with an OR of 2.60 (95% CI: [2.14, 3.16], p < 0.00), indicating a substantial rise in the risk of DBM over the 5-year period (Table 4).



TABLE 4 Pooled logistic regression of double burden of malnutrition among children.
[image: A table comparing odds ratios, p-values, and 95% confidence intervals for various variables between children and women. Variables include mother's age, child age, residence, socio-economic status (SES), mother's education, and year. The table shows specific statistical values for rural versus urban residence, different SES levels, education, and years 2010 and 2015. Notable results include a significant odds ratio of 2.43 for children in rural areas and 2.60 for the year 2015, with corresponding p-values indicating statistical significance.]

For women, the analysis showed that the mother’s age had no significant impact on the likelihood of experiencing household DBM, with an OR of 1.00 (95% CI: [0.99, 1.01], p = 0.631). While women in rural areas had slightly higher odds of experiencing household DBM (OR = 1.09; 95% CI: [0.90, 1.33], p = 0.357), this difference was not statistically significant (Table 4). SES similarly had no significant effect, with odds ratios near 1 across all socioeconomic groups and non-significant p-values. The education level of mothers also showed no significant association with household DBM, with all educational categories yielding odds ratios close to 1 and non-significant p values. A critical finding was the significant increase in the odds of household DBM among women from 2010 to 2015, with an OR of 1.49 (95% CI: [1.35, 1.65], p < 0.001), highlighting a concerning rise in DBM risk over time (Table 4). The model’s constant for children had an OR of 3.13 (95% CI: [1.27, 7.73], p = 0.01), indicating that the baseline odds of DBM, when all other variables are at their reference levels, are significantly above 1, whereas the constant for women had an OR of 0.54 (95% CI: [0.33, 0.88], p = 0.01), indicating significantly lower baseline odds (Table 4).

The Oaxaca-Blinder decomposition analysis of the Double Burden of Malnutrition (DBM) among children, as presented in Table 5, reveals significant insights into the changes observed between 2010 and 2015. In 2010, the coefficient for DBM was 0.88 (95% CI: [0.87, 0.89], p < 0.001), which increased to 0.95 in 2015 (95% CI: [0.94, 0.95], p < 0.001), indicating a statistically significant rise in DBM. The overall difference between these years was −0.06 (95% CI: [−0.07, −0.05], p < 0.001), highlighting a meaningful increase in the prevalence of DBM among children over this period.



TABLE 5 Oaxaca-Blinder decomposition of double burden of malnutrition among children and women.
[image: A table compares coefficients, contribution percentages, p-values, and confidence intervals for children and women across various variables. Sections include overall, endowments, coefficients, and interaction. Each section further divides into factors like residence, socio-economic status, and education, displaying specific statistical values for both groups. The data provides insights into differences between 2010 and 2015 and other factors impacting each group.]

The decomposition analysis showed that changes in the characteristics of the population (endowments) contributed minimally to this change, with a coefficient of 0.00 (95% CI: [0.00, 0.01], p < 0.001) and accounting for 7.44% of the difference (Table 5). In contrast, changes in the effects of these characteristics (coefficients) had a substantial negative contribution of −0.07 (95% CI: [−0.08, −0.05], p < 0.001), contributing 185.35% to the increase in DBM. Interaction effects were minimal and statistically insignificant, with a coefficient of 0.00 (95% CI: [−0.00, 0.01], p = 0.27), contributing 3.25% to the overall change. When examining specific endowments, residence was the only factor that showed a statistically significant contribution (coefficient of 0.00, 95% CI: [0.00, 0.00], p < 0.001), contributing 4.88% to the change. Socio-economic status, mother’s age, child’s age, and mother’s education had negligible and non-significant contributions, each with coefficients close to 0 and p values exceeding 0.05 (Table 5). This suggests that changes in residence had a small but significant impact on DBM.

For the coefficients, residence had a significant positive contribution of 0.08 (95% CI: [0.02, 0.14], p = 0.01), indicating that changes in the effect of residence on DBM were significant (Table 5). Socioeconomic status had a negative but non-significant contribution of −0.01 (95% CI: [−0.05, 0.03], p = 0.58). The mother’s age had a non-significant positive contribution of 0.01 (95% CI: [−0.04, 0.06], p = 0.78), while the child’s age had a small but significant positive contribution of 0.02 (95% CI: [0.00, 0.05], p = 0.04). Mother’s education had a non-significant positive contribution of 0.01 (95% CI: [−0.03, 0.05], p = 0.55). The constant term showed a significant negative contribution of −0.18 (95% CI: [−0.29, −0.07], p < 0.001), indicating a baseline decrease when all other variables are held constant. Regarding interaction effects, residence had a small but significant positive interaction effect of 0.00 (95% CI: [0.00, 0.01], p = 0.02). Socio-economic status, mother’s age, child’s age, and mother’s education had negligible and statistically non-significant interaction effects, with coefficients close to 0 and p values exceeding 0.05 (Table 5).

For women, the Oaxaca-Blinder decomposition analysis of Household DBM between 2010 and 2015 also reveals significant changes (Table 5). In 2010, the coefficient for DBM was 0.33 (95% CI: [0.32, 0.35], p < 0.001), which increased to 0.43 in 2015 (95% CI: [0.42, 0.45], p < 0.001), indicating a statistically significant rise in DBM (Table 5). The overall difference of −0.10 (95% CI: [−0.12, −0.08], p < 0.001) suggests a meaningful increase in DBM among women during this period. Endowments contributed minimally to this increase, with a coefficient of 0.00 (95% CI: [−0.00, 0.01], p = 0.17), accounting for only 2.39% of the difference. In contrast, the coefficients component had a significant negative contribution of −0.10 (95% CI: [−0.12, −0.08], p < 0.001), contributing −29.37% to the increase in DBM. Interaction effects were minimal and statistically insignificant, with a coefficient of −0.00 (95% CI: [−0.01, 0.00], p = 0.58), contributing −1.41% (Table 5).

Specific endowments showed varied contributions, but none were statistically significant. Residence had a small, non-significant positive contribution (coefficient of 0.00, 95% CI: [−0.00, 0.01], p = 0.35), contributing 1.83% to the difference (Table 5). Socio-economic status, mother’s age, and mother’s education also had non-significant contributions. For the coefficients, residence had a non-significant negative contribution of −0.05 (95% CI: [−0.16, 0.05], p = 0.34), while socio-economic status contributed −0.04 (95% CI: [−0.11, 0.03], p = 0.28). The mother’s age had a positive but non-significant contribution (coefficient of 0.06, 95% CI: [−0.03, 0.15], p = 0.20), and mother’s education had a minimal, non-significant contribution (coefficient of 0.01, 95% CI: [−0.07, 0.08], p = 0.89). The constant term showed a non-significant negative contribution (coefficient of −0.07, 95% CI: [−0.26, 0.12], p = 0.47).



4 Discussion

The prevalence of DBM among women and children is on an upward trajectory in Zimbabwe. Through a pooled logistic regression analysis, this study offers valuable insight into the factors associated with DBM using nationally representative datasets. Additionally, using the Oaxaca-Blinder decomposition technique, this study investigated whether the change in DBM over time among women and children was due to shifts in population characteristics (composition/endowment effects) or changes in how these characteristics influence malnutrition (coefficient/behavioural effects). The socio-economic disparities in DBM are also noteworthy. The reduction in DBM among women in the richest quintile suggests that wealthier households are better able to mitigate the risks associated with DBM, likely due to better access to diverse and quality foods, healthcare, and information about healthy lifestyles (14, 38–41). Conversely, the persistence of DBM across poorer socio-economic groups underscores the need for targeted interventions that address ends of the malnutrition spectrum—undernutrition and overweight/obesity.

The regression analyses showed a significant temporal increase (from 2010 to 2015) in the odds of DBM among women and children, indicating a concerning rise in the risk of DBM in households over the 5 years. This increased risk can be attributed to the changes happening in the continent: increased economic development and rapid urbanisation (42), reduced physical activity and increased intake of processed foods high in sugars, salts and fats (westernised diet) (43–46). Moreover, in as much as nutritional transition is a global phenomenon, studies have shown that changes in dietary patterns and increasing sedentary lifestyles in some low-income settings like Zimbabwe are occurring more rapidly than in high-income countries (11, 47–56).

Our findings also suggested that children in rural areas had higher odds of experiencing DBM compared to children in urban areas. This is corroborated by other studies which reported that children in rural areas are likely to be food insecure and malnourished (57–60). The higher prevalence of DBM in rural areas can be linked to limited access to diverse and nutritious foods (1, 14, 31), inadequate healthcare services (1, 61, 62), and lower socio-economic status (7, 17, 63, 64), which collectively contribute to the increased vulnerability of these populations.

The Oaxaca-Blinder decomposition demonstrated a considerable increase (6%) in DBM between 2010/11 and 2015, with demographic and socio-economic factors explaining 7.44% of the total change in the rates of DBM among children. Of this 7.44%, approximately 5% was due to changes in residence status over the two time periods. This can be partly explained by the increase in the rates of DBM in rural (30%) and urban areas (30%) over the two time periods, although higher levels of DBM were observed in urban areas over the two periods. These higher levels of DBM in urban areas can be explained by research demonstrating that food markers in these areas are replacing fresh foods with processed foods, often commercially prepared (65–68). As explained above, the rise of DBM in rural areas is established in other research showing that children in rural areas have a higher likelihood of being food insecure and experiencing malnutrition (57, 58). Therefore, to address DBM, stakeholders need to tailor solutions to the specific contexts of rural and urban settings. The implications of these findings are significant, as they highlight the need for targeted public health interventions that address undernutrition and overweight/obesity. Policymakers and health practitioners must consider rural communities’ unique challenges, such as food insecurity and limited healthcare access while addressing the broader impacts of economic development and urbanisation. Interventions should promote physical activity, improve access to healthy foods, and implement education campaigns to encourage healthier dietary choices. Addressing DBM requires a multifaceted approach considering the complex interplay of socio-economic, environmental, and behavioural factors contributing to this growing public health challenge.

The decomposition analysis also shows that most of the variation in the extent of DBM among children between 2010/11 and 2015 is due to changes in the coefficient. The change in the coefficient of residence contributed the most (+130.84%) towards increasing the probability of DBM among children over the two time periods. This conclusively demonstrates that the worsening DBM among children is primarily driven by changes in how residence status impacts nutritional outcomes rather than the shifts in the distribution of residence status over the two periods. Existing literature supports this, highlighting how urbanisation and rural–urban migration influence dietary patterns and physical activity levels, thereby affecting nutritional health (69–72). Studies have shown that urban areas, while offering better access to healthcare and diversified food options, often expose residents to unhealthy dietary practises and sedentary lifestyles, contributing to rising obesity rates (73–79).

Conversely, rural areas, despite being traditionally associated with undernutrition, are now experiencing the dual challenges of food insecurity and increasing prevalence of overweight/obesity due to limited access to healthy foods and healthcare services (80–82). This dual burden is exacerbated by economic transitions affecting food systems and rural lifestyle choices. This underscores the need for focused interventions that specifically address how evolving residence status conditions influence children’s nutritional health, aiming to mitigate the increasing burden of malnutrition in households.

For women, the coefficient effect accounted for most (−29.37%) of the unexplained differences in DBM between 2010/11 and 2015. Since the contributions of the change in coefficients for residence status, mother’s age, mother’s education and SES were not statistically significant, other factors outside this model were responsible for the narrowing effect of this coefficient. Our study has ably pointed out that DBM among women and children in Zimbabwe is on an uptick, and residence has come out strongly as a driver of this increase among children. This is a reminder for Zimbabwe to consolidate and fast-track its efforts to address DBM in line with the World Health Organization’s (WHO) recommended Double Duty Actions (DDA) (83). The DDA framework focuses on promoting and protecting exclusive breastfeeding in the first 6 months, promoting appropriate early and complementary feeding in infants, maternal nutrition and antenatal care programmes, regulations on food marketing, and school food policies and programmes (84). Regarding the effect of residence, our research points out the need to pay attention to the role of urban–rural inequalities and specific contexts in urban and rural areas in facilitating increases in DBM among women and children.

The main strength of this study lies in its use of two nationally representative datasets to explain changes in the Double Burden of Malnutrition (DBM) among children and women. By leveraging large, comprehensive datasets, the study ensures that the findings are generalisable and reflective of the broader population, enhancing the reliability and validity of the results. Additionally, using the Oaxaca-Blinder decomposition technique is a significant methodological strength. This technique allowed for a detailed examination of the sources of group differences, providing valuable insights into the specific factors contributing to changes in DBM over time. Such insights are crucial for policymakers and researchers as they offer a nuanced understanding of the mechanisms driving these differences, informing more targeted and effective interventions.

However, this study is not without limitations. Firstly, the cross-sectional study design limits the ability to establish causal-effect relationships. While the analysis can identify associations and trends, it cannot definitively determine whether specific factors cause observed changes in DBM. Longitudinal studies would be necessary to establish causality and better understand the temporal dynamics of DBM. Secondly, the study measured the socio-economic status (SES) of households using the wealth index, which is based on household assets and standard of living. While the wealth index is a widely used proxy for SES, it may not capture all dimensions of socio-economic status. The contribution of SES to DBM might have been different if other measures, such as household income, expenditures, or consumption, were used as proxies. These alternative measures can provide a more dynamic and direct reflection of a household’s economic situation. For instance, household income captures earnings and financial resources more directly, expenditures reflect spending behaviour, and consumption measures the actual use of goods and services. Each of these proxies can yield different insights into the relationship between SES and DBM, potentially leading to different conclusions about the impact of socioeconomic factors.

Therefore, the results of this study must be interpreted given these limitations. Future research could benefit from using longitudinal designs to explore causal pathways and employing various measures of SES to capture a more comprehensive picture of the economic factors influencing DBM. Despite these limitations, the study’s strengths in data representativeness and methodological rigour provide valuable contributions to understanding DBM and its determinants.



5 Conclusion

This study highlights the growing Double Burden of Malnutrition (DBM) among women and children in Zimbabwe, driven significantly by changes in how residence status affects nutritional outcomes. The regression and decomposition analyses underscore that residence status, particularly in rural areas, is a critical factor influencing DBM, highlighting the need for targeted interventions to address urban–rural disparities. While wealthier households show better resilience against DBM, poorer groups remain vulnerable, necessitating comprehensive strategies that address undernutrition and overweight/obesity. Despite the limitations of a cross-sectional design and the use of the wealth index, the study provides valuable insights through nationally representative data and advanced analytical techniques. Future research should adopt longitudinal approaches and explore diverse socio-economic measures to deepen understanding. To mitigate the rising DBM, context-specific public health strategies are essential, aligning with WHO’s Double Duty Actions to improve the nutritional health of Zimbabwe’s population.
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Background: Transnational drug trafficking, political unrest, gang violence, and paramilitarism, which are pervasive in Haiti, have resulted in a mental health crisis for the broader Haitian community. This study explores the mental well-being of Haitians in Haiti and the United States by identifying barriers and facilitators to mental health through the lived experiences of men and women.
Method: Four Focus group discussions conducted in April and November 2023 engaged 28 participants (20 women and eight men) aged between 23 and 60 years from locations in Haiti (Port-au-Prince, Cite Soleil, Cayes, Cap-Haitien, Saint-Marc) and the United States. Discussions revolved around the definition of mental health, stressors, coping mechanisms, risk and protective factors, and barriers to mental health care.
Results: Six principal themes emerged: 1- Chronic Traumatic Stress: continued violence, political instability, unemployment, lack of social support, adverse childhood experiences, family separation, and forced displacement were significant sources of stress. 2- Increased Health Burden: Participants reported experiencing chronic physical and psychological symptoms [i.e., hypertension, anxiety, depression, sleep issues, substance abuse, suicidal ideations, characteristics of post-traumatic stress disorder (PTSD)], which were attributed to Haiti’s social, political, and infrastructure collapse. 3- Risk Factors: limited access to mental health services, pervasive hopelessness, scarcity of opportunities, and stigma were identified as significant risks. 4- Future Uncertainty: widespread concerns regarding the future predominated. 5- Multigenerational Concerns: Significant anxiety concerning the mental health and development of children, as well as the functionality of mental health practitioners, was noted. 6- Coping and Protective Factors: Effective coping strategies include mental stimulation, peer support, managing digital consumption, engaging in leisurely activities, such as listening to music, and faith/spirituality.
Conclusion: The study’s findings underscore the sociopolitical and economic crisis in Haiti, which has resulted in violence and a dismantle of political, educational, financial, and health infrastructures. These factors were identified as the primary source of chronic distress, contributing to widespread mental health issues, adverse physical symptoms, and disruption in daily life. The implications for practice, healing, research & policy are discussed.
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Introduction

On March 4, 2024, subsequent to the seizure of major airports across Haiti and a widespread prison break orchestrated by the paramilitary coalition known as Federation G9 Family and Allies, the Haitian government declared a state of emergency (1). This event unfolds amidst a backdrop of persistent unrest following prolonged anti-corruption protests against the Moïse regime, marked by interruptions such as Moïse’s assassination in 2021, the rise and resignation of unelected Prime Minister Ariel Henry, and the simultaneous control of the capital by disparate gang and paramilitary factions (2, 3). Both residents on the island and members of the Haitian diaspora increasingly recognize the direct linkages between transnational drug trafficking, international political interests, and the escalating violence on the ground (4–6). Consequently, the Haitian populace finds itself ensnared in a cycle of intermittent violence, with a majority of firearms sourced from the United States (6), while the United Nations and Core Group officials deliberate over the political fate of the nation. Moreover, looming is the potential deployment (at the time of this writing) of a US-trained Kenyan police force notorious for extrajudicial killings of distinct ethnic groups (7). As highlighted by historian Jean Casimir, this predicament reflects Haiti’s enduring legacy of never truly exercising self-governance in accordance with the will of its people (8).

Amidst this ongoing political and humanitarian turmoil, Haiti faces a severe mental health crisis. While in the past, a diverse array of practitioners both on the island and within the diaspora attended to mental health needs (9), the protracted period of violence has resulted in the collapse of many public systems and the exodus of numerous Haitian professionals. Nevertheless, in alignment with decolonial approaches to mental health, the collective voices of the Haitian populace remain pivotal in formulating, advocating for, and disseminating mental health and political solutions.

This study is grounded in theories of multigenerational trauma responses, as well as social determinants of mental health (10, 11). Specifically, we considered how the structural legacies of colonialism and enslavement shape the psychological conditions of current Haitians across distinct generations. As throughout much of the global south, Haiti’s infrastructure reflects legacies of colonialism and exploitation (2, 12–15). Such conditions have shaped the disparate exposure to traumatic events for Haitian people (2). Multigenerational trauma often considers intergenerational pathways of risk and thus may manifest as a cyclical mechanism deeply entrenched in Haitian history and sociopolitical climates, resulting in adverse effects on individuals residing in Haiti and abroad (16). Historical trauma, defined as “cumulative emotional and psychological wounding over the lifespan and across generations, emanating from massive group trauma experiences” (17), is particularly salient when examining mental health, as evidenced by recurrent themes of physical, behavioral, cognitive, and psychiatric manifestations among Haitian families and their descendants, serving as a conduit for intergenerational transmission of stress (18).

This complex web of historical, social, and psychological factors underscores the urgent need for comprehensive and culturally sensitive approaches to addressing large-scale mental health challenges in Haiti. While external assistance and interventions can play a supportive role, any sustainable solution must center on empowering local communities and incorporating indigenous healing practices. Collaboration between local stakeholders, international organizations, and researchers is essential in developing and implementing evidence-based interventions that are tailored to the unique sociocultural context of Haiti.

The current project is among the first qualitative studies focused on the psychological distress and needs of Haitian people during the current crisis. Specifically, focus groups of Haitian people living through the current crisis shared their (1) understanding of mental health, (2) the factors leading to distress, and (3) coping mechanisms.



Method


Study design and participants

Data collection was approved by the Institutional Review Board of the University of Miami Miller School of Medicine. Data were de-identified and anonymized. Focus group participants were part of the larger Haitian Well-Being Study Phase 1 (IRB#: 20211103; November 2022), a pilot project aimed mainly at identifying the psychosocial, neurological, genetic, sleep, physical health, socio-economic (SES), spiritual, and health behaviors of a diverse sample of Haitians living in Haiti and the United States.

Participants were made aware of the study through a flier shared via email with community-based organizations (CBOs), health forums, study social media, and text messages to individuals with whom they had pre-existing relationships. Inclusion criteria were individuals who were (a) 18 years of age or older, (b) spoke English or Haitian Kreyol, and (c) resided in Haiti or identified as people of Haitian descent living in the U.S. Exclusion criteria were (a) individuals who had cognitive impairment that would preclude completion of the surveys or reduced capacity to understand risks and benefits of the study, (b) non-English or non-Haitian Kreyol speakers, and (c) did not identify as a person of Haitian descent.

A total of 28 participants (20 women and eight men) between the ages of 23 and 60 years old (M = 29.5, SD = 9.8), were included in the study. The participants were situated in various cities, with the majority residing in Cite-Soleil, one of the most impoverished and dangerous slums (see Figure 1) in Port-au-Prince (western department), Haiti (39.3%), and others residing in Les Cayes, Haiti (southern department) (14.3%), Port-au-Prince, the capital of Haiti (7.1%) (western department), Cap-Haitien, Haiti (second most populous city in Haiti located in the northern department) (3.6%), Saint-Marc, Haiti (western and Artibonite regions) (3.6%). The United States, home to the highest number of Haitian citizens outside of Haiti, is also the main site of the Haitian Well-Being Study. Several U.S.-based participants provided their city but not their state, with participants calling from Miami, Florida U.S. (3.6%), New York, U.S. (3.6%), and Spring Valley, U.S. (3.6%). In addition, 4 participants solely listed their country of residence (7.1%, Haiti; 7.1%, United States), and 1 participant did not disclose their location.
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FIGURE 1
 Haiti’s Departments and International Boundaries based on the United Nations (UN) Map of Haiti.




Data collection

Focus groups were conducted using a semi-structured interview guide developed to elicit participants’ perspectives on mental health, sources of distress, coping mechanisms in the context of the ongoing crisis. The interview guide was designed based on a review of the literature on mental health in conflict-affected settings and was informed by consultations with Haitian mental health professionals and community leaders.

Focus groups were conducted in either Haitian Kreyol or English, depending on the participants’ preference. Each focus group session lasted approximately 90 min and was audio-recorded with participants’ consent. The recordings were transcribed verbatim and, where necessary, translated into English for analysis. To ensure the accuracy of the translations, bilingual members of the research team reviewed the translated transcripts.



Procedures: focus group

Participants who expressed interest in the study received a link to a website to consent to participate. The online survey was administered through RedCap, a secure, widely used data collection platform. Data collection involved the use of focus groups conducted remotely. Focus groups were conducted between March and November 2023 in Haitian Kreyol and online via an encrypted Zoom meeting. Focus groups lasted approximately 60–90 min and were facilitated by the PI (a Haitian-born clinical psychologist). A research team member (a Haitian-born medical doctor) was present as well. With participant consent, focus groups were video and audio recorded. Focus groups, as an interview methodology, were chosen as they provided the ability to capture diverse perspectives and to explore complex social phenomena through group interaction and discussion (19, 20).

At the beginning of each focus group, guidelines co-created by the PI and research team member, were discussed with participants, prior to the start of the focus groups. Focus groups participants were ensured about confidentiality and focus group rules. Participants demonstrated their understanding with a raise of hands. Table 1 provides a breakdown of the domain and corresponding sample interview questions. During the focus group discussions, participants had the opportunity to discuss overall mental health and well-being, catalog past and present stressors, explore risk and protective factors in mental health, and identify primary barriers to accessing mental health care. The sessions were structured to encourage an open and guided dialogue, allowing for a comprehensive exploration of each participant’s experiences and insights.



TABLE 1 Focus group guide.
[image: A table with two columns: Domain and Questions. Under "Determining overall mental health and well-being," questions include definitions and descriptions of mental health. "Identifying past and current stressors" covers common stressors and community concerns. "Understanding risk and protective factors for stress and well-being" addresses coping mechanisms in Haitian communities. "Health equity barriers" explores access to mental health services and support obstacles.]



Data analysis

All focus group transcripts were first de-identified by the PI, and a research team member reviewed the transcript line by line and edited the text as necessary to ensure the accuracy of the transcription. Next, two research team members fluent in Haitian Kreyol translated the transcripts into English. The transcripts were then coded thematically using methods outlined by Braun and Clarke (21). The Braun and Clarke (21) method for thematic analysis is widely used for qualitative data coding. The analysis is conducted in six phases:

	1. Familiarizing yourself with the data;
	2. Generating initial codes;
	3. Sorting the codes into themes;
	4. Reviewing and refining themes;
	5. Defining and naming themes;
	6. Conducting the final analysis and producing the report.

In addition to the steps listed above, research team members began the analytics process, and interrater reliability was determined. To communicate the results, the PI used a narrative approach.




Results

Qualitative analysis revealed six key themes relevant to the mental health experiences of Haitian people, each encompassing a nuanced array of 14 sub-themes: (1) increased health burdens, (2) mental health risk factors, (3) chronic traumatic stress, (4) future uncertainty (5) multigenerational concerns, and (6) healthy coping and protective factors The thorough analysis identified a total of 346 references to themes and sub-themes (Figure 2 and Table 2) within the qualitative data. To protect participant identities, participants were assigned pseudonyms.

[image: Pyramid illustrating current factors impacting Haitian mental health in three levels: Individual factors (childhood experiences, coping strategies), Community and Culture (mental health stigma, social cohesion), and Systemic issues (socio-political instability, organized crimes).]

FIGURE 2
 Pyramid of derived current factors impacting Haitain mental health.




TABLE 2 Frequency of Themes and Sub-themes.
[image: Treemap chart titled "Frequency of Themes & Subthemes" depicting various themes, with each represented by different colored rectangles of varying sizes. Themes include Systemic Stressors-Insecurity, Mental Health Stigma, Poor Mental Health, Healthy Coping Strategies, and others as listed in the legend. Larger blocks indicate higher frequency, with a blue block for Systemic Stressors-Insecurity having a count of twenty-seven, the highest on the chart.]

Table 2 itemizes the frequency with which various themes and subthemes, represented by specific colors and headings, emerged during focus group sessions conducted with participants from both the Haiti and United States cohorts. The tree map visually illustrates the prevalence of these mental health-related themes. The most prominent theme, “Systemic Stressors—Insecurity,” depicted in dark blue, appears 27 times, underscoring its significant impact. Other notable themes include “Mental Health Stigma” (12 mentions), “Poor Mental Health” (11 mentions), and “Healthy Coping Strategies” (10 mentions). Themes such as “Limited Availability of Services,” “Mental Health Literacy,” and “Family, Dislocation & Forced Migration” also appear with moderate frequency, while smaller subthemes are less common. This chart effectively highlights the key issues affecting mental health within the study, with systemic insecurity emerging as the most critical concern.


Chronic traumatic stress stemming from organized crimes—“Ou leve e ou tande bri bal “➔ “You wake up and hear the sound of bullets”

Haiti’s history is marred by race-based enslavement, colonial looting, and gang-related, political, and sexual violence, compounded by unemployment and deficits in social infrastructure. It should be noted that some have criticized the use of the term “gang” to describe the violent actors throughout Haiti, as it has been used to drive racist narratives (22). Within this project, the term gang is used to reflect how participants described the violent actors, and not to diminish the connections between local violent actors and transnational drug and colonial interests. Amidst the flickering candlelight of the virtual focus group room, the atmosphere heavy with the weight of shared experiences, a somber truth emerged. Traumatic childhood experiences and forced displacement and migration further deepen the nation’s wounds. The prevalence of current violence/insecurity, mentioned 27 times during four focus group sessions, only serves to exacerbate the crisis.


Ongoing political and gang-related violence—“Strès se pa rapò jan peyi a vin evolye a pou m’ dòmi nan nwit li fè m’ leve a 11 du swa pou m’ kouri sa” ➔ “Stress is related to how the country has evolved. When I sleep at night, I often wake up at 11:00 PM to run”

Participants gave harrowing narratives speaking to the rampant gun violence and sexual assault. Marline, a young nursing student from Cite Soleil (Haiti) shared:

 
My stress comes from how the country is evolving. When I sleep at night, it makes me wake up at 11:00 pm to run, which is a big stress for me because I’m not stable. In a moment when it gets too late when I’m not here or outside, it will be midnight, and I’m running from bandits.




Rose (from Cite Soleil) described conditions as so dangerous that you cannot go outside.



I do not have stable mental health compared to the situation in the country, you cannot sleep well at home. Sometimes it’s shooting. Sometimes you cannot go outside for several days. You cannot go to school. All of it seems to mess with our heads, we are not comfortable.

 

Jessika (20, Cite Soleil) explained:



The way the country is developing, imagine every day you wake up, if today you wake up and hear the sound of bullets, you cannot go out or go to school. And plus, the price of everything you buy is going up. Things are a bit not too good in Haiti, that’s what makes my mental health a bit bad.

 

Natalie (23, Cite Soleil) describes the shared stress, stating:



The stress comes from the situation in the country, and that’s also the source of my stress, because the way things have become is not safe, there is not a place to relax and have some fun. If you would like to take a breath of fresh air, if you would like to think about some other things you feel your mind is troubled. A person you just saw will die without them being sick. So all of this, they really stress us out, all of the stress affects our mental health.

 

Natalie (23, Cite Soleil) shared “outside by my house, the other day I heard that a man was beheaded because he raped a 4-year-old child.” She continued with another incident of sexual assault that occurred to a friend.



She kept crying. Her clothes and hair were messed up. She was scared to speak… she explained that a young man she used to date, whom she does not date anymore, went and told a bunch of other men that, and they took her, and they went somewhere else with her and raped her. After that, they dropped her off at her house.

 



Forced migration and transnational mental repercussion—“Koman sa pral ye? Tout moun ap kite kounya” ➔ “How will it end up being? Everyone is leaving now”

Some related references extended to the Haitian diaspora in the US, including comments about how U.S. migratory policy impacts the Haitian expat community regarding immigration and cultural and political outcomes.

Stevenson (40, from Spring Valley, United States) lamented —.



When you look at the community, for example, the community is present here, but mentally, the Haitian community is in Haiti. So this is having an effect, everything that is happening in Haiti has a repercussion on the mental health of the Haitian community here, especially in Spring Valley, where I am fortunate to live; When safety is an issue for them (in Haiti), it has an effect here.”

 

Forced migration and displacement emerged as a significant concern during the focus groups, with participants grappling with the decision to leave Haiti for better opportunities amid ongoing adversities. Francesca (23, Cite Soleil) illuminated the impact of forced migration on essential services, lamenting the departure of healthcare professionals due to safety concerns. Despite the hardships, many understood the reasons behind the exodus, acknowledging the precariousness of the situation in Haiti.


At the moment, people are still being shot, people are still dying because of the insecurity problem we live in. Imagine if I had a hospital near my house that was closed because all the doctors, hospital owners, and nurses were all left in Biden.1 We would also like to go, but we cannot go because we do not have anyone. When we look closely, we understand why they go because the country is not safe.
 

Francesca lamented,


“People cannot eat, but that does not stop bandits from entering the hospital to take them. I can understand this part that makes them go, but I also do not understand why they leave us like that.”
 

Yvette (32, Les Cayes) expresses uncertainty about her future and also what would happen if someone did leave Haiti. She states:



I personally cannot say that my mental health is good because I think a lot. There are many things that I would like to achieve, but unfortunately, I cannot yet because you are thinking in a month, in 2 months, how it will be. I can leave through Biden, but 2 years later, after Biden, what will happen? Nobody knows.

 

Stevenson describes the essence of forced migration and displacement.



You see your country falling apart, which means I do not think there are two people who would forcefully choose to leave their country to go somewhere else if they did not have to. I also think that it is very stressful for many people to see that you are obliged to leave your home and not stay, so you are not comfortable.

 



Kidnapping—“Si paran an pa gen ranson an, se lanmò” ➔ “If the parent does not have the ransom, it is death”

Kidnapping emerged as a distressing reality for many participants, as Rose vividly described its prevalence in Haiti. She painted a grim picture of the situation, highlighting how kidnappings occur frequently and indiscriminately, striking fear into the hearts of the population. Rose’s account underscored the pervasive sense of insecurity and vulnerability faced by Haitians on a daily basis.



It is something that happens every hour. In Haiti, all the people are affected by kidnapping, you hear all the time that they are taking people, you hear all the time that there are kidnappers, and you hear all the time that there is a child whose parents do not see them anymore, they have kidnapped them. And when that happens, the first thing they do to them is rape them. After that, they demand ransom. If the parent does not have the ransom, it is death.

 

Further, Marie (41, a woman from Miami while traveling back and forth to Haiti) depicts:


The two most stressful things I can see for the community right now is the fact that kidnapping is very prevalent, which means that now it can happen to a person of any class when before it was said that it would be in the high-class people with money etc. Now anyone can be kidnapped in the country; I think this has become a huge stress factor for many people because it is just a violation of who you are (see Figure 3).

[image: Map of Haiti depicting regions controlled by various gangs, indicated by colored dots. A legend on the left associates colors with specific gangs, such as Fausto Depena, Kokorat San Ras, Bout Ba, among others. Shaded areas on the map show gang presence, with labels for specific gang territories including Canaan and Vitelhomme.]

FIGURE 3
 Map by Clyde H. Mapping derived from the data of Armed Conflict Location and Event Data Project.

 




Increased health burdens— “gen jèn gason de trantan, karantan k ap fè de kriz kadyak” ➔ “there are young men in their thirties and forties who are having heart attacks”

Participants spoke of a silent epidemic sweeping through Haiti’s communities, leaving in its wake a trail of physical and emotional wreckage. As the discussion unfolded, tales of quiet suffering spilled forth, each narrative a testament to the toll exacted by Haiti’s worsening situation. With voices trembling with emotion, participants painted a vivid picture of the relentless onslaught of stress, anxiety, and despair. They spoke of sleepless nights haunted by fear, of hearts pounding in rhythm with the chaos outside their windows. Through tear-stained confessions, they revealed the hidden scars of collective trauma etched upon their psyches. Anxiety clenched like a vice around their hearts, while depression cast a shadow over their every waking moment. Substance misuse offered fleeting respite from the pain, but its grip only tightened with each passing day. In the hushed confines of the virtual focus group space, the collective weight of their shared burden hung heavy in the air.


Cardiovascular health outcomes—“Mwen se yon moun ki pa t janm gen pwoblèm tansyon avan”➔ “I am someone who has never had problems with blood pressure before”

One participant, Marie, vividly described a drastic increase in her blood pressure:



In February, two years ago, I went to the doctor’s office. It was 17*10. If one knows blood pressure, that is extraordinarily high. Now I am on blood pressure medicine when before, I was someone who was always healthy and had no problems with blood pressure, cholesterol, or anything. I think that this is a stress factor for many people in the community. There are too many young men in their thirties and forties who are having heart attacks.

 

Another participant, Nadège, (29, from Les Cayes), stated:



I have developed something in myself that makes my heart beat fast, I get palpitations, and sometimes I feel that I am not the same person anymore because of stress and insecurity, so what pushes me to make a firm decision, I say that I cannot be productive if I leave.

 




Depression and suicide ideation—“Akoz de strès lan, m konn menm bliye pou kisa m ap kriye” ➔ “Because of my stress, I often forget why I am crying”

Natalie (from the Cite Soleil commune in Port-au-Prince, Haiti) shares:



I get so stressed that I cry. I cry for so long because of the stress that I even forget why I am crying, and as a result, the stress makes me unable to eat, I’m hungry, but I cannot even eat food while I’m hungry, it usually makes me think of many things, and sometimes, I feel like I could kill myself. It is because I’m a Christian that makes me not kill myself because every time the thought of killing myself comes to mind, I say if I kill myself, I will not be saved. That’s why I have not killed myself already. Oftentimes I get to the point where it’s more than depression.

 

Natalie (23, Cite Soilel) disclosed the following:



I do not have good mental health. This is because sometimes I see how my parents live, I can see how things should be going for me, but they do not, and that makes me upset, and sometimes I cry. Well, as far as my mental health, I feel like I do not have good mental health. So I feel… I do not know if I can say it’s an illness… it’s a mental illness, but I do not feel I have good mental health.

 

Similarly, Micheline (31, from Les Cayes, Haiti) stated, “My mental health is not so good. I think a lot.” Another Les Cayes participant, Sarah, described:



My mental health is − 0. I’m in a situation where, with all the obstacles that I face, I do not react. I do not know what it’s called, how would I, what name would I give it, does it have a name in mental health, so even if, for example, someone were to tell me that someone is dead, even if they were close to me, I grew up with them it does not shake me. I get up, I do not react to it.

 



Health risk factors—“Ayiti gen tout fasèt nèt ki fè yon ayisyen oblije ap fè gwo trajè sa”➔ “Haiti has all the ways that makes a Haitian have to go through this long journey”

As the stories of struggle unfolded, a common thread began to weave its way through the shared experiences. Across all focus groups, a stark realization emerged: the landscape of mental health in Haiti is marked by scarcity, neglect, and stigma. Participants spoke of the Herculean task of seeking mental health support in a country plagued by scarcity. With voices tinged with frustration and resignation, participants from Haiti and the US lamented the dearth of qualified practitioners, the absence of healthcare coverage, and culturally responsive services. For many, the healing journey was fraught with obstacles, with access to care hindered by geographical distance, financial constraints, and a lack of infrastructure. Against this backdrop of scarcity, hopelessness loomed large, casting a shadow over the collective psyche of the nation. Participants spoke of dreams deferred, opportunities squandered, and futures dimmed by the relentless grind of adversity. In a country where the pursuit of mental well-being was often seen as a luxury afforded only to the privileged few, hope was a scarce commodity.


Barriers to accessing care— “Mwen poukont mwen e mwen vle èd” ➔ “I am by myself and I want help”

“I do not think there are enough psychologists left in the country at the moment to go see even though we are going through a very, very delicate situation,” stated Francesca.

Yvette, a participant from Les Cayes, shared:


So there is not really a psychologist who remains open in Haiti, who has an office, who accepts people for sessions, who hears you. There is not really an office like this except in a hospital that has a center, I do not really remember the names, but where they receive people who have HIV, people who have had a positive AIDS test, etc., you will find a place to do a screening, there is a psychologist there or in places that deal with violence against women, violence against children, so it is always in a center or an institution where there are these types of people.
 

Joceline (53, from New York, United States) expressed her frustration over the lack of mental health professionals and effective coping mechanisms for stress in Haiti. She states:



I have never seen people in my life find a good way to deal with stress. For example, my father is someone who is obsessed with sex, and my mother is someone who is obsessed with Christianity, she’s used to church, but none of these ways have ever done anything, their lives are still not good. My father died young, at 40 years old, and my mother’s life is over.

 

Junior (27, Haiti), a participant in the men’s group, shared his personal experience of lacking access to mental health care despite feeling the need for it at times. He discloses:



I personally did not have access to mental health care, and even though at a certain moment I felt I needed it, I did not have access to it. This is not to say that care is not available, services are not available, and they are not readily accessible because they must be available. There are psychologists, there are therapists, but are they accessible to a large number of people? I did not have anyone to tell me here was a counselor that I can talk to, here is somewhere could go if I have a problem if I did not feel well mentally, I could not find that. So maybe it’s available to some people, but I do not think it’s democratized, that’s what I’m saying. I’m also alone, and I want help. I’m the one doing the research. I’m the one looking for help. I’m the one looking on YouTube and others.

 

Marline shared a similar viewpoint. She said, “…since it is Haiti, I must say that the psychologist is very rare, so that people would come to him to treat this disease, there would have to be a majority of people who are stable to do this, because it is minimal, it’s very minimal due to lack of money I cannot go to the next place to check a psychologist who would do this to help me,” indicating that not only is there a lack of mental health professionals available, there is also a financial barrier. As such, there is a need for democratization of help-seeking for mental health issues in Haiti.



Mental health stigma– “Si ou gen pwoblèm, ou fou” ➔ “If you have a problem, you are crazy”

For example, Sarah (31, Les Cayes) explained:



It is true that the need is there, but there is not a concerned body that is in charge of them. But also, do not you think there is another factor that we should work on because you will not find a lot of people with a problem who will sit down and talk to a psychologist. So, because of us, in our society, when someone goes to see a psychologist, they say you are crazy, so I think there is work to be done with the people so that they can really know what the role of a psychologist is.



Getting mental health care has never been easy. People have always said that if you have problems, you are crazy. It’s because you are not are not strong enough. You are a person who is too nervous, you have too many problems.


Joceline, New York.
 



Insecurity— “Ayiti gen tout fasèt nèt ki fè yon ayisyen oblije ap fè gwo trajè sa” ➔ “Haiti has all the ways that makes a Haitian have to go through this long journey”

Amidst the narratives of struggle and resilience, a chilling tale of desperation emerged, painting a vivid picture of the dire realities faced by many in Haiti. Stevenson, described the extreme measures taken by Haitians to escape hunger and insecurity. He says:



When you hear a Haitian explaining the last wave before the Biden program, he tells you that he has traveled 11, 12, 13 times across the country on foot. So yeah, that shows you the level of degradation Haiti has reached security-wise. All of these facets are what make Haitians have to make this great journey in order to save themselves.

 

Nadège (29, Les Cayes) explained:



I myself can say that it is a problem of insecurity. The worst thing is that those in a position to solve the problem have no will to bring hope for the future.

 

Further, there is an intergenerational concern for how future generations will be raised in these conditions. These narratives highlight the urgent need for efforts to address insecurity in Haiti and restore hope for the future.




Multigenerational concerns— “Enkyetid lan plis pou pitit yo ke pou tèt yo” ➔ “the anxiety is more for their kids than for themselves”

The impact of Haiti’s tumultuous state extends beyond adults to affect its children profoundly. During discussions about addressing the current conditions, participants voiced deep apprehension for the well-being and prospects of the younger generation. Nadège voiced a pressing concern about the dire circumstances faced by Haitian children, emphasizing their vulnerability surpassing that of adults. She earnestly inquired about the existence of mental health initiatives tailored specifically for children, highlighting the urgency of prioritizing interventions to address their unique needs. Nadège’s poignant words underscored the collective anguish felt by many Haitians witnessing the plight of their children amidst the ongoing challenges gripping the nation.



Children are living in situations of not only insecurity and problems of natural disasters, problems of uncertainty for tomorrow, but children are living it worse than adults… Will there be a possibility for your program to be able to bring an in-depth solution for mental health, children, youth, and the older adult in Haiti?

 

Sharing similar sentiments, she noted that many parents care more for their children’s well-being than their own and that the children need psychological support. She shared:



We, as parents, see how difficult it is for us. If we think about the children who are living this situation in a more complicated way, it is important to understand all the people who have children that you see and everything that they say… they are more concerned for their children than for themselves because it will be more difficult for the child to live and go through this moment, especially tomorrow, which is uncertain.

 

Rose stated.



…And for the problem of insecurity to be solved and for the expensive life to go down. Parents cannot send their children to school because there is no work. Life is hard. There are many times they cannot send their children to school. There are many parents who have to sit at home, and they cannot go out.

 



Future uncertainty— “tout moun renmen viv nan peyi yo men eske kondisyon yo reyini?”➔ “everyone likes to live in their country, but have the conditions been met?”

A prevailing sentiment among participants was uncertainty and apprehension regarding their future. Sarah, hailing from the Cap-Haïtien and Les Cayes focus group, articulated this sentiment poignantly. She expressed the internal struggle faced by many Haitians: the dilemma of whether to remain in their homeland amidst the turmoil or seek refuge elsewhere. Sarah’s words encapsulated the profound existential angst and lack of clarity that pervades the minds of many Haitians as they grapple with the uncertainty of what lies ahead in their strife-ridden nation.



You are stressed in a country, so you do not know what future you have in a country, you have children, you have a husband, you do not know, am I supposed to stay here…but is going away the solution?

 

Similarly, another participant, Jean, a 27-year-old medical resident (Saint-Marc), reported:



One of my biggest worries is my future. I am currently in Saint-Marc in my social service. I am from Lyankou commune Vèret, where I have not gone home since 2020. Bandits have invaded the area.

 

Francesca (from Cite Soleil, Haiti) states:



Imagine an area invaded by bandits, these people are just running, they do not even know where they are going. They arrive and find another group of people sitting, and they sit down too. Even though they are hungry, they sit on the street; they have no money. It’s just like… even if they have their phones in their hands, they listen to music, they do this, they do that, they try to talk among one another in the same situation. They will always have in their mind that they will not be able to return to where they were before, and there is nowhere else to go.

 



Healthy coping and protective factors— “Nou konnen nou ka konte sou lòt”➔ “we know we can count on one another”

Yet, even in the face of such adversity, Haitian resilience persists, compelling us to take action to break the cycle of suffering. Amidst the turbulence of Haiti’s present circumstances, Haitian individuals have leaned on various coping mechanisms and protective factors to navigate the stress and uncertainty.


Familial/peer support and prayer—“Mwen priye anpil pou Bondye banm kouraj”➔ “I pray a lot for God to give me courage”

Ricardo (39, Saint Marc) described how important having family support was. He said:



Having family support, especially at this time, is important. Find a friend you can count on. Solidarity is one of the protective factors. And what do we do when there are signs of distress? For example, believers can say that it is prayer. Some people may say it’s meditation, and some may say it’s music.

 

Marline also noted prayer as a significant protective factor. She said, “To face this situation, I pray a lot for God to give me courage after I do a little music. Even though it will not do anything serious, it is the prayer that keeps me.” Similarly, another participant, Reynold (24, Haiti), described how spiritual practices serve as protection against the things he is currently experiencing. He states:



We know that we can count on others, and it is also a protective factor and our belief, and sometimes it can even be a hope that allows us to understand what is happening because it will not stay like this, they will fall like rain, even the rain has a cause and this allows me to move forward with these situations. So it’s family, understanding, and of course, spiritual beliefs, spiritual practices, and prayer that can all be useful for me as a factor of protection.

 



Creative and mind–body practices— “Dwòg pa m se mizik”➔ “My drug is music”

Another coping strategy mentioned by participants was the use of music or an enjoyable activity to cope. Stevenson explained:



My drug is music. Well, I listen to a lot of music, and I realize that music helps me stay away from many things. A lot of things that I could have thought of or that could have been a stressful element for me, but music helps me to take a different turn since I’m in music, and I know practically nothing. I like sports a lot, I exercise from time to time, I always look for 30–45 min to exercise, and politics is also my passion… so I try to keep a balance in this way.

 

Rose (21, Cite Soleil) poignantly expressed a sense of hopelessness, noting the lack of options and the pervasive insecurity in Haiti.



For me, it (music) is the only means we have to fight stress in Haiti because there are problems with insecurity; you cannot go out, you have no place to go, and you cannot do anything.

 



Unplugging— “Pa ale sou Facebook souvan” ➔ “Do not go on Facebook often”

“Unplugging,” defined as conscious and deliberate abstaining from using technology devices and platforms, which results from perceived overuse, is a strategy used to improve well-being (23). Managing digital consumption, or unplugging, is also a strategy identified as a protective factor by the focus group participants. Shielding oneself from stress-inducing information to maintain one’s mental well-being was a coping mechanism. Jean (27, Haiti) explained:



If you want to protect yourself from these situations, you may just not use or go on Facebook often, and there are certain WhatsApp groups you can avoid. There are people who like to post about certain events, so you can always block these people from your contacts. This is the protective factor that I use. Whenever I do not want to be aware of what is happening, I just avoid all the people who have the habit of sharing this information.

 

In summary, each narrative sheds light on the insidious impact of Haiti’s turmoil on individual health outcomes, exposing the harsh reality experienced by its residents. Hypertension, anxiety, depression, sleep disturbances, substance abuse, suicidal thoughts, and post-traumatic stress symptoms manifested as symptoms of a deeper, more pervasive affliction. Throughout the focus groups, participants articulated the pivotal role of familial and peer support, spiritual and religious practices, engagement in music or enjoyable activities, and intentional disengagement from news sources fixated on the country’s current state.





Discussion

The main goal of this study was to explore the mental well-being of Haitians in Haiti and the United States amidst severe political crises, focusing on individual lived experiences, barriers, and facilitators. Through qualitative analysis of focus groups conducted with 28 Haitian men and women across Haiti and the US, poignant themes emerged, spotlighting the profound impact of Haiti’s deteriorating situation on individual and communal well-being. Participants’ narratives underscore the severe health burden stemming from chronic exposure to socio-political instability, with reports of significant psychological distress and physical health complications such as hypertension, heart conditions, anxiety, substance abuse, suicidal ideations, sleep problems, depression, and PTSD. Our findings align with abundant literature demonstrating that sociopolitical violence, a social determinant of mental health factors, has a significant negative impact on human capital and labor market outcomes, with varying effects on men, women, and children (24). It also leads to higher levels of depression, hostility, and PTSD, particularly in adolescents (25).

Systemic and Environmental Risk Factors and the Urgency of Culturally Attuned Interventions.

We underscore that the prevalent distress in Haitian communities is not just a byproduct of current adversities but reveals a community grappling with the compounded and unending foreign interference in political affairs. Exposure to historical traumas, such as race-based enslavement, decades of US Occupation, Independence ransom from former French colonizers, 30 years of Duvalier dictatorship, colonization, and natural disasters, has had a significant impact on the mental health and resilience of Haitians (26). Following the Haiti 2010 Earthquake, Cénat et al.’s (27) meta-analysis revealed that a significant proportion of the population suffers from severe mental health issues post-trauma. Specifically, around 28% have exhibited severe PTSD symptoms, 32% have reported severe depression, and 20% have experienced severe anxiety. These conditions co-occurred with other mental health concerns such as distress, suicidal thoughts, and increased alcohol consumption. Their data suggested a gender disparity, with females being over 40% more likely to endure severe PTSD symptoms compared to males.

More than 10 years following this devastating natural disaster in Haiti, as the country is undergoing one of the deadliest socio-political disasters in its history, our exploration of Haitian lived experiences with mental health reveals critical health risk factors, including ongoing gang violence, disruption in daily lives, limited access to health services, cultural insensitivity in existing care frameworks, and pervasive stigma against mental health issues. These factors exacerbate the community’s vulnerability, highlighting an urgent need for culturally attuned interventions that address the specificities of the Haitian experience.

In recent years, there has been a growing recognition of the imperative to assess the colonial legacies and efficacy gaps inherent in solely etic, Western-based psychological interventions, leading to an increased emphasis on indigenous healing modalities (28). Haiti has historically pioneered culturally attuned mental health practices, exemplified by initiatives such as the Ligue Nationale d’Hygiène Mentale (27). Furthermore, the concept of resilience, often used to characterize the endurance of the Haitian populace amidst violence and political exploitation, has been scrutinized for its tendency to overlook Haiti’s psychological needs (29).

Our focus group discussions vividly depict the multigenerational distress, stressing the importance of interventions that cater to the diverse needs of all segments of the population, including children, youth, women, and the older adult, who are particularly vulnerable (30). Education and culturally appropriate interventions emerged as pivotal tools in this endeavor, serving to destigmatize mental health issues, foster emotional literacy, and empower communities with knowledge and resources for resilience and intergenerational healing (see Table 3). For Haitians, recognizing and amplifying the cultural fortitude that has withstood the original wounds of colonial subjugation and subsequent traumas is paramount in our healing odyssey. Historical trauma/intergenerational traumas theoretical framework provides a lens to comprehend the link between structural health determinants and the collective oppression experienced by Indigenous/African descent peoples across generations, with an emerging emphasis on healing factors. This approach can be extended to Haitians, centering on intergenerational recovery and well-being (31–34).



TABLE 3 Integrated mental health strategy for Haitian communities: policy recommendations and action plan.
[image: Table outlining problems, policy recommendations, indicators, and risk indicators related to Haiti. Issues include chronic traumatic stress, health burdens, and structural factors. Policies focus on security, health promotion, economic investment, and resilience-building. Indicators measure program impacts, such as reduced violence and service accessibility. Risks involve political instability, financial constraints, and cultural barriers.]

There is a need for an exploratory investigation into historical accounts of healing practices among Haitians during the eras of enslavement, US invasion, and dictatorship to provide insight into ancestral resilience and healing practices. In their exploratory analysis, Henderson et al. (35) delved into the historical practices of healing carried out by enslaved African individuals on plantations in the Southern United States. Their study highlighted two primary coping strategies utilized by these healers and those in search of healing: devising coping mechanisms and active resistance. Through an analysis of historical documents, their study brought to light the continuous passage of healing knowledge and practices that have contributed to the resilience and wellness of African American lineages over time.


Limitations

The study is not without limitations, including potential biases in the qualitative analysis, the representativeness of the sample, and the challenges of virtual focus group engagement. Future research should aim for a more representative sample and refine data collection methodologies to enhance the understanding of mental health within the broader Haitian community.




Conclusion and future directions

In conclusion, the study’s insights underscore the critical need for restoring security in Haiti, emphasizing the social determinants of health, and advocating for policies (see Table 3) that foster transformative policies and mental health education. The provision of sustainable, culturally sensitive services, public health strategies to address the crisis, and investment in the youth is crucial for the well-being of the Haitian population. Derived from the community’s lived experiences and propositions, these recommendations serve as a blueprint for a holistic approach to mental health and multigenerational healing in Haitian communities.
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Footnotes

1   Humanitarian parole program of the Biden-Harris Administration, allowing Haitian individuals to enter the US if they have a sponsor.
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As health equity becomes a prioritized goal in global health policy, extensive research has revealed that socio-economic and geographical factors jointly exacerbate barriers to medical service access for both internal and international migrant populations, further accelerating existing health disparities. This study explores healthcare service utilization disparities among internal migrants in China, a population profoundly affected by the country’s economic reforms and urbanization since the late 1970s. These transformations have led to significant migratory movements and subsequent healthcare challenges for these populations. Leveraging data from the 2017 China Migrant Dynamic Survey, comprising 169,989 samples across 28 provinces, we introduce a novel metric—the “No Treatment ratio” (NT-ratio). This ratio quantifies the proportion of migrants who, after falling ill, choose not to seek treatment relative to the total migrant population in a given province or region, serving as a critical measure of health risk. Building upon Anderson’s Behavioral Model of Health Services Use, we adapted the model to better reflect the unique circumstances of migrant populations. The study employs spatial autocorrelation, hotspot analysis, and geodetector techniques to dissect the multifaceted factors influencing healthcare disparities. Our Findings reveal that the NT-ratio is significantly higher in eastern and northeastern China. Key factors influencing the NT-ratio include age, left-behind experiences, health education, and per capita medical resources. In response to these disparities, we recommend optimizing the distribution of medical resource, strengthening tiered diagnosis and treatment systems, and integrating health, education, and social security resources. These measures aim to improve healthcare utilization among migrant populations and reduce health inequities, aligning with global health objectives.
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1 Introduction

Health equity is a vital benchmark for gauging the efficacy of a nation’s health service policies and reform initiatives. Prioritizing equitable health service access and systems to safeguard vulnerable populations is now critical in global policy agendas. Cultural, linguistic, racial, and socioeconomic factors fuel persistent health inequities. Extensive research has illuminated the underlying mechanisms of these inequalities within countries (1–6). Disparities in medical care access, particularly for disadvantaged groups including migrants, have garnered increased attention. In China, health inequity reflects not just differences in health outcomes, but more deeply, the unequal distribution of social resources and opportunities, a disparity that is especially marked among internal migrants.

In the late 1970s, China began implementing its “reform and opening-up” policy, transitioning from a centrally planned economy to a market-oriented economy while integrating into the global economy. Progressive economic reforms have steadily boosted urban labor demands. In response, surplus rural laborers have undertaken extensive migrations in search of better educational and employment opportunities. Data from the National Bureau of Statistics’ Seventh National Census Bulletin (No. 7) show that as of November 2020, China’s internal migrant population had reached 375,816,759, making up 26.65% of the total population (1.41 billion). This represents an increase of 154,390,107 individuals, or 69.73%, compared to 2010. Development models focused on economic outcomes frequently overlook the health concerns of the migrant population. Although the “healthy migrant hypothesis” suggests that migrants generally enjoy better health than natives, studies have also identified the “salmon bias hypothesis” within China’s internal migrant population. This bias explains why the self-assessed health of migrants moving from rural areas to cities often seems better than that of those who remain in rural areas or return to their hometowns after migrating. Migrants whose health deteriorates due to factors such as living costs and social security needs often cannot remain long-term in destination cities and choose to return to their original homes (7). Therefore, ensuring that migrants have equal access to healthcare services in their current residences is crucial for improving their health outcomes.

Following the implementation of new medical reforms, China has committed to fundamentally improving the household registration system and addressing the disparities in public services it engenders. In 2013, the government introduced the “Pilot Work Plan for the Equalization of Basic Public Health and Family Planning Services for the Migrant Population”.1 This initiative has effectively enhanced the health of the migrant population by improving access to medical services, health literacy, and medical service utilization (8). It has also broadened the migrant population’s understanding of policies and social insurance, further boosting their use of medical services (9). However, for the migrant population, the improvement of overall medical accessibility does not mean the equality of medical service utilization. Zhou et al. (8) found that the equalization pilot policies primarily benefited high-income groups, thus intensifying healthcare usage disparities within the migrant population.

The underutilization of basic public health services among the migrant population is linked to geographic distribution (10). Social factors (11), individual predisposition, enabling characteristics, and need-based factors also play significant roles (12–14). Furthermore, the total availability and allocation of medical resources, service quality, and the effectiveness of community health services are key determinants of the health status of the migrant population (15). Therefore, achieving health equity entails eliminating disparities in health outcomes stemming from socioeconomic, demographic, or geographic differences—a fundamental right that ensures everyone can fully realize their potential for health and well-being (16). This calls for a comprehensive and systematic examination of the factors influencing medical service utilization among the migrant population.

However, existing research on healthcare utilization among the migrant population exhibits several limitations. First, research on migrant health service utilization predominantly employs Anderson’s Behavioral Model of Health Services Use (BMHSU) (17–19), crucial for policy enhancement but limited for Chinese migrant studies. The range of influencing factors proposed by BMHSU may not comprehensively account for the unique circumstances of China’s migrants. Empirical evidence suggests that besides BMHSU’s factors, variables like migration time and distance (11, 20), individual life experiences (21), and family resource endowment significantly impact migrants’ health service utilization. Second, many studies fail to consider all relevant influencing factors. Migrants are diverse, differentiated by migration scope and duration, left-behind experiences2, family economic status, educational background, and more. Policies to improve health service access need to account for these sub-groups’ varied needs. Additionally, many studies view health service utilization as primarily driven by individual choices, neglecting the influence of external environmental factors like regional variations (9, 13, 22). Health outcomes are deeply influenced by broader social, economic, and environmental contexts (23). Thus, incorporating a spatial dimension in examining health service utilization among migrants is vital for more effective policy development and implementation.

Therefore, we develop a refined model tailored for analyzing medical care utilization by internal migrants. This model builds on the BMHSU and prior studies, incorporating a broader perspective and additional influencing factors. We employs a multidimensional geographic framework, including spatial autocorrelation, hotspot analysis, and the geodetectors, to assess the spatial distribution of contextual and individual factors and their interactions in medical care utilization. This study addresses a gap in previous research, which primarily focused on individual and social determinants. It aims to elucidate spatial disparities in health service access among migrants and to identify key factors contributing to underutilization and provide policymakers with actionable insights for more targeted health service interventions.

The core issue this study seeks to address is:

	1. Are there spatial disparities in healthcare utilization among internal migrants?
	2. What are the individual and contextual factors influencing healthcare utilization among internal migrants?
	3. How can these insights inform policy decisions to reduce healthcare inequities for migrant populations?



2 Methods


2.1 Data source and variables


2.1.1 Data source

The spatial statistical data for this study were derived from the 2017 China Health and Family Planning Statistical Yearbook and the 2017 China City Statistical Yearbook. The former provides comprehensive statistical data on health service development and resident health levels across China’s 31 provinces and regions, encompassing 16 key aspects such as health institutions, facilities, funding, public health status, and medical insurance coverage. The latter offers detailed provincial and regional data on air quality and pollution emissions.

Data on the migrant population was obtained from the 2017 China Migrant Dynamic Survey (CMDS), covering the entire migrant population across 31 Chinese provinces, including the Xinjiang Production and Construction Corps, for its primary sampling frame. The CMDS 2017 targeted non-local registered migrants aged 15 and above from cities and counties, using a Probability Proportional to Size (PPS) sampling technique. The survey amassed 169,989 migrant responses. With the aim of evaluating health service utilization among Chinese internal migrants, our focus was on those who reported illness or physical discomfort in the past year. After removing samples that were only “cross-county within the same city” migrants and those with incomplete data, 61,978 samples were subjected to analysis.



2.1.2 Dependent variable

Question Q411 in the questionnaire, “Where did you first seek medical care the last time you were sick, injured, or felt unwell?”. This question assumes the respondents’ perception that their illness, injury, or physical discomfort warranted some form of medical care. The question is designed to capture a comprehensive range of healthcare-seeking behaviors, not limited to hospital visits, and to identify respondents’ initial choices of care, whether that involved visiting a hospital, clinic, pharmacy, or choosing not to seek any medical care at all. Table 1 presents the distribution and percentage of participants engaging in each behavior.



TABLE 1 Distribution of primary health service utilization among migrants.
[image: Table displaying health service utilization data with columns: "No.", "Health service utilization," "Abbreviation," "Sample," and "Proportion." Entries include local community health stations, private clinics, hospitals, pharmacies, and no treatment, with sample sizes and corresponding proportions.]

Among the behavioral options, choosing 1. Community Public Health Services (CPHS); 2. Primary Care (PC); or 3. General/Specialist Hospital (G/SH) represents a more advisable approach to medical care. Option 4, Pharmacy, some migrant patients opt for self-medication by purchasing drugs from pharmacies, based on their own illness experiences. However, option 5, No Treatment (NT), carries a high health risk and, if overlooked, could significantly deteriorate an individual’s health and affect the migrant population’s overall health. Therefore, we introduces the concept of the “No Treatment ratio” (NT-ratio), defined as the proportion of migrants who opt not to seek treatment after falling ill out of the total migrant population in a region/province, as the dependent variable to identify region healthcare disparities.



2.1.3 Independent variable

BMHSU emphasizes contextual factors in recognition of the importance of community, the structure and process of providing care (24), and the realities of a managed care environment (25). Building on the BMHSU, this study delves into the various factors influencing health service utilization among the migrant population, including both contextual and individual characteristics. Contextual characteristics encompass macro-socioeconomic factors include Beliefs, Financing, Organization, Population Health indices, and Environmental conditions.

Individual characteristics include Demography, Social, Beliefs, Financing, Organization, and Perceived health status. Additionally, after conducting a comprehensive analysis of China’s policy landscape and the demographic characteristics of migrants, we have incorporated mobility attributes into the Predisposing dimension of the BMHSU. The factors and rationale encompassed are below:



2.1.4 Migrant characteristics


2.1.4.1 Type of migrant

The types of internal migrants in China are cross-province, cross-city within the province, and cross-county/district within the city. The problem of cross-regional treatment caused by mobility has become an essential obstacle for migrants seeking medical treatment, leading to the contradiction between the availability of medical resources in non-insured areas and the medical needs of migrants.



2.1.4.2 Left-behind experience

In 2020, there were 66.93 million left-behind children in China, and a total of 138 million children were affected by population mobility, accounting for 46.4% of the total child population (26). Research indicates that the effects of left-behind experience (LBE) are comprehensive, spanning from childhood into adulthood. Key findings reveal that left-behind children exhibit significantly lower levels of positive mental health metrics—such as happiness, life satisfaction, and prosocial behavior—compared to their non-left-behind rural counterparts3 (27). This discrepancy extends into reduced educational opportunities upon reaching high school. In adulthood, LBE correlates with increased depression and job mobility, leading to diminished social integration and job quality (28, 29). These dynamics adversely affect the socioeconomic and mental health status of migrants, contributing to health disparities within the group and altering their health service utilization. Consequently, this study proposes a model suggesting that migrant characteristics significantly influence health service utilization patterns among migrants (Figure 1).

[image: Flowchart illustrating the connections between migrant characteristics and various outcomes. "Migrant Characteristic" branches into "Migrant Type" and "Left-behind Experience." These lead to factors like "Off-site Medical," "Degree of Education," "Job Quality," "Depression," "Subjective Well-being," and "Social Integration." These, in turn, relate to outcomes such as "Income," "Mental Health," and "Use of Personal Health Service." Solid and dashed lines indicate relationships between the elements.]

FIGURE 1
 Pathways of health service use influenced by migrant characteristics.


We utilized Self-Rated Health (SRH) and Chronic Diseases (CD) as indicators to assess both the subjective perceptions and objective realities of migrants’ health, along with associated risks. Additionally, the participation rate in health education programs (Participation in Health Education, PHE) and the coverage of Resident Health Records (RHR) were analyzed across different provinces and regions to gauge the level of understanding and awareness of health-related policies among the migrant population.

Tables 2, 3 provide detailed descriptions of the variables and abbreviations used in the modified BMHSU in this study, including specific definitions and measurement methods for both contextual and individual characteristics.



TABLE 2 Description of contextual characteristic variables.
[image: A table showing types, variables, and descriptions of health data indicators. The dependent variable is the No treatment ratio (NT-ratio), denoting the ratio of migrant population not seeking treatment. Independent variables include predisposing beliefs, enabling financing, organizational factors, and population health indices. Variables like per capita disposable income, total health expenditure, medical insurance coverage, and population life expectancy are included with corresponding descriptions, such as ratios, rates, and counts per population by province. Environmental factors like provincial annual precipitation and wastewater discharge are also listed.]



TABLE 3 Description of individual characteristic variables.
[image: Table detailing independent variables related to different types affecting migrant populations. Categories include Predisposing, Enabling, and Need with subcategories like Demography, Social, Beliefs, Migrant Characteristics, Financing, Organization, and Perceived. Variables such as sex, age, marital status, education, health education, and income are documented along with descriptions about their significance, such as proportions and averages related to the migrant populations across provinces.]





2.2 Research technique


2.2.1 Spatial autocorrelation statistics

Moran’s I statistics Moran’s I is an index used to measure spatial autocorrelation, reflecting the degree of similarity in attribute values between neighboring spatial units. It incorporates two forms of testing: random distribution and normal distribution. Equation 1 is the formula for Moran’s I is:

[image: Mathematical formula for Moran's I: the quotient of the numerator, a double summation from i equals one to n and j equals one to n of wij times (xi minus x̄) times (xj minus x̄), and the denominator, s squared times the double summation from i equals one to n and j equals one to n of wij.]

In this formula: [image: Equation for sample mean and variance. Mean: \( \bar{x} = \frac{\sum_{i=1}^{n} x_i}{n} \). Variance: \( s^2 = \frac{\sum_{i=1}^{n} (x_i - \bar{x})^2}{n} \). Variables: \( x_i, x_j \).] represent the observed values of the NT-ratio for province i and j, respectively. “n” denotes the number of provinces, and “wij” is the spatial weight matrix, indicating whether provinces i and j are spatially adjacent. If Moran’s I is greater than 0, it indicates the presence of positive spatial autocorrelation, suggesting that the NT-ratio tends to be spatially clustered. Conversely, if Moran’s I is less than 0, it indicates negative spatial autocorrelation, implying that the NT-ratio tends to be spatially dispersed.

We employs LISA (Local Indicators of Spatial Association) cluster maps to display four types of local spatial associations, identified through Moran’s normal distribution significance tests. These types are categorized based on the sign of the Ii value (Equation 2). Areas with Ii > 0 indicate positive local spatial autocorrelation, classified as “High-High” and “Low-Low” regions. Conversely, areas with Ii < 0, indicating negative local spatial autocorrelation, are classified as “Low-High” and “High-Low” regions.

[image: The formula depicts \( I_i = \frac{(x_i - \bar{x})}{s^2} \sum_{j=1, j \neq 1}^{n} w_{ij} (x_i - \bar{x}) \).]



2.2.2 Getis-Ord Gi* statistic

The Getis-Ord Gi* statistic primarily investigates spatial patterns by calculating the relationship between a geographic attribute at a specific location and those of its neighboring locations. It identifies whether spatial elements belong to clusters of high or low values. Although the LISA scatter plot, corresponding to Moran’s I, also assesses the similarity or dissimilarity of spatial data, it does not distinguish the type of spatial clustering pattern. In contrast, the Getis-Ord Gi* statistic, based on a normal distribution hypothesis test, demonstrates greater sensitivity than LISA, which relies on a random distribution hypothesis test (30), which is based on a random distribution hypothesis test. This enhanced sensitivity of Getis-Ord Gi* enables the detection of whether regional units exhibit high-value or low-value clustering. Hotspot analysis (Getis-Ord Gi*) is employed to identify spatial clusters of statistically significant high values (hot spots) and low values (cold spots) in the NT-ratio. This is achieved by calculating the Getis-Ord Gi* value for each element, resulting in a z-score and p-value for each (31, 32). Equation 3 is the Getis-Ord Gi* local statistic formula.

[image: Mathematical expressions detailing calculations for \(G_{i*}\), \(\bar{x}\), and \(s\). \(G_{i*}\) formula incorporates sums and differences of weighted terms \(w_{i,j}\), mean \(\bar{x}\), and a divisor \(n-1\) inside a radical. \(\bar{x}\) equals the sum of \(x_i\) divided by \(n\). \(s\) is the square root of the sum of squared deviations \(x_i^2\) from the mean \(\bar{x}\), divided by \(n\).]

In the formula: “xj” denotes the attribute value of province j; “wi，j” represents the spatial weight between provinces i and j; “n” is the total number of provinces; [image: Mathematical symbol for "x bar," representing the mean or average value in statistics.] is the mean of the NT-ratio; “S” is the standard deviation of the NT-ratio. The Gi* statistic is calculated as a z-score. A higher z-score indicates tighter clustering of high values (hot spots), whereas a lower z-score indicates tighter clustering of low values (cold spots) (33).



2.2.3 Geodetector

Geodetector is a suite of statistical methods designed to detect spatial heterogeneity and to reveal the driving forces behind it. Its core premise is based on the hypothesis that if an independent variable significantly influences a dependent variable, then the spatial distributions of the independent and dependent variables should exhibit similarities (34, 35). The unique advantage of the geodetector lies in its ability to identify risk factors affecting the distribution of the NT-ratio, as well as to detect how two factors interact to influence the NT-ratio. This is achieved by calculating and comparing the q-values of individual factors and the combined q-value after overlaying two factors. Such an analysis allows for the determination of whether an interaction between two factors exists and the nature of this interaction in terms of its strength, direction, and whether it is linear or non-linear (36).



2.2.4 Factor detection

Investigates the spatial variability of the attribute Y and the extent to which a specific factor X accounts for this spatial variability of Y. The quantification is achieved using the q-value, expressed as follows:

In the formula (Equation 4), h = 1, …, L represents the strata of variable Y or factor X，which refers to classification or partitioning; Nh and N are the number of units in stratum h and the entire area: [image: Greek letter sigma squared subscript h.] and [image: The Greek letter sigma, squared, representing variance in statistics.] are the variances of Y values within stratum hand the entire area, respectively. SSW and SST (Equation 5) represent the within Sum of Squares and the total Sum of Squares. The range of q is [0, 1], with higher values indicating more pronounced spatial differentiation of Y; if the stratification is generated by the independent variable X, a higher q value suggests a stronger explanatory power of X over attribute Y, and vice versa. In extreme cases, q = 1 indicates that factor X completely controls the spatial distribution of Y q = 0 indicates that factor X has no relation to Y, and the q value represents that X explains 100 × q% of Y.

[image: Mathematical equation illustrating q equals one minus the sum from h equals one to L of N sub h times sigma sub h squared, which equals one minus SSW divided by SST.]

[image: Statistical equations for sums of squares within and total. SSW equals the sum from h equals one to L of N sub h times sigma sub h squared. SST equals N times sigma squared. Equation number 5.]



2.2.5 Interaction detection

Identifying the interactions between different risk factors Xs, that is, assessing whether the combined effect of factors X1 and X2 increases or decreases the explanatory power over the dependent variable Y, or whether their effects on Y are independent of each other. The evaluation method is to first calculate the q values of the two factors X1 and X2 on Y separately: q(X1) and q(X2), then calculate the q value when they interact: q(X1∩X2), and compare q(X1), q(X2), and q(X1∩X2). The relationship between the two factors can be categorized as Table 4.



TABLE 4 Basis for judging two-factor interaction patterns.
[image: Table listing five interaction types based on specific judgments. Type 1 indicates nonlinear weakening with \(q(X_1 \cap X_2) < \text{Min}(q(X_1), q(X_2))\). Type 2 shows single nonlinear enhancement with additional conditions. Type 3 represents double enhancement. Type 4 is independence where \(q(X_1 \cap X_2) = q(X_1) + q(X_2)\). Type 5 suggests nonlinear enhancement with \(q(X_1 \cap X_2) > q(X_1) + q(X_2)\).]





3 Results


3.1 Descriptive statistics

Migrants’ illness incidence within 2 weeks is 6.47% (10,996/169,989), while the annual illness rate is 48.68% (82,744/169,989). We employed Sankey diagrams (Figure 2) to depict the health status and awareness of health policies among 61,978 ill migrants. Analysis of questionnaire data on initial medical consultation preferences showed varied choices: 19.92% selected community health centers, 14.10% chose private clinics, 16.89% went to general/specialized hospitals, 31.3% preferred pharmacies, and 17.70% avoided treatment. Pharmacies were the most common choice for post-illness or injury health service among migrants.

[image: Sankey diagram visualizing healthcare utilization pathways, featuring categories such as health service utilization, sex, age, migrant type, self-rated health, BPHS project, health archive, and medical accessibility. The diagram contains multicolored flows between these categories, with specified percentages representing data distribution. Each column depicts distinct classifications and transitions between categories.]

FIGURE 2
 Sankey diagram of basic health service utilization among migrant population. H-S utilization, health service utilization; A: aged more than 60 years; B: 50~59; BH, basic health; C: ill health; BPHS project: Have you heard of the "National Basic Public Health Services Program"? DK: I don’t know; NEH: No, it has not been established, but I have heard of it; NENH: No, it has not been established, and I haven’t heard of it; ES: Yes, it has been established; D: more than 30 minutes.


Further examination grouped community health stations, private clinics, and hospitals as formal medical institutions, contrasting these with pharmacy visits and no treatment. The demographic of ill migrants was evenly distributed by gender, with the majority aged between 20 and 40 years old. The migrant population opting for no treatment exhibited the highest rate of cross-provincial mobility at 60%, with the highest self-rated health status, where 82% perceived themselves as healthy. This contrasts with a slightly lower rate of 78% for those choosing local pharmacies, while migrants seeking care from medical institutions reported the lowest self-perceived health status at 74%. The findings suggest that migrants with poorer self-reported health are more likely to seek care from formal medical institutions, indicating a stronger perception of illness severity. In contrast, trans-provincial migrants may avoid formal medical services due to time constraints (37) or greater economic pressures. Similar to international migrants, internal migrants are also influenced by changes in their living environment, lifestyle, and cultural differences (38). Although they often report better self-rated health, this perception may not accurately reflect their true health status, as limited access to healthcare resources can lead to an underestimation of health risks. The proximity to medical facilities within 15 min was similar across groups, standing at 84%, indicating no significant disparities in healthcare access. Knowledge of national public health programs was most prevalent among individuals using formal medical institutions at 62%, marking a 4 and 6% greater establishment of health records than those opting for pharmacies or no treatment, respectively. This suggests that national level policy intervention can facilitate more appropriate health service utilization among migrant populations.

The Health Outcome Model emphasizes health literacy as a key outcome of health education. By improving access to health information and enhancing the ability to use it effectively, improving health literacy is essential for empowerment (39). In our comparative analysis of health education participation among ill migrants receiving institutional treatment, pharmacy treatment, and no treatment, we observed that those who chose institutional treatment were more actively engaged in all types of health education, illustrates that health education is an effective approach to guiding the migrant population towards appropriate healthcare utilization, consistent with previous international research findings (40, 41). However, this engagement is not uniformly distributed across health education areas. The highest levels of engagement were in Reproductive health and contraception (C), Smoking control (E), and Maternal and child health care (H). Conversely, their participation was notably lower in occupational disease prevention and control (A), tuberculosis prevention and cure (D), mental health (F), and chronic disease prevention (G) (Figure 3).

[image: Bar chart comparing values labeled N, P, and M across categories A to I. The values vary in height, with the highest at 0.528 in category H for P. Other notable values include 0.521 for M in E and 0.51 for N in C.]

FIGURE 3
 Health education participation of migrant population. A: occupational disease prevention and control; B: STD/AIDS prevention and treatment; C: reproductive health and contraception; D: tuberculosis prevention and cure; E: smoking control; F: mental health; G: chronic disease prevention; H: maternal and child health care; I: save yourself from public emergencies; N: no treatment; P: pharmacy; M: medical institution.


Spatial statistical analysis reveals significant regional variations in the NT-ratio among China’s migrant population. Shanghai has the highest NT-ratio at 30.42% (Figure 4). The Hu Line4 illustrates a distinct divide, with western regions showing lower NT-ratio compared to the eastern regions. This pattern indicates that regional economic and cultural factors play a crucial role in health service utilization among migrants. In developed eastern areas, despite better health service infrastructure, high living costs and fast-paced lifestyles may hinder migrants’ access to timely health service. Conversely, the less developed western regions have lower NT-ratio, due to lower population densities that allow for stronger community support networks.

[image: Map of China displaying NT-ratio data by province using shades of blue to beige. Darker blue indicates higher ratios, while beige represents lower ratios. A scale bar shows ratio ranges from 0.06403 to 0.304233. An inset map highlights China's location. A north arrow is included for orientation.]

FIGURE 4
 Spatial distribution of NT-ratio among migrants in China.




3.2 Spatial autocorrelation

Using ArcGIS 10.8.1, we performed spatial autocorrelation analysis the NT-ratio across provinces, obtaining a positive Moran’s I of 0.278, revealing spatial dependence in migrants’ medical non-attendance post-illness. LISA clustering and mapping (Figure 5) further illustrated these patterns, identifying high-high clusters in the Northeastern (Jilin, Liaoning) and Eastern (Shandong, Jiangsu, Anhui, Zhejiang, Shanghai) regions, and low-low clusters in the Northwest (Gansu, Qinghai) and Southwest (Sichuan, Chongqing, Yunnan, Guizhou). This suggests that migrant patients’ utilization of health services exhibits spatial heterogeneity.

[image: Map of China showing statistical clusters and outliers. Regions are color-coded: dark blue for high-high clusters, pink for high-low outliers, teal for low-high outliers, medium blue for low-low clusters, and gray for not significant data. An inset map highlights Taiwan and nearby islands.]

FIGURE 5
 Spatial autocorrelation results and LISA clustering of the NT-ratio.




3.3 Hotspot analysis

We applied the Getis-Ord Gi* method to analyze the NT-ratio across Chinese province. The results with 95% confidence (z-score greater than 1.96, probability value <0.05), show that the overall situation in the western region is better than that in the eastern region. Liaoning, Shandong and Jiangsu provinces were identified as significant hot spots, where the proportion of untreated migrants is highly clustered and shows signs of spreading to surrounding provinces (Figure 6).

[image: Map of China showing hot and cold spots with confidence intervals. Regions in shades of blue indicate cold spots, and regions in shades of red indicate hot spots. A scale on the left specifies confidence levels: 90% and 95% for cold spots, 90% and 99% for hot spots. Gray areas are not significant, and light gray shows no data. A scale bar indicates distance in kilometers.]

FIGURE 6
 The pattern of cold spots and hot spots in the distribution of NT-ratio.


Further examination of the migration patterns in these three provinces reveals that Liaoning and Jiangsu predominantly experience an influx of population from outside the province, accounting for 63.05 and 62.97% respectively, whereas Shandong sees mainly intra-provincial movement, with a smaller proportion of people coming from outside the province, at 23.86%. This suggests that the NT-ratio in Liaoning and Jiangsu is more closely linked with inter-provincial migration. These provinces should closely monitor health service utilization among incoming migrants, develop tailored policies, and strengthen management of health services to ensure migrants have access to appropriate medical care.



3.4 Geodetector analysis results

Spatial autocorrelation and hotspot analysis reveal a robust spatial correlation in the NT-ratio of the mobile population across provinces. To quantitatively analyze the spatial drivers and their intensity affecting NT-ratio distribution, we employed a geographical detector to examine risk factors at both the contextual characteristic (macro) and individual characteristic (micro).


3.4.1 Contextual characteristics factors detection results

Number of Hospitals (NH) and Number of Hospital Beds (NHB) exhibit the highest explanatory power, exceeding 60%. Similarly, Number of Basic Medical Institutions (NBMI) and Number of General Practitioners (NGP) within the same category demonstrates substantial explanatory power, over 50% (Table 5), highlighting the role of medical resource distribution in migrants’ access to health service services. It is important to note that the issue of medical resources here does not merely refer to the insufficient total medical resources affecting the utilization of healthcare services by the migrants. Research has shown that individuals with lower age, income, and education levels typically have lower health awareness, making them more likely to choose healthcare utilization that are closer or less costly (42). Specific behavioral patterns of the China inner migrants, such as preferring to avoid complex medical procedures and holding stereotypes about the high costs and long wait times at large urban hospitals, can limit their opportunities to access high-quality medical resources. Even if the total number of hospital facilities is sufficient, the location and quality of services can still impact the health outcomes of migrant patients. Therefore, integrating medical resources requires not only an increase in quantity but also the equitable and rational distribution of high-quality medical facilities, particularly in suburban areas where low-income or migrants are concentrated.



TABLE 5 Significant factors of the individual characteristic dimension and explanatory power.
[image: Table listing variables with associated q statistics and ranks. Ranked first and second are "Number of Hospitals" and "Number of Hospital Beds," both with a q statistic of 0.645. Ranked third is "Number of Basic Medical Institutions" with 0.600. Other variables include "Provincial Annual Precipitation," "Population Life Expectancy," and "Industrial Waste Water Discharged." Statistical significance is indicated by asterisks, with three asterisks for p < 0.001, two for p < 0.01, and one for p < 0.05.]

Another factor with explanatory power exceeding 50% is Participants in Health Education (PHE), which, when interacted with NH and NHB, q(XPHE∩XNH) and q(XPHE∩XNHB) as high as 0.89 (Figure 7a). This suggests that actively engaging in health education through existing social networks enhances health literacy, enabling individuals to make healthier decisions within medical and social contexts. As previously mentioned for the migrants, better health literacy signifies possessing a valuable resource conducive to health (43). It can reduce the health detriments associated with mobility, enable rapid adaptation to the changes in the medical environment experienced during the migration process, and thus maintaining or enhancing health levels.

[image: Two triangular correlation matrices labeled (a) and (b). Matrix (a) displays correlations among variables like HWDD and NH, with color gradients from blue to yellow indicating correlation strength. Matrix (b) shows correlations among different variables like NRCMS and SEX. Both matrices use a color bar ranging from 0 (blue) to 1 (yellow) to represent correlation values.]

FIGURE 7
 Interaction detector analysis results. (a) Contextual characteristics factors; (b) Individual characteristics factors.




3.4.2 Individual characteristics factors detection results

In the individual dimension, AGE has the strongest explanatory power (56.2%), interacting with Average years of education (EDU) and Social Network (SN), it shows a double enhancement effect (q(XAGE∩XEDU) and q(XAGE∩XSN) exceeding 85%) (Figure 7b). The Health Belief Model (HBM) proposes that individuals’ health behavior decisions are determined by their perceptions of threat severity, personal susceptibility to health issues, advantages of preventive actions, and obstacles faced. Specifically, older migrants with restricted educational backgrounds often undervalue both health risks and their own vulnerability (44, 45). Furthermore, the Social Determinants of Health (SDH) framework underscores how an individual’s environment impacts health outcomes. Therefore, limited education and advancing age may hinder their ability to effectively establish and utilize these networks.

An essential finding of this study is that the factor of LBE drives the tendency among the migrant population to forego treatment during adulthood. The explanatory power of LBE on the dependent variable NT-ratio exceeds 55%, validating the framework proposed in Figure 2. Although existing research has confirmed the Left Behind Experience (LBE)'s long-term negative impacts on physical and psychological well-being (46, 47)，little attention has been paid to the health service utilization of the migrant population with such experiences in adulthood. Our findings highlight that LBE significantly increases the likelihood of avoiding treatment post-illness. Although SI alone does not markedly affect the NT-ratio, its interaction with LBE reveals a nonlinear enhancement effect (q(XLBE∩XSI) reaching 91.2%), emphasizing Social integration (SI) as a pivotal mediator between LBE and health service avoidance, intensifying this avoidance tendency. Furthermore, the interaction of LBE with Chronic Disease (CD) awareness (q(XLBE∩XCD) at 88.2%) suggests that migrants, particularly those without or unaware of chronic conditions, may perceive their health as relatively stable, deterring them from seeking medical attention. The explanatory power of EDU on the NT-ratio also exceeds 50%, which aligns with the findings of studies on health service utilization across various countries worldwide (48, 49). Regarding interaction effects, besides AGE, q(XEDU∩XINCOME), also shows a high explanatory power (84.6%) (Figure 7a). Education level is a crucial factor affecting human capital, which is understandable. When migrant populations have lower levels of education and personal income due to economic constraints and limited health literacy, they are significantly more likely to choose the highly irrational health service utilization of not seeking treatment after falling ill (Table 6).



TABLE 6 Significant factors of the contextual characteristic dimension and explanatory power.
[image: Table listing 17 variables with their q statistics ranked by significance. The top variables are "Average age of migrant population" (0.562), "Left Behind Experience" (0.555), and "Average years of education" (0.506). The least significant is "Social integration" (0.059). Significance levels are denoted by asterisks, indicating statistical significance at different thresholds.]





4 Discussion

The increasingly severe phenomenon of health inequities on a global scale indicates an urgent need for targeted research to halt this disturbing trend. This urgency compels us to shift our analytical lens from traditional epidemiological approaches to more nuanced, spatially-aware methods that offer deeper insights into the complexities of health service access and utilization. In contrast to previous focuses on individual differences among migrant populations, we first derives a model of health service utilization for migrant populations, analyze the health service services utilization of migrant populations after falling ill, spatial differentiation, and driving factors from a geographical spatial dimension. And to our knowledge, this is the first time the factor of left-behind experience has been incorporated into a model of health service utilization, using spatial statistical techniques to explore the medical behavior of migrant populations, providing a comprehensive picture of this topic. This study can summarize three main findings.

Firstly, migrants who opt for institutional treatment show significantly higher participation in any form of health education than those choosing pharmacy treatment or no treatment, emphasizing the role of health literacy (50). Similar results are observed among international migrants in Western countries such as Portugal (51) and Sweden (52). Many migrants have insufficient overall health literacy, particularly in healthcare access, disease prevention, and health promotion. This highlights the importance of promoting equitable access to health information, which helps reduce disparities in health access among migrant populations. Local pharmacies are the primary choice for health service after falling ill, accounting for 31.3% of cases; Meanwhile, 17.70% of individuals chose not to seek treatment, with these two groups combined accounting for over half of the population. Research from Europe, the U.S., and other regions revealing similar barriers, such as limited access to healthcare due to system (53, 54), language barriers, and cultural differences (55, 56), which affect migrants’ ability to seek timely and appropriate care. Our study reveals that internal migrants encounter similar obstacles. A significant portion of migrants either avoid formal healthcare or opt for pharmacies and self-treatment due to socioeconomic constraints and perceptions of cost and complexity within medical institutions.

Secondly, spatial autocorrelation and hotspot analysis of the NT-ratio on a national scale reveal a positive spatial correlation in the distribution of the migrants not seeking treatment. We attribute these regional disparities to two primary reasons. First, longstanding migration patterns from economically underdeveloped areas to economically developed areas, particularly from the central and western China to the eastern coastal regions，have led to large and dense populations in the eastern regions, which can easily lead to insufficient medical resources. Second, healthcare system shows significant policy and regional variance particularly in medical insurance types and reimbursement rates. For migrants, seeking medical treatment in the destination area often involves required procedures which some migrants are not bothered to do. Coupled with their limited education and income, and the stereotype of medical institutions being expensive, they often choose not to seek treatment after falling ill, an irrational and high-risk health service behavior. This pattern of healthcare avoidance among domestic migrants in China echoes challenges faced by migrants worldwide. Globally, migration often involves moving from less developed areas to more urbanized regions. Lessons from countries with more established migrant healthcare frameworks, such as Canada and Sweden, highlight the value of simplifying healthcare access through policies that streamline insurance procedures and promote health literacy (52, 57). Improving these aspects in China and elsewhere could help reduce healthcare inequalities and ensure that migrant populations can seek timely and affordable care. These include not only the redistribution of medical resources but also the implementation of culturally appropriate health education programs. In areas with high concentrations of migrant populations, especially in the aforementioned high NT-ratio clusters and hotspot regions, community workers and health service providers should promote policies and procedures for off-site medical insurance settlement through the internet, brochures, apps, and other channels to promote equal health service utilization for the migrant population.

Third, the factor detection by the geodetector indicate that age, left-behind experience, and educational level are the main individual factors affecting the NT-ratio across provinces. Among these, age has the greatest explanatory power, and there is a significant bidirectional enhancement effect on the NT-ratio when interacting with educational level and social relationships. All regions of the world are nowadays experiencing population aging. Existing studies have shown that for the older adult migrant population, factors such as educational level can also influence their choice of medical institutions, with a tendency towards irrational selection and difficulties in obtaining reimbursement from off-site medical insurance (58–60). This aligns with the findings of our study. However, we further discovered that poor social relationships exacerbate this irrational choice, extending the applicability of our conclusions. Additionally, the proportion of the migrant population with experiences of being left behind in various provinces is a leading factor driving the NT-ratio, and its interaction with social integration factors significantly enhances the effect (q = 0.912), which also validates the derivation in Figure 1. In urban areas, the high cost of raising children contrasts sharply with rural settings. The migrant population typically contends with lower wages, extended working hours, and a lack of stable social welfare benefits. Consequently, many migrants opt to leave their children in the care of grandparents back in their rural hometowns. This arrangement results in a substantial number of left-behind children.” In recent years, the number of urban left behind children in China has continued to expand, increasing from 8.7 million in 2010 to 25.16 million by 2020 (61, 62). Internationally, the number of left-behind children is even more striking: 27% of children in the Philippines are categorized as left-behind (63), 37% in Ghana (64), 36% in Moldova, 39% in Georgia (65). This indicates that the split family model of “Parents Migrant – Children Left-behind” remains a common pattern in many countries. The health status of the large number of left-behind children, both during their childhood and adulthood, warrants significant attention. Although research on the impact of LBE on an individual’s health in adulthood is already abundant, such as LBE having cumulative adverse effects and time effects on self-rated health status (47), the risk of depression, and anxiety increases during adolescence (66). However, few studies have focused on the specific behaviors through which left-behind experiences affect health outcomes, especially health service-seeking behavior. This indicates that children currently experiencing being left behind require enhanced dissemination of and education in health knowledge. In paying attention to the health status of left-behind individuals, one should consider not only psychological and physiological factors but also factors related to social interaction.

Additionally, the health service utilization by internal migrants is similarly influenced by the distribution of medical resources. Since Julian Tudor Hart introduced the Inverse Care Law in 1971, the paradox in medical resource distribution has been widely recognized: globally, accessibility to medical care is often inversely related to the individual or community need, meaning those in greatest need of medical services are frequently those who receive the least. The Deprivation Amplification Theory further elucidates how initial inequalities exacerbate adverse conditions (67). Although there has been an overall increase in medical resources globally, the unequal distribution of high-quality medical resources and the insufficient capacity of primary health care facilities remain significant issues, especially in developing countries (68–70). Therefore, future efforts should focus on enhancing the equitable distribution of medical resources, particularly in communities with high concentrations of migrant populations. The promotion and refinement of a tiered diagnosis and treatment system, along with the integration of resources from health, education, and social security sectors, are crucial to improving the health service utilization rate among migrant populations and promoting health equity.



5 Conclusion

This study has thoroughly analyzed the health service utilization among internal migrants in China, revealing a significant positive correlation with geographical locations. Our findings illuminate stark disparities in access to healthcare services, underpinned by both environmental and individual factors including age, left-behind experiences, health education, and the availability of high-quality medical facilities. These disparities highlight the need for focused interventions to improve health equity within migrant populations.

The challenges faced by internal migrants in China mirror global issues in migrant health, suggesting that the barriers to healthcare access are a widespread concern affecting many nations. By employing advanced methodologies including spatial autocorrelation and geodetector techniques, this study not only addresses specific local issues but also contributes to a broader understanding applicable in diverse international contexts. These methods offer powerful tools for other researchers seeking to analyze similar issues in different geographic settings, providing a valuable framework for comparative health policy research.

To address these challenges, we recommend increasing health education efforts targeted at the migrant population, with a particular focus on the older adult and special groups who have experienced being left behind. Additionally, optimizing the allocation of resources in primary healthcare institutions, especially in communities with high concentrations of migrants, is essential. Implementing a tiered diagnosis and treatment system, where patients are directed to appropriate care levels based on the severity of their conditions, along with fostering collaboration across the health, education, and social security sectors, are crucial steps towards improving health service utilization among migrant populations. These measures aim not only to bridge the current gaps but also to promote a more inclusive and equitable health system.

In conclusion, our study extends beyond identifying the unique challenges faced by China’s internal migrants to suggest practical and actionable strategies that could be adapted globally. Aligning our findings with international public health objectives underscores the necessity for comprehensive, cross-sectoral approaches to healthcare that accommodate the unique needs of all migrant populations. These measures aim not only to improve health outcomes among migrants but also to ensure that health equity is achieved as part of broader global health advancements.


5.1 Limitation

Due to the high mobility and large base of China’s migrant population, obtaining continuous tracking data presents challenges. Thus, this study utilized cross-sectional data from the 2017 China Migrants Dynamic Survey (CMDS), Although this dataset includes a broader range of survey items than the most recent 2018 data, it is essential for future research to explore longitudinal data on the migrant population. Additionally, while this study examined the impact of geographic environmental factors on the health service utilization among migrants and the resulting inequalities, it did not accurately capture the geographic locations and grid data of medical resources across provinces. Future research should aim to identify and assess the equity of medical resource distribution and uncover blind spots in service coverage across different regions, to more effectively adjust and optimize resource allocation.
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Footnotes

1   The policy primarily encompasses six aspects: establishing and improving health records for the migrant population, conducting health education for migrants, enhancing vaccination programs for migrant children, implementing infectious disease prevention and control measures for migrants, strengthening healthcare management for migrant pregnant women and children, and providing basic public family planning services for the migrant population.

2   In China, Left-behind children refer to minors under the age of sixteen whose parents both work away from home or one works away while the other lacks guardianship capabilities. The experience of being left-behind refers to having the experience of being a left-behind child.

3   The Relationship Between Mental Health and Child Abuse and Their Difference Between Left-at-Home Children and Those Living with Their Parents in Rural Areas: An Analysis Based on the Two-Dimensional Four-Fact Mental Health Structure.

4   The Heihe-Tengchong Line, also known as the Hu Line, is an imaginary line that divides China into two regions with starkly contrasting population densities. It stretches diagonally from Heihe in the northeast to Tengchong in the south. As of 2015, the area east of the line, which makes up 43% of China’s land, is home to 94% of its population. Conversely, the western side accounts for 57% of the territory but only houses 6% of the population. This line has significant implications for China’s demographics, economy, and resource distribution.
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Purpose: This study investigates the influence of economic conditions, healthcare system capacity, and health-related variables on the proportion of the older adult population (Population ages 65 and above) in European Union countries. It aims to identify how factors such as GDP, unemployment, inflation, healthcare expenditure, hospital bed availability, and the prevalence of chronic diseases impact the aging demographic.
Methods: This study explores the dynamic interactions and temporal relationships between economic stability, healthcare capacity, chronic disease prevalence, and demographic aging patterns. The research employs a mixed-method approach, utilizing System GMM and wavelet coherence analysis on panel data from 27 EU countries between 2000 and 2021.
Results: The findings reveal significant positive associations between economic prosperity and healthcare resources with the size of the older adult population. Increased GDP, efficient healthcare spending, and hospital bed availability are positively correlated with a larger older adult demographic. In contrast, high unemployment and inflation are linked to negative outcomes for the older adult population, reducing available resources and access to healthcare. Wavelet coherence analysis further uncovers how fluctuations in the prevalence of chronic diseases influence aging trends across different periods and frequencies.
Conclusion: The study highlights the importance of integrated economic and healthcare policies to support the growing older adult population. Ensuring economic stability, enhancing healthcare infrastructure, and effectively managing chronic diseases are essential for improving quality of life and promoting sustainable aging in EU societies.
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1 Introduction

The aging population in the European Union (EU) presents significant challenges for public health, economic stability, and social welfare. As the number of individuals aged 65 and above increases, it is crucial to develop effective strategies that address the healthcare and economic needs of this demographic to ensure sustainable social and healthcare systems.

Economic factors such as Gross Domestic Product (GDP) per capita, unemployment rate, and inflation are fundamental determinants of a country’s ability to support its aging population (1).

GDP, measuring a country’s total economic output, significantly impacts citizens’ economic health and living standards, especially for the older adult. Countries with strong GDPs can more effectively fund healthcare, social services, and pensions, benefiting their senior population (2). High GDP countries often boast well-funded health systems capable of providing extensive care and assistance to the older adult, thereby enhancing both their longevity and quality of life, and increasing the older adult proportion in society (3).

Job market conditions significantly impact the older adult. Elevated unemployment levels pressure state budgets, leading to reduced essential services and healthcare for seniors. In contrast, low unemployment stabilizes funding for healthcare and pensions, supporting a conducive environment for older adult well-being (4). Additionally, inflation affects seniors, especially those relying on fixed incomes, by making critical services more costly. Yet, when inflation is kept in check, it enhances healthcare accessibility for the older adult, positively affecting their health and increasing their share in the population (5).

Regarding healthcare system capabilities, the number of available hospital beds is essential. Adequate hospital bed capacity is essential for the older adult’s healthcare, who need more medical attention. Insufficient beds lead to extended wait times and reduced care quality, harming seniors’ health. Additionally, the GDP share for healthcare significantly affects outcomes, with higher spending crucial for prevention, treatment, and maintaining older adult well-being. Countries dedicating a larger GDP share to healthcare are typically more adept at addressing the needs of their aging population, leading to a higher older adult population ratio (6).

In many countries, chronic diseases account for a significant portion of healthcare expenditures, which limits the government’s ability to invest in other areas of public health or in general infrastructure (7).

The high prevalence of chronic diseases among the older adult significantly escalates healthcare costs. The selection of Diabetes Mellitus, circulatory diseases, and respiratory diseases for this study is based on their high prevalence and significant impact on the older adult population across Europe. Together, they represent the most common and severe health challenges faced by older adults in Europe, accounting for a large proportion of healthcare utilization and mortality in this demographic. According to Eurostat (8), circulatory diseases accounted for 32.4% of all deaths in the EU in 2021, making them the leading cause of mortality. Deaths due to Diabetes Mellitus reached 25.56% (9), while respiratory diseases contributed to around 6.7% of hospitalizations among those aged 65 and over (10). These statistics underscore the urgent need for targeted healthcare strategies.

The interplay between economic factors, healthcare system capabilities, and health-related variables has a profound impact on the older adult population, particularly those with chronic diseases.

This study strategically focuses on three key groups of indicators (economic factors, healthcare system capabilities, and health-related variables) due to their significant influence on the older adult population. Economic factors impact the financial resources available for older adult care (10), healthcare system capabilities evaluate the infrastructure and quality of services (10), and health-related variables highlight specific health challenges faced by the older adult (11). By integrating these indicators, the study provides a comprehensive view of the factors shaping the well-being and demographic trends of the older adult in the EU, enabling the development of targeted policies and interventions to address aging-related challenges effectively.

This article aims to analyze the influence of three groups of indicators (economic factors, healthcare system capabilities, and health-related variables) on the proportion of the population aged 65 and over in EU member countries. By examining the interaction between economic indicators (GDP, unemployment rate, and inflation), healthcare system capabilities (hospital bed availability, health spending as a percentage of GDP), and health-related variables (prevalence of Diabetes Mellitus, circulatory diseases, and respiratory diseases), the study provides key insights into how these factors collectively affect the demographic aging process. Based on the context provided we state the research question: “How do healthcare system capabilities, economic factors, and health-related variables impact the proportion of the population aged 65 and over in EU member countries?” This study explores the intricate dynamics between these factors, shedding light on the underlying drivers of population aging and informing the development of effective strategies to tackle the associated challenges.

Utilizing advanced techniques like System GMM and wavelet coherence analysis, this study reveals the complex temporal and frequency-dependent interactions among economic stability, healthcare capacity, and chronic disease prevalence, shaping older adult well-being and demographics. The findings emphasize the need for integrated policies to address interconnected economic, healthcare, and health challenges in managing an aging population.

The novelty of this study lies in its integrative approach, combining economic factors, healthcare infrastructure, and medical variables to assess their collective impact on the older adult population. Unlike previous research that has often considered these elements separately, this study examines the economic context, healthcare system capacity, and chronic diseases in tandem, providing a comprehensive perspective on their interactions. By bridging the economic, medical, and infrastructural aspects, the study offers a deeper understanding of how these interconnected factors influence the demographic trends and well-being of the older adult population.



2 Literature review


2.1 Economic factors and older adult population nexus

Kenneth Arrow’s (12) work is one of the first to apply economic theory to the analysis of the healthcare sector, highlighting the unique challenges of the health market. This theoretical framework examines how economic factors such as GDP, unemployment, and inflation influence the allocation of healthcare resources, being crucial for assessing the economic impact of population aging on health and social care systems. The economic factors influencing health policies and the management of healthcare services encompass complex interactions between GDP, inflation, and unemployment. Phelps (13) provides a detailed analysis of how economic principles are applied within health systems, highlighting how these economic variables shape decisions regarding resource allocation and the efficiency of healthcare services.

GDP crucially affects the older adult population’s proportion by influencing a nation’s ability to support its aging citizens. As an indicator of economic health, a higher GDP enables more substantial investments in public services crucial for the older adult, like healthcare, pensions, and social supports (14). These investments improve older adult life quality, health outcomes, and longevity, increasing their population share. Strong economies can maintain and start older adult-focused programs, enhancing health and independence (15). Conversely, economic slowdowns restrict resources for older adult care, leading to cuts in services and pensions, affecting their quality of life and health (16). Such conditions can heighten financial insecurity and health risks among the older adult, reducing their life expectancy and population proportion.

The Unemployment Rate significantly impacts the older adult population by affecting economic stability and the sustainability of social security and healthcare systems. High unemployment rate can lead to economic instability, diminishing public funds essential for older adult support. Specifically, high unemployment reduces contributions to pension systems, risking lower pension payouts and affecting the older adult’s ability to afford basic needs (11). Additionally, it decreases government tax revenues, potentially resulting in healthcare budget cuts. This scenario could prolong treatment wait times and limit access to essential medications for the older adult, adversely affecting their health and possibly shortening life spans (17). Furthermore, high unemployment rate increases financial pressure on families, potentially diminishing their capacity to care for older adult members and heightening demand for already strained public services. On the flip side, low unemployment rate fosters economic stability, ensuring consistent funding for pensions and healthcare, thereby improving life expectancy and increasing the older adult’s proportion in the population. Thus, unemployment rate is pivotal in shaping the welfare and quality of life for the older adult, with its effects echoing through pension and healthcare systems (18).

Inflation significantly impacts older adult individuals, eroding their financial security, healthcare access, and overall quality of life. Rising prices diminish the purchasing power of fixed incomes, like pensions or savings, on which many older adult depend. This reduction in financial resources forces them to allocate more to escalating healthcare costs, restricting their ability to afford other necessities (19). In extreme cases, this may lead to difficult decisions between healthcare and basic needs, detrimentally affecting their health. Additionally, inflation challenges pension sustainability, as increasing living costs outpace pension adjustments, degrading older adult living standards (20). Higher healthcare expenses (21) result in longer waiting periods, decreased access to care, and greater out-of-pocket costs for the older adult, further compromising their health (22). Moreover, inflation reduces family ability to provide elder care, increasing the demand for public services. Policy responses to sustained inflation, like raising interest rates, offer mixed outcomes for the older adult, possibly boosting savings returns but also potentially slowing economic growth and affecting employment, indirectly influencing elder support mechanisms (23). Addressing the challenges inflation presents to the older adult necessitates comprehensive policies focused on pension adequacy, healthcare affordability, and economic stability to uphold an aging population’s support.



2.2 Optimizing healthcare capacity: the role of hospital beds and GDP health spending in supporting the older adult population

Some authors (24–28) explore various aspects of demographic aging, ranging from the application of positive aging theories to neurocognitive mechanisms and the socio-economic challenges posed by an aging population. The Theory of Demographic Aging Stages (29, 30) provides a useful conceptual framework for understanding and addressing the challenges that population aging poses to society. The Late Post-Transitional Stage represents the final phase of demographic transition and is characterized by a very high proportion of older adult individuals (65+ years) and a significant decline in the young population (under 15 years). This stage brings major economic, social, and public health challenges, profoundly impacting the structure and functioning of society. In his work, Bao (24) provides an overview of demographic transition theories, highlighting how they influence population structure in the post-transitional stage.

The healthcare system’s capacity is crucial for addressing the needs of those over 65, who often require more medical care due to a higher incidence of chronic illnesses like diabetes, cardiovascular diseases, and respiratory conditions. As the older adult population grows, so does the strain on healthcare resources, including hospital beds, medical personnel, and access to specialized treatments.

Hospital bed availability profoundly affects older adult healthcare access and demographic representation, making sufficient provision key to addressing aging challenges and supporting older adult well-being in society (31).

The availability of hospital beds is crucial for older adult healthcare quality, affecting their demographic presence. Bed density per thousand people reflects a system’s capacity for timely, adequate care, vital for older adult health needs (32). Higher bed density leads to better older adult healthcare access and outcomes, enhancing longevity and quality of life, and thus their population ratio. Conversely, bed shortages result in overcrowding, delays, and reduced care quality, harming older adult health and potentially decreasing their demographic share. The allocation of hospital beds underlines a system’s priorities in meeting older adult needs, including chronic condition management and recovery care (33). Investing in hospital beds and infrastructure is essential to meet the aging population’s needs, ensuring adequate care to improve and prolong their lives (34).

Health spending crucially affects older adult health, life quality, and independence, underscoring its role in upholding healthcare systems for an aging population. It signifies a country’s commitment to essential healthcare services, from prevention to rehabilitation, tailored to senior citizens’ needs (35). Higher health spending results in improved healthcare services, better medical care access, and the adoption of cutting-edge treatments. This enhances chronic disease management among the older adult, lowers death rates from manageable conditions, and boosts overall health and longevity. Countries dedicating a larger share of GDP to healthcare tend to see an increase in the older adult demographic, thanks to longer life spans and enhanced life quality (36).

Furthermore, sufficient health funding equips systems to offer extensive older adult care, such as long-term and home care services, crucial for their independence and dignity. Conversely, low health investment leads to healthcare access issues, delayed treatments, and a lack of older adult- specific care, negatively influencing older adults’ health and possibly reducing life expectancy (37).

Health spending also lessens the economic strain of aging populations by mitigating the costs linked to chronic and age-related diseases, fostering a healthier, more engaged older adult community. Thus, healthcare investment is vital for maintaining older adult well-being and supporting demographic sustainability.



2.3 The role of chronic disease (such as the prevalence of Diabetes Mellitus, diseases of the circulatory and respiratory systems) in older adult care

The prevalence of chronic diseases (Diabetes Mellitus, circulatory, and respiratory diseases) significantly affects the older adult population’s size and health, influencing mortality rates, healthcare demand, and overall well-being (38). Diabetes Mellitus requires continuous care and lifestyle changes to prevent complications, with its high prevalence necessitating more healthcare services and potentially increasing older adult mortality (39). Similarly, circulatory diseases demand significant medical resources for management, affecting older adult life expectancy and demographic proportions. Preventive and management strategies are crucial for mitigating these impacts (40). Respiratory diseases also pose severe risks, impairing physical function and increasing healthcare needs, with effective prevention and management essential for reducing their prevalence and mortality impact (41). Addressing these conditions through comprehensive healthcare planning and preventive measures is key to enhancing the older adult’s health and longevity, ensuring they maintain a significant share of the population.

The prevalence of the three chronic diseases (Diabetes Mellitus, circulatory diseases, and respiratory diseases) has significant implications for both economic indicators and healthcare system capabilities. High prevalence rates of chronic diseases place a substantial financial burden on healthcare systems due to the need for continuous treatment, management, and hospitalization (42). This, in turn, leads to increased healthcare expenditures, and in some countries, resources may be diverted from other productive sectors of the economy.

Moreover, the rising demand for medical services and medications can drive up healthcare costs, contributing to inflationary pressures. As the cost of medical care, pharmaceuticals, and hospital services rises, overall consumer prices may also increase, particularly in economies where healthcare spending constitutes a substantial portion of household expenditures (43). This can reduce disposable income and negatively impact the broader economy.

Chronic diseases also have a significant impact on labor force participation, increasing absenteeism and leading to early retirement due to health complications (44). This reduces the available workforce and, consequently, labor productivity. For example, some studies (45–47) show that individuals with diabetes have higher rates of absenteeism and an increased risk of early retirement due to health-related reasons. Additionally, individuals suffering from chronic conditions may face challenges in maintaining stable employment, further straining social security systems and increasing demand for public healthcare services.

Regarding healthcare system capabilities, high prevalence of chronic diseases increases the demand for hospital admissions, often resulting in a shortage of available beds. This can lead to overcrowded hospitals, longer waiting times, and diminished quality of care (42). Inadequate hospital bed availability exacerbates the healthcare system’s inability to meet acute medical needs, especially in countries with limited healthcare infrastructure.

Furthermore, as the prevalence of chronic diseases rises, healthcare spending often increases to accommodate the necessary treatments, hospitalizations, and preventive measures. This rise in spending reflects the growing economic burden of managing chronic conditions (42).

In the existing literature, studies have been found that explore the individual influence of economic factors, healthcare system capacities, or the prevalence of chronic diseases on the well-being of the older adult population, as reflected in various dimensions of this demographic group. However, we did not find comprehensive research on their cumulative influence. This gap highlights the need for an integrated analysis to understand the complex interplay between these factors and their collective impact on the older adult demographic in European Union countries.

This article introduces groundbreaking insights through an integrated analysis of how economic factors (such as GDP, unemployment, and inflation), healthcare system capacities (notably hospital bed availability and health spending), and the prevalence of chronic diseases collectively affect the quality of life and life expectancy of the older adult. It uniquely explores the intertwined impact of these elements on the proportion of the older adult population, offering a holistic view previously unexamined in depth. It further delves into the direct influence of economic health on essential services for the older adult, highlighting the critical role of healthcare infrastructure and chronic disease management. These innovative contributions provide a comprehensive understanding of the variables shaping the well-being of the aging population.




3 Methods

The rationale for selecting these three groups of indicators (economic factors, healthcare system capabilities, and health-related variables) is that they provide direct economic and systemic insights essential for assessing the capacity of healthcare systems and economic conditions to support an aging population. These indicators allow for a focused evaluation of the structural and financial dimensions critical for addressing the needs of the older adult.

To analyze the influence of economic indicators and health system capacities on the proportion of older adult population, we have obtained the annual data of each of the variables explained in Table 1, on a period of 21 years, from 2000 to 2021, for a total of 27 European countries, thus constructing a panel data.



TABLE 1 Variables and data sources.
[image: Table listing variables, descriptions, and data sources. Variables include older adult population, GDP per capita, unemployment rate, inflation, hospital beds, health spending as GDP percent, and health-related variables like diabetes and circulatory diseases. Sources include the World Bank, OECD, and Eurostat.]

Firstly, in the results section, the descriptive statistics were exposed and analyzed. Descriptive statistics include Mean, Median, Maximum value, Minimum value, and Std. Dev., Skewness. After the descriptive statistics interpretation, Dickey Fuller unit root tests were performed, in order to test the stationarity of each series (48). Next heteroskedasticity test of the residuals were performed in order to identify which type of regression models can be applied on the data. The heteroskedasticity tests applied were Glejser and White tests. Pearson correlation was performed along the results variables in order to identify the causal relationships among different variables and to prepare the data for the modeling phase and wavelet coherence.

In 1982 (49), Hansen proposes the General Method of Moments (GMM) estimator, for systems that present more moment conditions than model parameters (50). We will use the GMM method to estimate the most significant estimator for the effect of the health infrastructure variables and welfare indicators on the proportion of the older adult people. The estimator of the GMM follows the next methodology.

Firstly, in Zsohar (51), the estimation of the general method of moments is presenting for an observed sample of form [image: A mathematical set representation showing elements \( x_i \) where the index \( i \) ranges from 1 to \( n \).] extracted from a normal population [image: Random variable X follows a normal distribution with mean μ and variance σ squared.], where μ is the population mean and σ2 is the variance.

[image: Mathematical expression showing expected value of x raised to the power of k, denoted as E, open parenthesis, x superscript k, close parenthesis.] is the k’th theoretical moment of the population [image: Normal distribution notation \( N(\mu, \sigma^2) \), \( k = 1, 2 \).]

[image: Expected value notation for k-th moment: E[(x - μ)^k], where E is the expectation operator, x is a variable, μ is the mean, and k is the moment order.] is the k’th theoretical moment about the mean, of the population [image: Normal distribution notation with parameters mu and sigma squared, followed by k equals one comma two.]

Therefore, the corresponding kth sample moments are given by the Equation 1:

[image: Mathematical expression showing \( g_k = \frac{1}{n} \sum_{i=1}^{n} x_i^k \), with \( k = 1, 2, \ldots \).]

Also, the k’th corresponding sample moment about the mean is given by Equation 2:

[image: Mathematical equation for \( g_k^* \) equals \(\frac{1}{n} \sum_{i=1}^{n} (x_i - \mu)\), where \(k = 1, 2, \ldots\), labeled as equation two.]

Where [image: Greek letter mu with a circumflex accent above it.] is the point estimator of the population mean μ.

If we define the criterion function Qn ([image: The image shows the Greek letter mu with a circumflex accent above it, often representing an estimated mean in statistics or mathematical contexts.]) as

[image: Mathematical equation displaying Q subscript n of mu hat equals g subscript k prime times W subscript n times g.]

Wn is the weighting matrix, that coverages the positive definitive matrix W as n grows large (Equation 3).

The GMM estimator is given by Equation 4:

[image: Mathematical expression showing g-hat equals argmin over g, where g is an element of Theta, labeled equation four.]

The method of moments becomes the general method of moments if the number of moments exceeds the number of parameters.

Next, wavelet coherence is calculated, plotted and interpreted. Wavelet analysis offers the benefit of breaking down a time series into simpler functions that encompass valuable insights about the series. By considering the various time scales of the series, significant information can be extracted from the signals, which represent the raw data (52).

In order to explore the interconnection between the prevalence of chronic diseases (diabetes, circulatory and respiratory diseases) and population ages 65 and above in terms of both frequency and time, we utilize wavelet coherence analysis with Morlet’s specification, as explained in Macedo (53). This analysis allows us to examine the joint behavior of time series. The Morlet wavelet used in this analysis is defined in Equation 5:

[image: Mathematical equation showing psi super M of t equals one divided by pi to the power of one-fourth, times e to the power of i omega naught t, times e to the power of negative t squared over two. Equation number five.]

Where ω0 is the central frequency of the wavelet (we have settled it to 10).

The continuous wavelet transformation is given by Equation 6, following (54, 55):

[image: Wavelet transform equation: W sub x of u, s equals integral from negative infinity to positive infinity s of t times one over square root of s psi of open parenthesis t minus u over s close parenthesis d t.]

Wx (u,s) is calculated by projecting the specific wavelet ψ (·) onto the selected time series, as stated in (52).

To explore the simultaneous patterns of time and frequency in the relationship among circulatory, respiratory and diabetes appearance and the percentage of older adult population, we used the wavelet-squared coherence. Prior to delving into this analysis, it is necessary to introduce the cross-wavelet transformation. In accordance with the methodology proposed by (56), the cross-wavelet transform for the signals x (t) and y (t) can be expressed as follows:

[image: Mathematical equation showing \( W_{x,y}(u,s) = W_x(u,s) W_y^*(u,s) \).]

In this context (Equation 7), the position is represented by the symbol ‘u’, the scale is denoted by ‘s’, and the complex conjugate is indicated by the asterisk symbol ‘*’.

Torrence and Webster (57) provide an explanation of the squared wavelet coefficient, which is defined as the area in the time-scale space where the time series exhibits a significant level of shared power. The squared wavelet coefficient is defined in Equation 8.

[image: Mathematical equation representing R squared of u, s, defined as the square of the modulus of matrix S of the inverse of matrix s multiplied by W xy of u, s, divided by the product of S of the inverse of s multiplied by W x of u, s squared, and S of the inverse of s multiplied by W y of u, s squared.]

The smoothing parameter, denoted as “s,” determines the value of squared.

The range of wavelet coherence is from 0 to 1, denoted as R2 (u, s). When the value is near zero, it indicates a weak interdependence, and vice versa. By evaluating the value of Equation 8, we can analyze and differentiate the level of interdependence between the prevalence of chronic diseases (diabetes, circulatory and respiratory diseases) and Population ages 65 and above by comparing correlations across different time frames. The scatter plots of the continuous wavelet coherence are exposed and explained in the results section.

In Table 1 we have exposed the source and explanation of each data set used in the analysis.



4 Results

From the descriptive statistics listed in Table 2, the minimum, maximum and average values of the data explained in Table 1 and the standard deviation of each data set can be obtained. For example, the data on the total number of patients with respiratory diseases show that the maximum is 1,360,673 and the minimum is 2,170; while for patients with circulatory system diseases, the maximum number of patients per year in European countries is 3,100,387, while the minimum is 2,366. The annual maximum number of patients with diabetes is 233,469 and the minimum is 165. When analyzing the health infrastructure, the average number of beds per thousand people is 2 and the maximum is 9. The proportion of the population over 65 years old in the EU is at least 10 and at most 24, with an average of 17.07%.



TABLE 2 Descriptive statistics.
[image: A table displaying statistical data for various indicators: GDP, INF, UR, HS/GDP, HOSP-B, Respiratory diseases, Circulatory diseases, Diabetes Mellitus, and POP65. Columns show the number of observations (N), minimum, maximum, mean, and standard deviation values for each indicator. Valid N (listwise) is 390.]

According to the extended Dickey-Fuller test: For the older adult population, the p-value of the percentage of the population over 65 years old does not exceed 0.05 for any differentiation (Table 3), so we cannot reject the null hypothesis and conclude that the time series is not stationary. At the first differentiation, the p-value of the percentage of the population over 65 years old is less than 0.05, so we can reject the null hypothesis and conclude that the time series is stationary. For any differentiation, the p-value of the number of patients with respiratory diseases is not less than 0.05 (Table 3), so we can reject the null hypothesis and conclude that the time series is stationary. For any differentiation, the p-value of the number of patients with diabetes is not less than 0.05, so we can reject the null hypothesis and conclude that the time series is stationary. The p-value for the number of patients with circulatory diseases is lower than 0.05 (undifferentiated). Therefore, we can reject the null hypothesis and conclude that the time series is stationary (Table 3).



TABLE 3 Augumented Dickey Fuller test: older adult population (POP65).
[image: Table showing t-statistics and probabilities for various variables. Older adult population (POP65) has a t-statistic of -1.462618 with a probability of 0.5520 and -10.4928 (first difference) with a probability of 0.0000. Respiratory diseases: t-statistic -27.56091, probability 0. Diabetes diseases: t-statistic -11.20367, probability 0.0000. Circulatory diseases: t-statistic -27.18805, probability 0.0000.]

The p-value for the effect of the number of patients with circulatory diseases on the residuals of the equation is higher than 0.05, so we conclude that there is no evidence of heteroskedasticity (Table 4). Since the p-value for the effect of the number of patients with diabetes on the residuals of the equation is lower than 0.05, we conclude that there is no evidence of heteroskedasticity. To reduce heteroskedasticity between the data, we have applied logarithm on the diabetes data, thereby eliminating heteroskedasticity. In addition, the p-value for the logarithm of the number of patients with diabetes on the residuals of the equation is higher than 0.05, so we conclude that there is no evidence of heteroskedasticity (Table 4). For the effect of the number of patients with respiratory diseases on the residuals of the equation, the p-value is higher than 0.05, so we conclude that there is no evidence of heteroskedasticity.



TABLE 4 Heteroskedasticity tests.
[image: Table showing heteroskedasticity test results for older adult population percentages across different diseases. It includes results for circulatory diseases, diabetes mellitus, log diabetes mellitus, and respiratory diseases, with statistics like F-statistic, Obs R-squared, and probabilities for both F and Chi-Square tests.]

Table 5 presents the Pearson correlations showing significant parametric correlations between respiratory and circulatory diseases in each country, with a correlation of 0.955 at the 1% significance level.



TABLE 5 Pearson correlations.
[image: A correlation table displays relationships between various health and economic variables such as GDP, INF, UR, HS/GDP, HOSP-B, respiratory diseases, circulatory diseases, diabetes mellitus, and POP65. Significant correlations are marked with asterisks indicating levels of significance: one asterisk for 10 percent, two for 5 percent, and three for 1 percent.]

The proportion of population aged 65 years and above is significantly negatively correlated with diabetes, number of respiratory and circulatory diseases, and inflation, and significantly positively correlated with GDP, number of hospital beds (HOSP-B), and health expenditure as a percentage of GDP (HS/GDP) (significance level 1%). Annual diabetes cases are also significantly positively correlated with GDP per capita.

In order to outcome the best results we have logged the GDP per capita, expressed in Purchasing Power Parity, in order to see the effect of the change in economic growth, expressed by the growth in GDP, on the change in the percentage of population over 65. Therefore, the effect of the logged GDP is significantly positive over the change in percentage of older adult population, as shown in Table 6 (with a unit change of 2.858 in older adult population percentage at every one-unit change in logged GDP, significance at 1%). The unemployment rate presents a negative significant β, as it has a negative effect of 0.072 units of change of older adult population percentage of total population, with a significance level of 1%. Negative effect on change in older adult population percentage has also the annual inflation, with an effect of 0.262, being highly significant, with a significance level under 1%. In awareness of the health infrastructure, both the logarithmic number of hospital beds reported to 1,000 people and the spending percentage in health as reported to GDP have a positive, significant impact on percentage of older adult population over 65, with effects of 0.244 and 0.578, at 0.01 significance levels (Table 6).



TABLE 6 Results from the GMM model.
[image: Table showing regression analysis results with dependent variable as the population aged sixty-five and above. Independent variables include GDP, UR, INF, HOSP-B, HS/GDP, Diabetes Mellitus, Circulatory diseases, Respiratory diseases, and a Constant. Significant results at the 1% level are marked with asterisks. R-squared is 0.4034, with 565 observations across 27 countries. P-values for AR(1), AR(2), Hansen, and Chi-squared tests are 0.045, 0.012, 0.243, and 0.000, respectively.]

When analyzing the impact of circulatory, respiratory and diabetes health occurrences over the change in older adult population percentage, results from the general method of moments show significant negative β coefficients (respectively one unit of change in diabetes, respiratory and circulatory number of occurrences have an effect of −1.533, −4.126 and −2.446 units of change in older adult people percentage of total population).

Then Hansen test results are under the threshold of 0.25, according to Roodman statement (58). The R squared has a value of 0.4. The Arellano-Bond test for autocorrelation AR (1) and AR (2) results show that the idiosyncratic error term is serially correlated, as the values are under 0.5. We are rejecting the null hypothesis of no first order serial correlation and second order serial correlation. The chi square results show that there is a significant relationship between the variables involved in the model, as the associated p-value is under 0.05.

Since our data is not stationary, we estimate and plot the wavelet coherence for each stock analyzed. As stated in Labat (59): “Continuous wavelet cross-correlation provides the temporal distribution of the correlation between two signals, while continuous wavelet coherence provides a qualitative estimate of the temporal evolution of the degree of linearity of the relationship between the two signals on a certain scale.”

In Figure 1, the wavelet coherence for the diabetes patients’ occurrences and the percentage of the older adult persons from total is plotted. It can be observed, in the cone of influence, that there are four regions of coherent oscillation behavior, firstly between 7 and 9 period coherence lags, in the whole period of time analyzed. In the first significant coherence lag, mentioned before, the arrows direction points to a lagging A index, that means that in the older adult people percentage (B) determined the diabetes occurrences (A), with a lag of 7 to 9 periods, where period means 2 months. Also, in the second coherence region, the variables are in phase, the diabetes occurrences are leading the older adult people percentage, with a lag of 16 periods. In the third significant coherence region, the coherence region shows that the older adult people percentage is leading the diabetes occurrences, with a lag of 20 to 64 periods. Also, in the fourth region, the diabetes occurrences are lagging, meaning that the older adult people percentage influence the diabetes occurrences, with a lag of 64 to 128 periods.

[image: Wavelet coherence graph showing the relationship between diabetes and population over age 65. The vertical axis represents the scale, and the horizontal axis represents time. Color intensity varies from blue to red, indicating coherence levels, with red suggesting higher coherence. Red ellipses highlight significant coherence regions labeled one through four.]

FIGURE 1
 Wavelet coherence: Diabetes Mellitus – population over 65 (POP65).


In Figure 2, the wavelet coherence between the occurrence of patients with circulatory diseases and the percentage of people over 65 is exposed. Three regions of coherence oscillation behavior can be observed in the cone of influence. In the first significant coherence regions, the arrows direction points to a lagging A index, that means that in the older adult people percentage (B) determined the circulatory occurrences (A), with a lag of 7 to 9 periods, where period means 2 months. In the second coherence period, the occurrence of circulatory diseases is lagging, thus the older adult people percentage is determining the circulatory patient’s occurrence, with a lag of 16 periods. In the third coherence region, the circulatory disease occurrence is leading the percentage of the older adult population, with a lag of 32 periods.

[image: Wavelet coherence graph comparing circulatory data and population over sixty-five. The graph displays varying levels of coherence in colors, with red indicating high coherence and blue representing low coherence. Three red ovals highlight significant areas. Horizontal and vertical axes are labeled with numerical scales from 0 to 8 and 0 to 600, respectively.]

FIGURE 2
 Wavelet coherence: circulatory diseases – population over 65 (POP65).


Figure 3 shows the wavelet relationship between the incidence of patients with respiratory system diseases and the proportion of people over 65 years of age. Four regions where coherent oscillatory behavior can be observed in the influence cone. In the first area of significant coherence, the direction of the arrow points to the lagged A index, i.e., in older adults the percentage (B) determines the occurrences of the patients with respiratory diseases (A) delayed by 7 to 9 cycles, where period means 2 months. In the second coherence period, the onset of respiratory disease is delayed, so the proportion of older adults delayed by 16 cycles determines the onset of circulatory disease. In the third continuity area, the incidence of respiratory diseases is among the highest in the older adult population proportion, with a delay of 32 cycles. Also in the fourth region, the onset of respiratory was delayed, meaning that the percentage of older adults affected the onset of respiratory patients by 64 to 120 periods.

[image: Wavelet coherence graph comparing respiratory data to the population over sixty-five. Features four red circled areas with varying intensity. Axes indicate time and frequency, with a color gradient from blue to red representing coherence levels.]

FIGURE 3
 Wavelet coherence: respiratory diseases – population over 65 (POP65).




5 Discussion

Several important findings arise from our analysis. We mention that the study’s findings align with the existing literature, even though those articles individually addressed the impact of various variables on the older adult population.


5.1 Economic factors and older adult population

The results based on system GMM model reveal that increasing GDP has a positive and significant impact on Population ages 65 and above in the sample countries. These results are in line with several studies, such as those conducted by Gildas et al. (14), Galappaththi et al. (15), McMaughan et al. (10) and Cravino et al. (16), which found similar results between healthcare infrastructure and economic stability in older adult populations. Additionally, Tang et al. (28) highlighted the importance of adequate health financing and accessible healthcare services in managing chronic diseases among the older adult. An increase in Gross Domestic Product (GDP) indicates a country’s economic expansion, signifying improved national economic health and wealth. This growth has multifaceted impacts, notably on the demographic composition, particularly elevating the segment aged 65 and above (Improved Healthcare Access and Quality) (60). A flourishing economy boosts healthcare access and quality by enabling more substantial investments in healthcare infrastructure, services, and innovations. This enhancement in medical care, including preventive and chronic disease treatments, directly extends life expectancies, swelling the older adult population’s proportion. Economic prosperity also elevates living standards across the board—better nutrition, housing, and safer working conditions contribute to healthier, longer lives (Enhanced Living Standards) (16). Additionally, with more resources at its disposal, a government can allocate more to pensions, social services, and eldercare, ensuring the older adult enjoy a higher quality of life and financial security (14). Economic growth contributes to reducing poverty and inequality, directly correlating with fewer health issues and longer lives. Moreover, a higher GDP encourages advancements in medical technology and research, leading to breakthrough treatments and disease management strategies that benefit the older adult. Collectively, these factors intertwine to foster a demographic shift toward an older population as the nation’s economy grows.

According to the presented system GMM model, the variables unemployment rate and inflation have a significant negative impact on the population aged 65 and above (POP65) in the analyzed countries. These results are in line with several studies (44–47). Both variables suggest that a stable economy, characterized by low unemployment and inflation rates, positively contributes to the increase in the proportion of the older adult population by improving living conditions and access to resources for this age group.

A reduction in unemployment and inflation reflects a stable, thriving economy, greatly benefiting those aged 65 and above. Such stability boosts employment, thereby enhancing pension and social security contributions, which fortifies the financial safety net for the older adult. Improved pensions and benefits from this reinforced support system elevate the quality of life and lifespan for seniors (4). Economic growth, accompanied by low unemployment and inflation, also spurs healthcare investments, leading to better medical service access and quality for the older adult. This includes comprehensive care from preventive measures to chronic disease management and advanced treatments, significantly lowering mortality rates among seniors and increasing their demographic share. Moreover, low inflation helps stabilize living costs, crucial for the older adult relying on fixed incomes, ensuring they can afford healthcare and essentials for a healthy life (5). This economic stability, encouraging savings and investments, supports the older adult’s financial security, thereby contributing to their well-being and a rise in the older adult population, illustrating the positive effects of economic stability and growth on senior citizens’ longevity and quality of life (19).

Therefore, governments must integrate economic policies promoting growth and stability with targeted investments in healthcare, social services, and pensions to improve the older adult’s quality of life. This approach will help address the demographic shift, ensuring economic prosperity enhances healthcare access, financial security, and overall well-being for senior citizens, while reducing the impact of economic fluctuations on vulnerable groups.



5.2 Healthcare capacity and older adult population

In the GMM models, we find that an increase in healthcare capacity, as measured by hospital beds and healthcare spending as a percentage of GDP, has a positive and significant effect on the proportion of the population aged 65 and above. This result suggests that well-developed healthcare systems contribute to a higher life expectancy and better health outcomes for the older adult, enabling them to live longer and healthier lives.

This result is consistent with previous studies that have shown that improved healthcare infrastructure and increased health spending are associated with lower mortality rates and improved quality of life among older adults (1, 61). Moreover, studies such as those by Holecki et al. (10) highlight the importance of healthcare capacity in managing the needs of an aging population, especially in countries with a high proportion of older adult individuals.

Boosting hospital bed numbers significantly impacts the older adult population by improving access to healthcare and cutting down on treatment delays, crucial for those prone to chronic conditions. This availability allows for prompt medical interventions, enhancing recovery chances and health outcomes for the older adult (33). Enhanced care capacity meets seniors’ health needs and boosts their well-being by reducing waiting periods for vital surgeries and treatments, key to preserving their health. Moreover, more hospital beds typically indicate wider healthcare infrastructure and service improvements, elevating care quality. Such advancements lower mortality rates in the older adult, supporting a larger, healthier aged population.

Rising health spending reflects a commitment to enhancing healthcare services and innovation, crucially benefiting the older adult. This investment means greater access to quality care, from preventive measures to cutting-edge treatments, essential for addressing the complex health needs of seniors. Improved healthcare facilitates better chronic disease management, fewer complications, and more accessible treatments for urgent health issues (35). Consequently, such advancements lead to longer life spans for the older adult by promoting earlier disease detection and more effective care, thereby supporting a significant increase in the population aged 65 and above through improved health and well-being.



5.3 Chronic disease (such as the prevalence of Diabetes Mellitus, diseases of the circulatory and respiratory systems) and older adult population

The results of our study reveal negative associations between Chronic Disease and the Older Adult Population, which coincide with previous studies (24, 25, 42) indicating that the prevalence of conditions such as diabetes, cardiovascular, and respiratory diseases contributes to increased mortality and reduced life expectancy among older adults. These findings align with prior research demonstrating that chronic diseases significantly impact longevity and quality of life in aging populations (44–47), emphasizing the need for effective management and prevention strategies.

A surge in hospitalizations for Diabetes Mellitus, circulatory, and respiratory conditions often mirror an expanding older adult population. These ailments are predominantly seen in older individuals, with aging contributing to the body’s decreased disease resistance. As the older adult segment enlarges, the frequency of these chronic diseases escalates, leading to an increased demand for hospital-based care and management. This pattern of hospital admissions serves as an indicator of the rising numbers within the older adult demographic, highlighting the intensified requirement for healthcare services to cater to the specific, age-related health challenges they face (39–41).

The wavelet coherence graphs indicate a significant relationship between the prevalence of chronic diseases, such as diabetes, circulatory, and respiratory conditions, and the proportion of the older adult population (POP65). These chronic diseases, due to their severity and associated complications, directly influence mortality and life expectancy among older individuals, creating a vicious cycle of unhealthy aging.



5.4 Policy recommendations

Policy Recommendations for Managing the Impact of Chronic Diseases on the Older Adult Population are directly related to healthcare capacity and economic indicators because an adequate healthcare infrastructure is essential for providing comprehensive care and management of chronic conditions prevalent among the older adult. By implementing targeted recommendations (such as: improving healthcare infrastructure, promoting economic stability and adequate health financing, and enhancing the accessibility and expansion of healthcare services), policymakers can better address the economic and healthcare challenges posed by chronic diseases, reducing their impact on healthcare expenditures and enhancing the resilience and sustainability of healthcare systems and societies. Policy recommendations should focus on enhancing healthcare infrastructure by investing in facilities and equipment to support the growing needs of the older adult and expanding preventive care programs to reduce the incidence and severity of chronic diseases. Additionally, it is essential to strengthen primary care systems, support the healthcare workforce, promote economic stability for consistent healthcare funding, and increase access to social support services to ensure comprehensive care for aging populations.




6 Conclusion

This research embarked on an ambitious journey to unravel the complex interplay between healthcare system capabilities, economic indicators, prevalence of Chronic Disease and their impact on the proportion of the older adult population in European Union member countries. Through a meticulous examination utilizing System GMM and wavelet coherence analysis over a period of 21 years, this study has illuminated the dynamic relationships that underpin the demographic structure of the EU, particularly focusing on those aged 65 and above.

The study highlights that all three main categories of factors influence the proportion of the older adult population (POP65) in European countries: economic factors, healthcare system capacity, and health-related variables. Economic factors, such as GDP, unemployment, and inflation, play a crucial role in determining the resources available for older adult care. The capacity of the healthcare system, measured by the number of hospital beds and healthcare expenditure as a percentage of GDP, is essential for providing adequate care and managing chronic diseases. Finally, health-related variables, including the prevalence of chronic conditions such as diabetes, circulatory diseases, and respiratory diseases, have a significant negative impact on the proportion of the older adult population, as they increase mortality and reduce life expectancy.

Moreover, the study’s innovative use of wavelet coherence analysis provided further insights into the temporal and frequency-dependent correlations between the health-related variables and the older adult population proportion. This analysis highlighted how fluctuations in healthcare and economic variables synchronously affect the demographic structure over time, offering a nuanced understanding of the dynamic forces at play.

The research findings advocate for the necessity of integrated economic and healthcare policies aimed at enhancing the welfare of the older adult in the EU. The study’s insights into the critical importance of economic and healthcare system robustness in supporting the aging population are imperative for policymakers and healthcare planners. Addressing the challenges posed by an aging demographic requires a holistic approach, ensuring sustainable development and the well-being of the older adult in society.

One limitation of the study is its reliance on aggregate data from European Union countries, which may obscure specific national differences in healthcare systems and economic conditions that could differently influence the older adult population’s proportion.

Future research. To refine our understanding of the mechanisms at play, future research should investigate the differential impacts of healthcare quality and economic changes on subpopulations within the older adult, considering variables such as socio-economic status, gender, and regional disparities across the European Union.
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Rapid economic development has led to massive fossil energy consumption and emissions of air pollutants such as PM2.5, which have severely impacted human health and the environment. By uncovering the primary regions and pivotal sectors of PM2.5-related human health impacts (PM2.5-HHI) and evaluating the influence of economic structural factors on them, we can facilitate a more targeted strategy for managing PM2.5 pollution sources. This study employs a structural decomposition analysis method based on input–output analysis to evaluate the impact of China’s provincial economic structural transformation and changes in final demand on PM2.5-HHI in the years 2012, 2015, and 2017. Results indicated that PM2.5-HHI is primarily concentrated in economically developed provinces (e.g., Shandong and Guangdong), which is compared to Shanghai, Heilongjiang, Liaoning, and Hebei experienced negative growth in PM2.5-HHI during 2007–2017. The production-based PM2.5-HHI is primarily driven by energy-intensive sectors such as the production and distribution of electric power and heat power. By contrast, the building sector is key to driving consumption-based PM2.5-HHI. An increasing number of regions are reducing PM2.5-HHI by implementing production structure changes. Moreover, the driving effect of production structure changes on PM2.5-HHI growth is strengthening in Beijing and Tianjin. Changes in the final demand structure mainly led to the growth of PM2.5-HHI in areas with higher economic development levels, such as Beijing and Shandong, but this driving effect is weakening. The final demand–driven PM2.5-HHI shows an evolutionary trend of an increasing share driven by fixed capital formation and exports and a decreasing share driven by household consumption. Changes in emission intensity play a key role in decreasing PM2.5-HHI in each region. Alternatively, changes in the structure of emission sources have a relatively minor impact on PM2.5-HHI. To mitigate PM2.5-HHI, regional economic and resource endowment advantages should be used to promote regional coordinated development and strengthen green production-process innovation in energy-intensive industries. Meanwhcile, it is necessary to optimize urban construction planning and improve the energy efficiency of buildings.
Keywords: economic structural transformation, PM2.5-HHI, final demand evolution, structural decomposition analysis, input-output analysis, regional heterogeneity

1 INTRODUCTION
China’s rapid economic growth and urbanization have boosted the demand for fossil energy such as coal and oil (Zhao et al., 2023; Zhao et al., 2024; Sun et al., 2024a) This demand has led to severe air pollution (Feng et al., 2022; Sun et al., 2024b), especially the emission of PM2.5, which is far beyond the limits of the environment (Li et al., 2021), resulting in more than a million premature deaths per year (Liu et al., 2020). Since China promulgated a series of clean air policies, including the Action Plan for the Prevention and Control of Air Pollution in 2013 (Geng et al., 2021), end-of-pipe measures have been effective and have significantly improved China’s atmospheric environmental quality (Zhang et al., 2020). However, with continuous innovation and optimization in the field of technology, the marginal benefits of reducing PM2.5 emissions through end-of-pipe treatment gradually weaken (Zhang et al., 2020). More importantly, the significant im-balance in regional economic distribution in China exacerbates disparities in environ-mental pollution and associated health risks (Yang et al., 2024). In addition, research based on environ-mental economic systems has begun to propose emission reduction strategies from the perspective of consumption (Liang et al., 2017; Wu et al., 2021), which suggests that relying on end-of-pipe management alone is no longer enough to address air quality issues and that considerable attention needs to be paid to overall adjustments at the industry and consumption ends.
China actively promotes economic structural reform, fully exploits the potential of energy and mineral resources in the central and western regions, and builds re-source-importing industrial bases in the coastal and border regions. Meanwhile, China promotes the relocation of manufacturing industries from economically developed regions in the east to the central and western provinces to meet the resource, environmental, and market demands of different regions and promote the coordinated development of regional industries (Li et al., 2019). China’s economic structure is gradually evolving from a manufacturing to a service industry (Wu et al., 2021). However, this economic transformation may prevent regional economies from catch-up and overtaking and is not positive for narrowing the gap between the central-western regions and the economically developed regions in the east (Liu et al., 2023b). Furthermore, China’s economy is developing toward another stage led by domestic circulation and complemented by international circulation, with the domestic market as the mainstay (Zhang et al., 2023b). This new development pattern emphasizes the restructuring of the regional economy to promote dual-circulation economic growth. The further deepening of the “du-al-circulation” development model will lead to a widening of the difference in economic factors and structural transformation of the economy across regions, with different im-pacts on pollutant emissions such as PM2.5 and related health burdens in different regions.
PM2.5 pollution is recognized as a major environmental health risk factor (Southerland et al., 2022), and the increasing burden of disease associated with air pollution has sparked widespread attention to the PM2.5-related human health impacts (PM2.5-HHI). PM2.5-HHI primarily mani-fests as increased emissions of PM2.5, which increases the risk of diseases such as cardio-vascular disease, chronic obstructive pulmonary disease, and lower respiratory infections (Forouzanfar et al., 2016). This further leads to premature deaths among exposed populations, making it the primary culprit endangering human health (Guan et al., 2023). Current research utilizes Disability-Adjusted Life Years (DALY) to quantify PM2.5-HHI from the perspectives of short-term and long-term impacts and predictions of future concentration exposures (Cony Renaud Salis et al., 2017; Mueller et al., 2021; Zou et al., 2023). In terms of socioeconomic influences, many scholars have explored the contribution to PM2.5 emissions and PM2.5 concentrations from technical and economic perspectives (Song et al., 2020), but research on influences on PM2.5-HHI is relatively limited.
The impact of spatial variations in economic structure and economic growth on PM2.5-HHI exhibits diverse characteristics (Li et al., 2023). China has a huge spatial difference in its geography and socioeconomic characteristics, which are more pronounced than in most developed countries (He et al., 2019). Such highly unbalanced resource endowments and economic development can lead to a mismatch between the health losses caused by trade and the gains from trade (Feng et al., 2022). Focusing on interprovincial differences may produce more valuable and significant findings than national-level studies, whereas treating China as a whole may belie internal differences and lead to misleading conclusions (Zhai et al., 2022). In addition, the drivers of PM2.5-HHI in China at the provincial level, especially in terms of economic structural factors, remain incompletely quantified and compared. Input–Output Structural Decomposition Analysis (SDA) is known for its ability to accurately quantify the contribution of each independent factor in an economic system to changes in a specific indicator (Liang et al., 2015). Therefore, SDA is widely used when assessing the socioeconomic drivers of re-source consumption (Sun et al., 2023) and pollutant emissions [e.g., PM2.5 (Liu et al., 2023a), NOx (Zhang et al., 2023a), SO2 (Wang et al., 2022a), CO2 (Wang S. et al., 2023b)]. When studying economic structural elements related to PM2.5-HHI, the SDA method similarly demonstrates its merits in an in-depth understanding of the contribution of eco-nomic structural factors to PM2.5-HHI.
In summary, how to reduce anthropogenic emissions of PM2.5 and the resulting PM2.5-HHI is a focal issue of concern for the academic community as well as society. Systematic tracking of PM2.5-HHI drivers at the overall level, at the final demand level, and at the sectoral level is still lacking, especially at the provincial level in China, where resource endowments and economic structures vary significantly. To address the gap in this area, this study employs an environmentally extended input–output model (EEIO) and SDA methodology based on utilizing the most recent data available for China to reveal the drivers and heterogeneity of PM2.5-HHI at the provincial level in China, as well as to assess the contribution of structural transformation of the economy and the evolution of final demand. This study helps delve deeper into the potential for reducing PM2.5-HHI through economic structural transformation in different regions, providing valuable insights for formulating effective policy strategies. Due to the scope of our study being limited to the economic system, this study focuses only on PM2.5-HHI in the context of primary PM2.5 emissions associated with industrial processes (i.e., PM2.5 emissions directly from production activities).
The innovations and contributions of this study, compared with previous studies, consist of two main aspects. First, based on the latest data, we measured PM2.5-HHI in China’s provinces from the production and consumption sides using the EEIO model and analyzed the spatial and temporal distribution of PM2.5-HHI from regional and industrial perspectives, which provided strong policy implications for the formulation of industry-based and region-based policies to reduce the PM2.5-HHI. Second, we employed the SDA model to systematically decompose PM2.5-HHI, investigating the contributions of economic structural transformation and changes in final demand. This analysis provides policy-making support for provinces to adjust economic structures and optimize industrial layouts to reduce PM2.5-HHI.
The content is structured as follow: Section 2 describes the research methodology and data. Section 3 presents the results. The results of the study are discussed and a sensitivity analysis is presented in Section 4. Section 5 concludes the study and provides the policy recommendations, as well as discussing research limitations.
2 METHODS AND DATA
2.1 Production-based PM2.5-HHI
Production-based PM2.5-HHI signifies the health effects of PM2.5 emitted directly during production processes. Without considering the impacts of changes in PM2.5-related elements such as population exposure and meteorology, we mainly focus on analyzing the effects of final demand variations and economic structural changes on PM2.5-HHI. The study utilizes the research by Liang et al. (2017) and Wu et al. (2021) to compute PM2.5-HHI by employing transformation parameters obtained from PM2.5 emission data specific to different industries. Production-based PM2.5 emissions are determined by multiplying PM10 emissions by a coefficient reflecting the proportion of China’s PM2.5 emissions as a percentage of PM10 emissions, as shown in Equation 1.
[image: Equation representing particulate matter: \(E_{PM2.5} = f_{fraction} \times E_{PM10}\), labeled as equation (1).]
[image: It seems there's an error in providing the image. Please upload the image file or provide a URL for me to generate the alternate text.] is a 50 [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] 28 matrix representing the PM10 emissions for 28 industries and 50 processes. The scalar [image: It appears there was an error in displaying the image or a symbol was shared instead. Please upload the image or provide a URL for accurate alt text generation.] is a proportionality factor representing the ratio of PM2.5 emissions to PM10 emissions across provinces. [image: It seems there was an error in your input, as it appears to contain fragmented text instead of an image. Please upload an image file or provide a URL for me to generate the alternate text.] is a 50 [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL if possible. If you have a description or context, feel free to share that too.] 28 matrix representing the direct emissions of PM2.5 from 28 sectors, with each sector having 50 processes (i.e., emission sources) across provinces. The computation of PM2.5-HHI is calculated in Equation 2.
[image: Sorry, I cannot provide alt text for this image. If you have other images or need further assistance, feel free to let me know!]
The 1 [image: It seems there is no image uploaded. Please upload the image or provide a URL, and I can generate the alternate text for you.] 28 row vector [image: Please upload the image or provide a URL for me to generate the alternate text.] represents the production-based PM2.5-HHI for 28 sectors across each province in China. The 1 [image: Sure, I can help with that. Please upload the image or provide a URL, and you can also add a caption for additional context if you like.] 50 row vector [image: Please upload the image or provide a URL so I can help generate the alt text for it.] is the fraction of PM2.5 emissions from the 50 processes that are ingested by humans. The dose–severity factor is scalar [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.], signifying the effect on human health per PM2.5 inhaled.
2.2 Consumption-based PM2.5-HHI
Input–output models can be used to characterize the structure of economic systems, reflecting the interdependence between industries in economic activities (Munday and Beynon, 2011). Equation 3 reflects the balance relationship of the input–output table.
[image: The equation shows a mathematical expression: \( x = (I - A)^{-1} y \), denoted as equation three.]
Vector [image: Please upload an image or provide a URL so I can generate the alternate text for it.] represents final demand; A is the matrix of direct consumption coefficients; [image: It seems there was an issue with the image upload. Please try uploading the image again, and I'll be happy to help with the alternate text.] is the same-order identity matrix as A; [image: Matrix equation showing the inverse of the difference between the identity matrix \(I\) and matrix \(A\), represented as \((I - A)^{-1}\).] is the matrix of total consumption coefficients, i.e., the Leontief inverse matrix; vector [image: Please upload the image or provide a direct URL to the image so I can help generate the alternate text for you.] represents total output.
The EEIO model is built, treating production-based PM2.5-HHI as a satellite account of the IO model and evaluating each sector’s contribution to PM2.5-HHI from final demand (Equation 4). This approach can provide a more comprehensive view of the health im-pacts of PM2.5 pollution from a consumption perspective.
[image: Equation showing \( g_H = I_{\text{Intensity}} \times (I - A)^{-1} \times \hat{y} \) labeled as equation (4).]
[image: Mathematical equation showing the intensity (I) is equal to the product of \(c_H\) and \(X(\hat{x})\), denoted by equation number 5.]
Vector [image: Please upload the image you'd like me to describe.], with dimensions of 1 [image: Please upload the image or provide a URL, and I will generate the appropriate alt text for you.] 28, represents the consumption-based PM2.5-HHI across 28 sectors. Vector [image: Text displaying "I" with a subscript "intensity" written in italics.], a 1 [image: Please upload the image or provide a URL so I can generate the alt text for you.] 28-row vector, denotes PM2.5-HHI per unit of output for each sector, computed according to Equation 5. The vector [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.], with dimensions of 28 [image: Please upload the image or provide a URL so I can generate the alternate text for it.] 1, denotes the final demand for products across 28 sectors. [image: A blurred grayscale gradient forming a triangular pattern, creating an abstract visual effect.] indicates the diagonalization of the vector. The 28 [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] 1 column vector [image: Please upload the image or provide a URL so that I can generate the alternate text for you.] represents the total output of the 28 sectors.
2.3 Structural decomposition analysis
Studies have shown that coal combustion, diesel vehicles and industrial processes are the main sources of PM2.5 emissions (Guan et al., 2014). Promoting energy transition in various industrial sectors can effectively improve the source structure of PM2.5 emissions and thus reduce PM2.5-HHI (Wu et al., 2021). Notably, the effect of population growth on PM2.5-HHI is significantly higher than its direct effect on PM2.5 concentration (Zhang et al., 2019). In addition, the transformation of economic structure, such as changes in the production structure and changes in final demand (including the composition and total amount of demand), will also have a profound impact on socioeconomic development and PM2.5-HHI (Wen et al., 2024). Combining the SDA and EEIO models enables the quantification of the extent to which changes in economic structural factors contribute to PM2.5-HHI. Therefore, to deeply explore the drivers of PM2.5-HHI in each province of China, we decompose the PM2.5-HHI changes into emission source structure, emission intensity, production structure, final demand structure, per capita final demand, and population changes. The following is the specific process of decomposition:
[image: Mathematical equation showing \( h = I_{\text{intensity}} \times (I - A)^{-1} \times y_s \times y_p \times p \), labeled as equation (6).]
In Equation 6, [image: Please upload the image or provide a URL so I can generate the alternate text for it.] denotes the structure of final demand, suggesting the proportion of various products within final demand. [image: If you need alt text generated, please upload the image or provide a URL. You can also add a caption for additional context.] and [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] denote the level of final demand per capita and population size, respectively.
To explore the relative contribution of changes in emission source structure and PM2.5 emission intensity to changes in PM2.5-HHI, we split [image: Text reading "I" with a subscript "intensity" in a stylized italic font.] as shown in Equation 7.
[image: Mathematical equation showing \( h = a \times f \times M \times f_{\text{fraction}} \times \hat{b} \times (I - A)^{-1} \times y_x \times y_y \times p \), labeled as equation (7).]
where the [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] (50 [image: Please upload the image you would like me to generate alternate text for, and I will be happy to help.] 28) matrix represents the emission source structure, specifically reflecting the PM10 emission fractions specific to each of the 50 processes in each sector. Given the consistent proportion of PM2.5 emissions relative to PM10 emissions in each industry, [image: Please upload the image you would like me to generate alternate text for.] equivalently denotes the fraction of specific PM2.5 emissions from the 50 processes within each industry. PM10 emission intensity is represented by the row vector [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.] (1 [image: Please upload the image or provide a URL so I can generate the alt text for you.] 28), which represents the PM10 emissions per unit output of each department.
We denote the full consumption coefficient matrix [image: A mathematical expression showing the inverse of the matrix subtraction of A from I, displayed as open parenthesis, I minus A, close parenthesis, raised to the power of negative one.] by [image: Please upload the image, and I will generate the alternate text for you.]. We multiply [image: Please upload the image or provide a URL so I can generate the alt text for you.], [image: Please upload the image you'd like me to describe, and I'll generate the alt text for you.], and [image: Please upload the image or provide a link to it, so I can generate the appropriate alt text.] to obtain a 1 [image: It seems there is no image uploaded. Please try uploading the image again, and I can help generate the alternate text for it.] 50-row vector [image: Please upload the image so I can help generate the alternate text for it.], which is constant across time and across regions of China. During the decomposition process, we obtain different forms. We average all [image: Mathematical equation displaying the factorial of six, written as "6!" and equaling seven hundred twenty.] decompositions to obtain the final result (Wu et al., 2021). Subsequently, as shown in Equation 8, the PM2.5-HHI changes in various provinces in China can be decomposed into the following:
[image: Mathematical equation with components for ∆h, representing a series of terms involving factors like ΔM, L, ỹₛ, ỹᵥ, and ρ, multiplied by w and M with various modifications, indicating a detailed mathematical breakdown.]
2.4 Uncertainties and sensitivities
The main sources of uncertainty in PM2.5-HHI stem from the Chinese Monetary In-put–Output Table (MIOT) data and PM10 emission data from the Eora database. Deter-mining the extent of PM2.5-HHI uncertainty is challenging since there is limited information on uncertainty in the input–output tables and certain parameters. The calculation of sensitivity coefficients is an effective method to quantify the extent to which marginal changes in each parameter affect PM2.5-HHI. Hence, we utilized a matrix-based method to analyze the model’s sensitivity to all parameters (Wu et al., 2021).
Specifically, regarding PM2.5-HHI, sensitivity coefficients for various factors, including population [image: Please upload the image or provide a URL so I can generate the alt text for you.], sensitivity coefficients for per capita final demand level [image: Please upload the image or provide a URL so I can generate the alt text for you.], final demand structure [image: Please upload the image or provide a URL, and I will be happy to help generate the alternate text for it.], each element [image: Please upload the image or provide a URL for it.] of the intermediate transaction matrix T in the MIOTs, PM10 emission intensity for each sector [image: It seems there was an error with the upload. Please try uploading the image again or provide a URL. You can also add a caption for additional context if needed.], proportion factor [image: Please upload the image or provide a URL so I can generate the alternate text for it. Optionally, you can add a caption for additional context.] of PM2.5 emissions in PM10 emissions, elements [image: It seems like there was an error, as no image was uploaded. Please upload the image you want me to describe, and I will assist you with the alt text.] in the emission source structure matrix [image: Please upload the image or provide a URL so I can help generate the alternate text for it.], human intake fraction scores for each emission source [image: Please upload the image so I can generate the appropriate alt text for you.], and the dose–severity factor [image: Please upload the image or provide a URL so I can generate the alternate text for you.], are calculated with Equations 9–17, respectively.
[image: Partial derivative equation showing \(\frac{\partial h}{\partial p} = a \times i_f \times M \times f_{\text{fraction}} \times \hat{b} \times L \times y_s \times y_v\).]
[image: Equation showing the partial derivative of h with respect to y sub r, expressed as a multiplied by j f M f sub fraction b cap L y sub s p, followed by the equation number in parentheses, ten.]
[image: Partial derivative equation with respect to variable \( y_{ij} \): \(\frac{\partial h}{\partial y_{ij}} = (a \times if \times M \times f_{\text{fraction}} \times \hat{b} \times L)_j \times y_j \times p\), labeled as Equation 11.]
[image: The image shows a mathematical equation: ∂h/∂Tₖⱼ = (a × if × M × f_fraction × b̂ × L)ₖ × (L × y₁ × y₂ × p)ⱼ / Xⱼ.]
[image: Partial derivative equation showing \( \frac{\partial h}{\partial b_{ij}} = (a \times f \times M \times f_{fraction})_j \times (L \times y_k \times y_j \times p)_i \). Equation number (13) is included.]
[image: \[ \frac{\partial h}{\partial f_{\text{fraction}}} = a \times if \times M \times \hat{b} \times L \times y_{s} \times y_{r} \times p \quad (14) \]]
[image: Equation depicting a mathematical expression for partial derivative of h with respect to M subscript ij. It consists of a constant a, multiplied by i subscript f and j, and a function of various variables including b, L, x, y sub r, and p, indicated by multiple multipliers.]
[image: The equation shows the derivative of h with respect to b sub i, equaling a product featuring variables a, M, f sub fraction, b-hat, L, y sub s, y sub i, and p, represented by equation (16).]
[image: The formula shows the partial derivative of h with respect to a: \( \frac{\partial h}{\partial a} = i_f \times M \times f_{\text{fraction}} \times \hat{b} \times L \times y_s \times y_r \times p \). Equation number 17.]
To further mitigate the potential impact of the statistical units of the parameter units on the results, we used Equations 18–26 to compute the dimensionless elasticities for parameters. These elasticities express the relationship between the rate of change of PM2.5-HHI and the rate of change of the parameter. This helps diminish the effect of inconsistency in units on the analysis. The [image: It seems there's no image uploaded. Please make sure to upload the image or provide a URL, and I'll help create the alternate text for it.], [image: Please upload an image for which you need alternate text, or provide a URL. Optionally, you can add a caption for additional context.], [image: Please upload the image or provide a URL to the image you would like me to generate alternate text for.], [image: Mathematical notation depicting the expression \( EL_{T_{kj}} \).], [image: Mathematical notation displaying "EL" with a subscript "bij" and the "b" further subscripted with a tilde.], [image: The image shows the mathematical expression "EL" with a subscript "f" and an additional subscript "fraction", likely indicating a specific parameter related to EL, such as an effective load fraction.], [image: It seems like there's a mix-up with the content or format. Please provide an image file or URL, and I can help create the alternate text for it.], [image: Sure, please upload the image you want me to create the alt text for.], and [image: Please upload the image or provide a link so that I can generate the alternate text for you.] denote the elasticities for PM2.5-HHI to the population, the per capita demand level, the final demand structure, the intermediate transaction matrix element, the PM10 emission intensity, the fraction of PM2.5 emissions in the PM10 emissions factor, the emissions source structure matrix element, the fraction of human intake of the emissions source, and the pairwise dose–severity factor, respectively.
[image: Equation showing \(EL_p = a \times if \times M \times f_{fraction} \times \hat{b} \times L \times y_s \times y_r \times \frac{P}{h}\), labeled as equation eighteen.]
[image: Formula for calculating a component, represented as \( EL_{yr} = a \times i \times f \times M \times f_{\text{fraction}} \times \hat{b} \times L \times y_s \times \rho \times \frac{y_r}{h} \), followed by equation number nineteen in parentheses.]
[image: Mathematical equation describing a model: \(EL_{yz} = (a \times if \times M \times f_{\text{fraction}} \times \hat{b} \times L) \times y_{p} \times p \times \frac{y_{z}}{h}\) with label (20).]
[image: The image displays a mathematical equation for \( EL_{ij} \) as follows: \((a \times f_j \times M \times f_{fraction} \times b \times L)_k \times (L \times y_i \times y_j \times p) \times \frac{T_{kl}}{X_j \times h}\). It is labeled as equation (21).]
[image: Equation representing EL_bh equals parentheses enclosing a times if times M times f sub fraction, times parentheses enclosing L times y sub e times y sub r times p, multiplied by b sub y over h, followed by equation number twenty-two in parentheses.]
[image: Equation for \( EL_{j \, fraction} = a \times i f \times M \times \hat{b} \times L \times y_{s} \times y_{p} \times p \times \frac{f_{j \, fraction}}{h} \), labeled as equation 23.]
[image: Mathematical formula labeled as Equation 24: \( EL_{Mij} = a \times if_j \times \left( f_{\text{fraction}} \times \hat{b} \times L_{x_y} \times y_x \times p \right) \times \frac{M_{ij}}{h} \).]
[image: Equation for \( EL_{ij} \) showing a formula: \( a \times M \times f_{fraction} \times \hat{b} \times L \times y_s \times y_r \times p \), multiplied by \( \frac{i!}{h} \), labeled as equation (25).]
[image: Equation displaying ELᵤₘ is equal to f times M times f_fraction times b̂ times L with subscripts x_b, y_b times p times a divided by h, and labeled as equation twenty-six.]
2.5 Data sources
This study utilized single-region input–output tables for each province, producer price indices (PPIs), population data for each province in China, and sectoral PM10 emissions for specific processes in China. Data from 30 provinces in China (excluding Taiwan, Macau, Hong Kong, and Tibet) were utilized for this study. Regional MIOT and population data for 2007, 2012, and 2017 were sourced from the National Bureau of Statistics of China. To eliminate the effects of price volatility, we use the double deflator method advocated by the United Nations to adjust the input–output tables for 2017 and 2007 to constant 2012 prices (United, 1999), with PPIs for each sector obtained from the China Statistical Yearbook. To eliminate the effect of imports on the competitive input–output tables (Wang et al., 2022), the competitive input–output tables of Chinese provinces were transformed into noncompetitive in-put–output tables (Wang et al., 2022b). For consistency with MIOT, process-specific PM10 emission data are utilized for various industries in China from the Eora database (Lenzen et al., 2013). In addition, this study measured the emission intensity of PM10 in China based on the PM10 emissions from various industry-specific processes at the national level in China, published by Eora. Assuming that the emission intensity of PM10 in each province of China is the same at the national level, we focus on the relative contributions of the final demand evolution and three structural factors (production structure, emission source structure, and final demand structure) to PM2.5-HHI between 2007 and 2017. After data adjustment and refinement, the input–output tables and PM10 emission datasets for the years 2007, 2012, and 2017 were finally aggregated into 28 industrial sectors (see Table 1) (Feng et al., 2023). Referring to Wen et al.’s study (Wen et al., 2024), we selected 50 types of emission sources from 55 types of processes that directly emit PM10 in the Eora database for this study. Notably, we did not include five natural sources of PM10 emissions in our study, including grassland fires, wetland/marsh decomposition, forest fires followed by decomposition, forest fires, and other vegetation fires, as they are not directly related to economic activities. In computing PM2.5-HHI, we applied the fraction factor of PM2.5 emissions to total PM10 emissions, sourced from the World Health Organization (Ostro, 2004), and consulted Wu et al.’s study for the dose–severity factor and PM2.5 intake fraction across 50 emission processes (Wu et al., 2021; Gronlund et al., 2015).
TABLE 1 | Sector codes and their corresponding sectoral information.
[image: Table listing economic sectors with codes, categories, and abbreviations. Examples include S1: Agriculture, forestry, animal husbandry, and fishery (Agr.), S2: Mining and washing of coal (Coal), S3: Extraction of petroleum and natural gas (Extra.). Categories range from manufacturing to services.]3 RESULTS
3.1 Characteristics of the spatial and temporal distribution of PM2.5-HHI
PM2.5-HHI shows significant spatial and temporal differences (Figure 1), which are mainly concentrated in the eastern provinces, such as Shandong, Guangdong, and Jiangsu. These three provinces accounted for approximately 30% of the national PM2.5-HHI during 2007–2017. Hainan, Qinghai, and Ningxia had the smallest PM2.5-HHI, less than 2% of the national total. On one hand, between 2007 and 2012, all 30 provinces in China experienced an increase in PM2.5-HHI. On the other hand, during 2012–2017, there were significant differences in PM2.5-HHI changes among provinces, with half of the provinces still experiencing an increasing trend. Large energy–consuming provinces such as Jiangsu, Shanxi, Hebei, and Guangdong have achieved negative PM2.5-HHI growth and decoupled energy consumption from PM2.5-HHI through green technology innovations and optimization of energy structures, despite growing energy consumption (Guan et al., 2021).
[image: Bar chart illustrating PM\(_{2.5}\)-related human health impacts by province in China, measured in DALYs from 2007-2017. Red bars show decreases, while green bars show increases. The right column indicates percentage changes for two periods: 2007-2012 and 2012-2017, with significant variations observed across different provinces.]FIGURE 1 | PM2.5-HHI changes in each region in 2012–2015 and 2015–2017.
The difference in PM2.5-HHI between the production and consumption sides is shown in Figures 2A–C. Most of PM2.5-HHI at the production end is concentrated in energy-intensive heavy industries, mainly Power (S22) (32.53%), ManNonmet. (S13) (9.92%), and Petro. (S11) (9.15%). These three industries are energy-intensive, and they emit the most pollutants (including PM2.5) as well as the most harm to human health, together contributing 56% of China’s PM2.5-HHI. As can be seen from Figures 2D, E, among these sectors, the PM2.5-HHI share of ManNonmet. (S13) showed a gradual decrease from 2007 to 2017. By contrast, the PM2.5-HHI share of the Petro. (S11) sector gradually increased. Among the provinces, Guangdong, Jiangsu, and Zhejiang had the highest proportion of PM2.5-HHI in the Power (S22) sector. Meanwhile, Henan, Shandong, and Guangdong provinces had the highest share of PM2.5-HHI in the ManNonmet. (S13) sector, and Shandong, Liaoning, and Guangdong had the highest proportion of PM2.5-HHI in the Petro. (S11) sector. Notably, MinNonmet. (S5) (0.16%) and Extra. (S3) (0.18%) were the least damaging to human health, with a combined contribution of less than 0.4% of PM2.5-HHI in China. This suggests that the damage to human health from resources and energy is mainly in the combustion use chain.
[image: Heat maps labeled A to E display taxonomic groups against pathogen loads, with color gradients from yellow to red indicating increasing loads. Each map reflects different symptoms: A for asymptomatic, B for chlorosis, C for leaf molting, D for yellow vein net, and E for yellowed leaves.]FIGURE 2 | (A) Distribution of PM2.5-HHI in different sectors at production and consumption ends by province in 2007. (B) Distribution of PM2.5-HHI in different sectors at production and consumption ends by province in 2012. (C) Distribution of PM2.5-HHI in different sectors at production and consumption ends by province in 2017. (D) Changes in PM2.5-HHI at the production and consumption ends for different industries in each province from 2007 to 2012. (E) Changes in PM2.5-HHI at the production and consumption ends for different industries in each province from 2012 to 2017.
The sectors of Constr. (S25) and Others (S28) are the largest contributors to consumption-based PM2.5-HHI, collectively accounting for 30% of China’s PM2.5-HHI. Among the sectors, in Beijing, the proportion of PM2.5-HHI driven by the Others (S28) sector shows a decreasing trend. By contrast, in Shandong and Jiangsu, the proportion of PM2.5-HHI driven by the Others (S28) sector continues to grow. With the acceleration of urbanization, Guangdong, Shandong, and Jiangsu provinces became the largest contributors of PM2.5-HHI in the Constr. (S25) sector, with the most significant growth in human health damage in the Constr. (S25) sector in Shandong, Hubei, and Sichuan. Furthermore, the consumption-based PM2.5-HHI attributed to the Power (S22) sector has approached 9% of the total, and the share of PM2.5-HHI driven by Power (S22) has shown an increasing trend as China’s demand for electricity and heat continues to grow. In particular, Beijing, Sichuan, and Guangdong have the most apparent increasing trend of Power (S22)-driven PM2.5-HHI. MinNonmet. (S5) and Extra. (S3) also contribute the least to the consumption-based PM2.5-HHI, together contributing less than 0.5% of China’s PM2.5-HHI. Although the consumption-based PM2.5-HHI driven by the Power (S22), ManNonmet. (S13), and Petro. (S11) industries should not be ignored, PM2.5-HHI driven by these three industries on the consumption side combined has been less than 18% of China’s PM2.5-HHI compared with the production side. In summary, there are significant spatial and temporal differences in PM2.5-HHI among different provinces and industries, which are not only affected by the natural environment and geographic location, but are also closely related to the intrinsic transformation of economic structure. In order to boost the understanding behind these differences, the impact of economic structural transformation on PM2.5-HHI needs to be further explored.
3.2 Impact of economic structural transformation on PM2.5-HHI
Changes in emission intensity are the primary driver of PM2.5-HHI reduction across all provinces, particularly noticeable during 2012–2017 (Figure 3). Notably, changes in emission intensity in Beijing were the sole factor driving the PM2.5-HHI reduction during this period. Notably, during the period 2007–2017, more regions have reduced PM2.5-HHI through structural changes in production. However, the driving effect of production structure changes on PM2.5-HHI growth is strengthening in Beijing, Tianjin, Inner Mongolia, Anhui, and Qinghai provinces. In addition, changes in the production structure in Fujian, Shandong, Yunnan, and Gansu have been positively affecting the enhancement of PM2.5-HHI, but this positive effect is weakening.
[image: Bar chart displaying changes in greenhouse gas emissions for different countries. Each country's data is divided into categories: emissions saving structure, emission intensity, production structure, final demand structure, per capita final demand level, and population change. Positive and negative changes are indicated with different colors, representing various aspects such as emissions savings and population impacts.]FIGURE 3 | Relative contribution of socioeconomic factors to PM2.5-HHI changes. The top half of the figure is for 2007–2012, and the bottom half of the figure is for 2012–2017.
During the period 2007–2017, the impact of changes in the structure of final demand on PM2.5-HHI growth was mainly concentrated in provinces with more developed and larger provinces, such as Beijing, Henan, Shandong, Guangdong, and Sichuan. In Beijing, the changes in the final demand structure had a particularly notable impact on the in-crease in PM2.5-HHI, reaching 134,352.73 DALY. However, the changes in final demand structure in provinces such as Tianjin, Hebei, Shanxi, Shanghai, Anhui, Hubei, Hainan, Chongqing, Guizhou, and Yunnan have contributed to a decrease in PM2.5-HHI. Specifically, between 2007 and 2012, only Tianjin, Hebei, Shanxi, Shanghai, Inner Mongolia, Liaoning, Hubei, Guizhou, and Xinjiang had structural changes in final demand that drove reductions in PM2.5-HHI. By contrast, final demand in other provinces drove in-creases in PM2.5-HHI to varying degrees. With the continuous adjustment and optimization of the final demand structure of each province, more provinces have a green and healthy development of their final demand structure. During the 2012–2017 period, changes in the structure of final demand only drove the growth of PM2.5-HHI in Beijing, Jilin, Inner Mongolia, Liaoning, Shandong, Heilongjiang, Zhejiang, Shaanxi, Henan, Hubei, Sichuan, Xinjiang, and Ningxia, and the strength of this driving force weakened markedly compared with the 2007–2012 period.
Changes in per capita demand had a significant impact on PM2.5-HHI during the 2007–2017 periods, becoming the main driver of its growth. This growth was mainly concentrated in the central and eastern provinces of Jiangsu, Henan, and Shandong, which have better economic performance. Only the provinces of Inner Mongolia, Liaoning, Shandong, and Gansu saw changes in per capita demand drive reductions in PM2.5-HHI over the 2012–2017 period. Population change-driven PM2.5-HHI growth is mainly concentrated in the eastern coastal provinces. During 2007–2017, PM2.5-HHI, driven by population growth in the eastern provinces, accounted for 86.22% of the population change-driven growth in China. Henan is a large population province, and although its population change drove a marginal rise in PM2.5-HHI, the increase was not severe com-pared with the more developed provinces on the eastern coast. In contrast, population changes in Jilin, Heilongjiang, Anhui, and Gansu drove a decrease in PM2.5-HHI.
Changes in the structure of emission sources had a relatively small impact on PM2.5-HHI. During the period 2007–2012, although changes in the structure of emission sources reduced PM2.5-HHI to some extent in most provinces, none of the contributions exceeded 100 DALY. While the emission source structure of Tianjin, Shanghai, Jiangsu, Zhejiang, Shandong, and Guangdong has a positive contribution to PM2.5-HHI, it is also within 100 DALY. During 2012–2017, the contribution of changes in emission source structure to PM2.5-HHI in each region was nearly negligible.
3.3 Effects of final demand evolution on PM2.5-HHI
During the period 2007–2017, the largest final demand driver for PM2.5-HHI stemmed from exports (47.77% of all), followed by gross fixed capital formation (investment) and household consumption (Figure 4A). China’s provincial household consumption, investment, and export-driven PM2.5-HHI dominate the final demand–driven PM2.5-HHI, and more than half of the provinces have experienced a shift in final demand from household consumption to investment and exports. During the period 2007–2017, the average share of PM2.5-HHI driven by investment and exports increased by 2.71% and 2.54%, respectively. By contrast, PM2.5-HHI, driven by household consumption, average decreased by 1.88% in each province. Notably, the share of total output accounted for by fixed investment demand grew in Jilin, Heilongjiang, Jiangxi, and Henan. By contrast, the share of PM2.5 driven by fixed investment declined in these provinces. In contrast, the proportion of total output attributed to consumption demand has decreased in provinces such as Inner Mongolia, Shanxi, Shanghai, and Guangdong, whereas the share of PM2.5-HHI driven by household consumption demand has increased. Overall, export-driven factors dominate in driving PM2.5-HHI. By contrast, the influence of household consumption is weakening, and investment is becoming increasingly significant in driving PM2.5-HHI. Furthermore, from the perspective of final demand driving PM2.5-HHI, eastern provinces such as Tianjin, Guangdong, Jiangsu, Shanghai, and Hebei show a trend where the proportion of PM2.5-HHI driven by final demand has an increasing share attributed to household consumption and a decreasing share attributed to exports. In contrast, resource-rich provinces in central and western China, such as Inner Mongolia, Shanxi, Jilin, Heilongjiang, Jiangxi, Henan, Chongqing, Shaanxi, and Ningxia, show a trend where the proportion of PM2.5-HHI driven by final demand attributed to exports is continuously increasing, with the share of PM2.5-HHI driven by exports approaching or exceeding half of the total.
[image: Four-panel chart illustrating different economic metrics over time. Panel A presents exports, changes in inventory, fixed capital formation, government and household consumption. Panel B shows capital formation, Panel C illustrates fixed capital formation. Panel D focuses on imports. Each panel uses a bar graph format with multiple categories, displaying data on a monthly basis from the year 2006 to 2016. The graphs use different colors to differentiate between categories, key metrics labeled on each panel.]FIGURE 4 | (A) PM2.5-HHI driven by different types of final demand by region in China during 2007–2017. Note: Figures 4A–D are abbreviated as follows: BJ-Beijing, TJ-Tianjin, HeB-Hebei, SX-Shanxi, IM- Mongolia, LN-Liaoning, JL-Jilin, HLJ-Heilongjiang, SH-Shanghai, JS -Jiangsu, ZJ-Zhejiang, AH-Anhui, FJ-Fujian, JX-Jiangxi, SD-Shandong, HeN-Henan, HuB-Hubei, HuN-Hunan, GD-Guangdong, GX-Guangxi, HaN-Hainan, CQ -Chongqing, SC-Sichuan, GZ-Guizhou, YN-Yunnan, SaX-Shaanxi, GS-Gansu, QH-Qinghai, NX-Ningxia, XJ-Xinjiang. (B) Changes in household consumption-driven PM2.5-HHI across different regions and sectors from 2007 to 2017. (C) Changes in PM2.5-HHI Driven by Investment in Different Sectors Across Various Re-gions from 2007 to 2017. (Note: only sectors with nonzero values of investment-driven PM2.5-HHI are shown in the figure; the rest of the sectors have zero-value investment changes and are therefore not shown in the figure). (D) Changes in PM2.5-HHI driven by exports in different regions and sectors during 2007–2017.
Influenced by the level of regional economic development and consumption level, there are significant differences in the dominant industry in household consumption driving PM2.5-HHI in different regions (Figure 4B). Overall, the Power (S22), Petro. (S11), and Others (S28) sectors are the key industries driving household consumption-driven PM2.5-HHI growth. This driving effect is particularly pronounced in Shandong, Guangdong, and Jiangsu provinces, which are economically developed. The Petro. (S11) and Power (S22) sectors are key sectors driving household consumption-driven PM2.5-HHI growth in Liaoning, Jilin, and Heilongjiang, but the Others (S28) sectors emerge as key sectors driving household consumption-driven PM2.5 reductions in these provinces. Furthermore, the Petro. (S11) and Power (S22) sectors are key sectors driving household consumption-driven PM2.5-HHI growth in Liaoning, Jilin, and Heilongjiang, but the Others (S28) sectors emerge as key sectors driving household consumption-driven PM2.5 reductions in these provinces. Furthermore, the ManNonmet. (S13), Agr. (S1), and Gas (S23) sectors are the core sectors for reducing PM2.5-HHI. Notably, ManNonmet. (S13) is the dominant sector driving the reduction of PM2.5-HHI in large light manufacturing provinces such as Inner Mongolia, Hebei, and Shanxi. Meanwhile, the Agr. (S1) sector is the primary sector driving the reduction of PM2.5-HHI in Henan, Liaoning, Jilin, Heilongjiang, and other agricultural provinces, as well as in economically developed provinces such as Beijing, Shanghai, and Guangdong.
The investment structures of different regions have a significant impact on PM2.5-HHI formed by investment-driven factors (Figure 4C). Overall, with the advancement of region-al urbanization, Constr. (S25), Others (S28), and Mach. (S16) have become the leading sec-tors driving the growth of investment-driven PM2.5-HHI. Conversely, ElecMach. (S18) and Computer (S19) are the leading sectors driving the reduction of PM2.5-HHI, driven by fixed capital formation. However, the impact of these sectors on the fixed capital–driven formation of PM2.5-HHI in different regions has substantially different results. The construction sector in provinces with rapid urbanization, such as Shandong, Jiangsu, Sichuan, and Hubei, contributes to the main fixed capital–driven formation of PM2.5-HHI. In regions where urbanization has stabilized, such as Beijing, Shanghai, and Hainan, and in areas experiencing significant population outflows, such as Liaoning, Jilin, and Heilongjiang, Constr. (S25) is the leading sector driving the reduction of PM2.5-HHI driven by fixed capital formation. During 2007–2017, investment in Others (S28) sectors drove the growth of fixed asset formation–driven PM2.5-HHI in most regions. By contrast, driving down fixed capital formation–driven PM2.5-HHI in Qinghai, Ningxia, and Xinjiang. Investment in the Mach. (S16) sector has driven a reduction in fixed capital formation–driven PM2.5-HHI in developed regions that focus on environmental protection and the adoption of cleaner technologies, such as Beijing, Shanxi, Shanghai, Zhejiang, and Chongqing. By contrast, some large manufacturing provinces (e.g., Tianjin, Guangdong, and Anhui) may have been more focused on industrial growth in the course of their rapid development, thereby increasing the fixed capital formation–driven PM2.5-HHI. Most provinces, such as Hebei, Liaoning, Jilin, Jiangxi, Shandong, and Henan, showed an increase during 2007–2012 and a decrease during 2012–2017, suggesting that investment in the machinery industry in most provinces tends to be cleaner and greener.
Overall, Power (S22), Others (S28), and Who.&Cat. (S27) were the dominant sectors driving the export-driven increase in PM2.5-HHI. By contrast, Metal (S14), Petro. (S12), and MinNonmet. (S7) were the crucial sectors primarily contributing to the export-driven de-crease in PM2.5-HHI (Figure 4D). Specifically, Power (S22) plays a key role in export-driven PM2.5-HHI reductions in provinces that are relatively backward in terms of economic and industrial development, such as Guizhou, Yunnan, Guangxi, and Hainan. On the contrary, in energy resource-rich provinces such as Inner Mongolia, Shaanxi, and Xinjiang, their export-driven PM2.5-HHI growth stems mainly from the extraction and processing of energy as a major export product, which leads to more emissions of pollutants such as PM2.5 and pushes up the export-driven PM2.5-HHI growth. Notably, Power (S22) emerged as the dominant sector driving PM2.5-HHI growth in Beijing’s exports. In addition, the Who.&Cat. (S27) and Others (S28) sectors primarily drove the rise in export-driven PM2.5-HHI in the economically developed provinces of Beijing, Henan, Jiangsu, and Zhejiang. By contrast, the Who.&Cat. (S27) and Others (S28) sectors contributed to the decrease in export-driven PM2.5-HHI in the developed and industrialized provinces such as Shandong and Hebei.
4 DISCUSSION
Previous studies have focused on the human health impacts of PM2.5 emissions in China (Wu et al., 2021; Wang et al., 2021; Hu et al., 2024), but relatively few studies have estimated the differences in human health impacts due to PM2.5 emissions at the disaggregated industry level and the regional level. In our study, based on the latest data, we used the EEIO model to measure China’s provincial PM2.5-HHI from two perspectives, the production side and the consumption side, by industry. Based on the research findings, the total PM2.5-HHI of the 30 provinces closely aligns with Wu et al.’s national-level study (Wu et al., 2021), suggesting good comparability, and shows a consistent increasing trend from 2007 to 2012. During 2012–2017, more than half of the provinces in China experienced a significant PM2.5-HHI decreasing trend, consistent with the findings of Dong et al. (2022). The observed trend can be largely attributed to the implementation of China’s Air Pollution Prevention and Control Action Plan in 2013 (Wang et al., 2023a), which has effectively curbed PM2.5 emissions. To provide a more nuanced analysis of PM2.5-HHI heterogeneity, we conducted a comprehensive test of its spatial and temporal distribution across both regional and industrial dimensions. Our findings reveal significant spatial disparities in PM2.5-HHI (Liu et al., 2023c), with prominent concentrations observed in eastern provinces such as Jiangsu, Guangdong, and Shandong. This difference mainly stems from the fact that these provinces are large manufacturing and industrial provinces, and the development of their light industry, energy and chemical industry, automobile industry, and other secondary industries has increased resource and energy consumption, leading to an in-crease in the emission of pollutants, which has serious negative impacts on the quality of the atmosphere and human health. Specifically, like Shandong provinces has characteristics of energy and raw material industry basement, the development of its coal chemical industry, iron and steel industry, chemical industry, and other high-pollution and high-consumption industries has increased the consumption of resources and energy, resulting it the most energy-consuming province in China (Guan et al., 2021). Concurrently, petroleum processing, coking, and nuclear fuel processing belong to the heavy industry sector, whose production processes are usually more complex, the cost of updating equipment and environmental protection technologies is relatively high, the implementation of environmental protection technologies and measures may be more difficult, and the lag in the development of green and clean technologies may also lead to an increase in the emission of air pollutants, which will maintain the growth of PM2.5-HHI over the period 2007–2017. In addition, analyzing from both production- and consumption-side perspectives, most of the production-based PM2.5-HHI is concentrated in energy-intensive heavy industries, with Power (S22), ManNonmet. (S13), and Petro. (S11) alone collectively contributing 56% of China’s PM2.5-HHI. The Constr. (S25) and Others (S28) sectors are the largest contributors to consumption-based PM2.5-HHI, together contributing 30% of China’s PM2.5-HHI. Therefore, the potential for reducing PM2.5 emissions and lowering PM2.5-HHI lies mainly in the industrial and residential sectors, especially in the economically developed provinces in eastern China.
From the perspective of the influence of socioeconomic factors on PM2.5-HHI, changes in the structure of emission sources have a relatively small impact on PM2.5-HHI. By contrast, emission intensity plays a dominant role in reducing PM2.5-HHI in all regions. This is mainly due to the implementation of air pollution control policies, with governments adopting stricter environmental regulations and policies to limit and regulate the emission of pollutants from different industries. With the implementation of air pollution control policies, provinces have actively promoted the optimization and reform of the production structure, which has facilitated the development of a cleaner and healthier production structure. In particular, Guangdong, Henan, Zhejiang, Hebei, and other major industrial provinces have achieved notable success in optimizing their production structures to reduce PM2.5-HHI, especially during the period from 2012 to 2017. However, in some regions, such as Beijing, Tianjin, Inner Mongolia, and Anhui, the total input coefficients of Transport (S26), Who.&Cat. (S27), and Others (S28) industries such as services increased over the 2012–2017 period, driving more PM2.5-HHI growth. This may be attributed to rapid urbanization and population growth in these areas, leading to increased demand for transportation, logistics, commerce, and services. The expansion of these industries is accompanied by increased emissions from energy-intensive equipment such as internal combustion engines, diesel trucks, and diesel generators. Additionally, the rapid growth in traffic congestion reduces the efficiency of vehicle emissions, resulting in increased energy waste and emissions. Therefore, improving urban planning and promoting the use of cleaner transportation are key steps toward sustainable urban development and the reduction of PM2.5-HHI.
Changes in the final demand structure are driving the growth of PM2.5-HHI mainly in regions with higher economic levels, and this driving effect is diminishing. To avoid an increase in PM2.5-HHI, the key to the future lies in reducing waste, especially in affluent areas, and by optimizing the structure of final demand. Rising per capita demand levels are the main driver of PM2.5-HHI growth, especially in areas with higher levels of economic development. This indicates that PM2.5-HHI is significantly correlated with urbanization, the industrialization process, and economic performance (Lu et al., 2019). Analyzed from the perspective of final demand classifications, PM2.5-HHI, driven by household consumption, investment, and exports, dominated the final demand in all provinces of China. In addition, the final demand–driven PM2.5-HHI shows an evolutionary trend of an increase in the share of fixed capital formation and exports and a decrease in the share of household consumption. Energy-intensive industries and other sectors are key drivers of the growth of household consumption-driven PM2.5-HHI, especially in economically developed regions. Notably, the Power (S22) sector has become the leading driver of export-driven PM2.5-HHI growth in Beijing. This phenomenon may be attributed to Beijing’s exports being primarily focused on high-tech industries such as electronics and financial services, which rely heavily on energy sources such as electricity and heat to meet their production needs. Thus, the Power (S22) sectors expand the demand for energy consumption, especially for fuel-burning-based electricity and heat production processes, leading to more emissions of pollutants such as PM2.5 and further stimulating export-driven PM2.5-HHI growth.
In 2013, China enacted the Action Plan for Prevention and Control of Air Pollution, identifying Beijing, Shanghai, and Jiangsu as pivotal regions for combating air pollution (Yue et al., 2020). The plan aims to mitigate the environmental and health impacts of PM2.5 emissions by optimizing industrial layout, eliminating outdated technologies, promoting cleaner production, and using other strict control strategies. However, during the period 2007–2017, PM2.5-HHI in Beijing continued to increase, despite the fact that the city is one of the key regions for air pollution control. In contrast, Shanghai and Jiangsu, also key regions, both showed decreases in PM2.5-HHI between 2012 and 2017, with Shanghai in particular showing negative growth between 2007 and 2017. This trend validates, to some extent, Whang et al.’s view that existing air pollution control measures are mainly concentrated in developed coastal areas, whereas environmental regulations in inland provinces are more lenient (Wang et al., 2023a). Notably, the Action Plan for Continuous Improvement of Air Quality, which will be enacted and implemented in 2023, includes inland provinces such as Henan and Shanxi as key prevention and control areas, demonstrating the elevated attention to and treatment of inland areas. Although a series of stringent air pollution control measures implemented in the past decade have achieved remarkable results, the east-ern region will remain a priority area for future PM2.5 emission control. The prioritization of future emission treatment directions can be determined based on emission sources and regions. The shift in the contribution of pollution sources calls for adjusting policy attention to the emitting sectors (Liu et al., 2020). Industrial sectors such as Power (S22), ManNonmet. (S13), and Petro. (S11) are the largest sources of emissions. Although the Power (S22) sector has achieved significant emission reductions (Zheng et al., 2018), it still uses fossil fuels as its main energy source, and the damage to human health is still preeminent. Therefore, relevant laws and regulations should be implemented to accelerate the shift to a renewable energy-based system, especially in the industrial sector, where a cleaner energy shift is essential. In addition, population growth and rising levels of consumer demand are relevant factors contributing to the growth in PM2.5-HHI. SDAs show that de-spite the health benefits of reducing PM2.5 emission intensity through the implementation of mitigation measures and policies, in 80% of the regions, these health benefits are offset by changes in population demand and size.
The uncertainty in the results originates from the uncertainty in the quality of the PM10 emissions data in the provincial MIOT tables and the Eora database. The ideal assumption for estimating PM10 emissions across different regions is that the PM10 intensity of emissions from the same sector’s production processes remains constant within each region. This means that the PM10 emission intensity of each region adopts the PM10 emission intensity of the same industry at the overall national level in China. The focus of the study primarily lies in the differences in economic structural transformation and changes in final demand across various provinces. However, this has also led to some degree of uncertainty in the relative contributions of regional PM2.5-HHI and socioeconomic factors. In the future, based on more advanced measurement tools and methods, the accuracy of PM10 emission inventories and MIOT tables for each region may be improved, and the un-certainty of the study results can be reduced.
We performed a sensitivity assessment of the findings by calculating the elasticity of each parameter. The research results indicate that, except for population, per capita final demand level, the elasticity of the dose–response coefficient, and the proportion coefficient of PM2.5 emissions to PM10 emissions, which are all elasticities of 1, the elasticities of other parameters are extremely small. This suggests that the sensitivity of the model results is low. The highest PM10 emission intensity elasticity is found for the Power (S22) sector in Qinghai province, which is 0.6253. This means that a 10% change in PM10 emission intensity in this sector would result in a 6.25% change in PM2.5-HHI. Apart from the elasticity of PM10 emission intensity in the production sector of electricity and heat, the elasticity of final demand structure in the Constr. (S25) and Others (S28) sectors is also noteworthy (Figures 5A, B).
[image: Box plots illustrating the relative abundance of microbial taxa in two panels: A) Fecal samples (FN) and B) Intestinal content (IN). The X-axis shows various sample categories, and the Y-axis represents relative abundance. Each box plot includes outliers and shows variations in abundance across categories. Legends indicate symbols for different percentiles and statistical measures, enabling comparison between the two sample types.]FIGURE 5 | (A) PM10 emission intensity elasticity. Note: The numbers “07,” “12,” and “17” above the horizontal axis in Figures 5A, B represent the years 2007, 2012, and 2017, respectively. (B) Elasticity of final demand structure.
5 CONCLUSION, POLICY IMPLICATIONS AND LIMITATIONS
5.1 Conclusion
This study utilized EEIO and SDA models to assess the impacts of China’s regional economic structural transformation and final demand evolution on PM2.5-HHI from 2007 to 2017. The results of the study revealed significant differences in the regional and sec-toral sources of PM2.5-HHI in various regions of China. During the study period, PM2.5-HHI in 30 regions across the country generally increased to varying degrees between 2007 and 2012, but nearly half of the provinces experienced negative PM2.5-HHI growth between 2012 and 2017, and Shanghai, Heilongjiang, Liaoning, and Hebei had negative PM2.5-HHI growth between 2007 and 2017. PM2.5-HHI is mainly concentrated in the eastern provinces with manufacturing and industry, which is related to the demand for large amounts of fossil energy. The leading sectors driving production-based PM2.5-HHI include energy-intensive Power (S22), ManNonmet. (S13), and Petro. (S11), which collectively contribute to 56% of China’s PM2.5-HHI. The notable contribution stems from the fact that these sectors serve as the backbone of energy and basic materials that extensively support the operation and development of other industries. These energy-intensive sectors not only provide the necessary energy and material base for the economy and society, but are also major contributors to PM2.5-HHI due to the emission characteristics of their production processes. On the consumption-based PM2.5-HHI, Constr. (S25) and Others (S28) sectors emerge as the strongest driving forces for the growth of PM2.5-HHI, which is closely linked to their rapid expansion and vibrant economic activity. The rapid growth of the construction sector has not only exacerbated the demand for materials and energy but has also led directly to a significant increase in construction dust and combustion emissions. At the same time, diversified consumption and production patterns in other sectors also contribute to PM2.5 emissions, which together raise overall pollution levels. The wide range of activities in these sectors, the high level of emissions and the difficulty of controlling them are key factors in the growth of PM2.5-HHI on the consumption side. Overall, the potential for reducing PM2.5 emissions and lowering PM2.5-HHI exists mainly in the industrial and residential sectors, especially in the economically developed provinces in eastern China.
In the trend of PM2.5-HHI changes, changes in the structure of emission sources have a relatively small impact on PM2.5-HHI. By contrast, emission intensity plays a dominant role in reducing PM2.5-HHI in all regions. This suggests that adjusting and optimizing the structure of emission sources is essential for long-term environmental quality improvement, but direct reduction of the pollutant emission intensity of each source is a more direct and effective means at the current stage. Due to differences in resource endowment and level of economic development in different provinces, the effect of changes in production structure on driving PM2.5-HHI varies in different regions. Among these, the optimization of production structures in major industrial provinces such as Guangdong, Henan, Zhejiang, and Hebei notably decreased PM2.5-HHI. Changes in the final demand structure primarily drove PM2.5-HHI growth in regions with higher economic levels, although this driving effect is diminishing. This change stems mainly from the upgrading of the industrial structure and the transformation of consumption patterns in these regions. Although changes in the demand structure still have a certain impact on PM2.5 emissions, with the increasing awareness of environmental protection, the strict implementation of environmental protection policies, the widespread use of clean energy, and the upgrading of pollution control technologies, the intensity of emissions in these regions has gradually been reduced, thus weakening the role of the final demand structure as a driving force for PM2.5-HHI. This trend reflects the efforts and effectiveness of economically developed regions in striking a balance between economic development and environmental protection. Rising per capita demand levels are a major driver of PM2.5-HHI growth, especially in regions with higher levels of economic development. As the population migrates from the less economically developed central and western provinces to the economically developed eastern coastal provinces, this trend of population migration leads to differences in population size changes between regions, which in turn have opposite effects on PM2.5-HHI. To curb the growth of PM2.5-HHI, it is essential to formulate and improve air pollution and energy policies, promote industrial production optimization, and reduce PM2.5 emission intensity. Additionally, optimizing the structure of final demand is crucial to lowering PM2.5-HHI, such as by encouraging consumption and export of products with low PM2.5-HHI and minimizing waste, particularly in affluent areas.
5.2 Policy implications
Coordinating regional pollution control, strengthening the level of pollution control in key industries, reducing particulate matter emissions and effectively improving the health and wellbeing of the population. With regard to key regions and industries with high PM2.5-HHI, there is an urgent need to strengthen synergistic management of regional pollution control and precise control of key pollution sources. The pollution monitoring system in key regions should be strengthened, and management efforts should be intensified to curb the surge in particulate matter emissions brought about by blind investment expansion and disorderly growth in production capacity. At the same time, we are actively promoting the transformation and upgrading of enterprises in key industries such as Power (S22), ManNonmet. (S13), and Petro. (S11), and the wide application of cleaner production technologies, energy-saving and consumption-reducing technologies, and environmentally friendly equipment, so as to not only strengthen the emission reduction measures at the end of the production process, but also to promote the green transformation of the entire production process, so as to achieve comprehensive PM2.5-HHI control from the source to the end. In addition, the regulation of structural emission reduction measures in the eastern region should be strengthened, especially the implementation of special regulation of highly pollution-intensive industries to prevent the transfer of pollution to the central and western regions.
Promote clean energy and efficient production technologies, strengthen emission standards, change consumption patterns and encourage green and low-carbon living. Reducing emissions intensity has had a significant effect in reducing PM2.5-HHI, but changes in final demand continue to drive PM2.5-HHI growth. Therefore, the PM2.5 emission intensity of enterprises should be reduced through the promotion of clean energy and efficient production technologies, as well as the strengthening of emission standards. It also promotes energy-saving and green consumption patterns and encourages consumers to shift to low PM2.5-HHI products to meet the challenges posed by growing consumer demand, especially in regions with higher levels of economic development.
5.3 Limitations and future recommendations
The study is limited by the lack of PM10 emission data at the regional level. We assume that the PM10 emission intensity in each region remains consistent with the national level throughout the same period. We measure changes in PM2.5-HHI with total economic output over the study period and focus on exploring the impact of economic structural transformation and changes in final demand on PM2.5-HHI. As the data are updated, we will continue to further refine the study. Additionally, addressing the insufficient research on air exposure and climate environmental impacts, we plan to conduct a systematic assessment of the effects of PM2.5 on human health based on atmospheric chemistry transport models and exposure–response models.
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Introduction: Stroke remains a predominant cause of mortality and accounts for one-third of all stroke-related fatalities worldwide. Increasing expenses associated with stroke are a matter of significant concern; however, this aspect has been insufficiently examined.
Methods: The purpose of this study was to analyze in-hospital stroke costs and explore potential factors influencing them across stroke subtypes. The records of stroke patients from 50 hospitals in southeastern China between 2019 and 2022 were reviewed using multistage stratified cluster random sampling. We focused on the cost patterns of four stroke types and used multivariate linear regression to identify cost determinants.
Results: A total of 417 (1.1%) patients had subarachnoid hemorrhage (SAH), 9309 (25.9%) had intracerebral hemorrhage (ICH), 22,248 (61.8%) had ischemic stroke (IS), and 4025 had transient ischemic attack (TIA). The number of stroke patients has sharply increased since the onset of COVID-19, with a majority of them being male (72.2%). Despite the fact that hospitalization costs are highest in tertiary hospitals (Chinese yuan [CNY] 30610.8/United States dollar [USD] 4551.0, interquartile range [IQR] 9944.9, 29668.4/1478.6, 4410.9), the majority of patients are admitted to tertiary hospitals (74.6%) or public hospitals (90.2%). Across all stroke subtypes, patients with SAH had the highest costs (CNY 93,454.9/USD13894.4, IQR 12273.2, 169920.0/1824.7, 25262.8), followed by those with ICH (CNY 48,724.2/USD 7244.0, IQR 16789.6, 57540.7/2496.2, 8554.8), IS (CNY 26,550.3/USD3947.4, IQR 8684.2, 28697.7/1291.1, 4266.6), and TIA (CNY 11,170.1/USD1660.7, IQR 6823.7, 12965.2/1014.5, 1927.6). Therapy fees comprised a significant portion of costs in ICH and IS cases (47.9% and 42.7%, respectively). Materials accounted for the highest proportion of expenses for SAH (56.1%), whereas patients with TIA spent more time on examinations (34.1%). Linear regression analysis revealed that length of stay (LOS), stroke subtype, hospital level, and stroke type were key factors influencing hospitalization costs
Discussion: The visiting rate and charges were highest in tertiary public hospitals, and hospitalization costs were higher in hemorrhagic types of stroke than in ischemic types of stroke; the proportion of hospitalization cost categories varied among different types of stroke, with LOS, hospital type, and level substantially affecting hospitalization costs. Enhancing medical insurance reimbursement rates for hemorrhagic strokes, implementing a hierarchical medical system, tailoring cost categories to accommodate varying stroke subtypes, and shortening LOS may help alleviate the economic burden of stroke.

Keywords
 stroke subtype; costs and cost analysis; inpatients; retrospective cohort study; southeastern China


1 Introduction

Stroke presents a rapidly growing public health challenge, exerting a substantial burden on society. In 2019, it stood as the second leading cause of both mortality (claiming 6.6 million lives) and long-term disability (accounting for 143 million disability-adjusted life years [DALYs]) globally. Over the last 30 years, there has been a 70% increase in global stroke incidence, an 85% rise in prevalence, a 43% spike in mortality, and a 32% surge in stroke-related DALYs. This growing burden is more pronounced in low-and middle-income countries compared to high-income nations (1). In China, despite improved public health policies and healthcare delivery, the burden of stroke remains alarmingly high, with a pooled annual prevalence of 1329.5 per 100,000 people based on a review of 26 population-based studies (2). The burden of stroke is anticipated to grow, leading to significant economic costs related to treatment and post-stroke care.

In recent years, hospitalization costs for patients with stroke have gained increased attention owing to their significant impact on healthcare systems and individual patients. The increasing prevalence of stroke, coupled with the complex and often long-term nature of stroke care, has contributed to the financial burden experienced by patients and their families. Additionally, the costs associated with acute treatment, rehabilitation, and post-stroke care further compound the economic challenges faced by stroke survivors.

In various Chinese cities, hospital costs for stroke treatment have been estimated in previous studies (3–6). However, findings from large comprehensive hospitals in northeastern and southwestern China, as well as nationwide assessments, may not be applicable to medical institutions in southeastern regions like Shenzhen city. There may be certain cost differences among medical institutions across different regions in China depending on factors such as the size of the hospital, its equipment, service level, and the economic development of the region (7). Additionally, different stroke types exhibit a distinctive disease progression and treatment procedures, resulting in varied medical resource usage and costs (1, 8). While several previous studies have estimated the direct burden of stroke treatment, they often concentrate on a single stroke type or utilize data from a single hospital, thus lacking broad representativeness (9). A thorough examination providing a comprehensive overview of healthcare utilization and expenditure in specific stroke service categories among Chinese patients is still lacking. However, understanding the economic burden distribution associated with different types of stroke is crucial for developing specific strategies to targeted prevention and control of disease.

Despite the considerable resources allocated to stroke treatment, many questions remain regarding the allocation of funds for different types of stroke conditions and how spending varies based on patient characteristics. Gaining insight into the variations in healthcare expenditure can assist health system researchers and policymakers in pinpointing the specific conditions, age groups, genders, and types of care that contribute to increased spending. This understanding can serve as a foundation for anticipating future economic challenges amid the rising incidence and prevalence of stroke, and can also guide the identification of areas where new technologies and processes might yield significant returns on investment.

To address this knowledge gap, this study aims to estimate stroke-related hospitalization costs using representative data from Shenzhen, southeastern China. Based on a retrospective analysis of real-world data on patient levels from 50 hospitals in Shenzhen from 2019 to 2022, we further evaluated the relationships between various sociodemographic factors, hospital attributes, disease characteristics, and stroke-related economic burdens to provide a descriptive summary of hospitals cost estimates for stroke.



2 Methods


2.1 Study design and population

We conducted a retrospective, population-based longitudinal cohort study in Shenzhen, China, from January 30, 2019 to December 30, 2022, on patients aged 1–108 with primary diagnosis of stroke. Medical institutions providing rehabilitation services in Shenzhen were included. The tenth revised version of the International Classification of Diseases (ICD-10) was utilized to identify patients diagnosed with stroke. Stroke stratification is as follows: ischemic stroke (IS), transient ischemic attack (TIA), subarachnoid hemorrhage (SAH), and cerebral hemorrhage (ICH) (10) using ICD-10 codes G45, I60, I61 and I63, respectively. Exclude stroke patients outside of IS, TIA, SAH and ICH. Further exclusion criteria encompassed hospital stays of less than 1 day, hospitalization costs below 100 Chinese yuan (CNY), or missing information. Data were obtained from medical records and hospital information systems. This study has been approved by the Shenzhen Health Security Bureau and follows the guidelines for reporting observational studies under the Strengthening Epidemiological Observation Research Report (STROBE).



2.2 Data source

The data collection units included primary, secondary, and tertiary hospitals in Shenzhen as well as public and private hospitals, involving comprehensive disciplines, specialized departments, and rehabilitation hospitals covering the entire city. A total of 50 units were contacted during the initial stage (Figure 1). The database contained detailed information on the patient’s gender and age, initial diagnosis, hospitalization date, length of stay, and hospitalization expenditures/the total cost of hospitalization. Due to the anonymization of patient identity data, the local institutional review committee has abandoned the necessity of obtaining patient consent.

[image: Map of a region divided into ten districts, each labeled with numbers: 1) Baoan, 2) Guangming New, 3) Longhua, 4) Nanshan, 5) Futian, 6) Luohu, 7) Longgang, 8) Yantian, 9) Pingshan, 10) Dapeng New. Colored dots represent different hospitals: red for tertiary, green for primary, blue for secondary, and yellow for unclassified.]

FIGURE 1
 Locations of hospitals included in this study.




2.3 Measures

Study outcomes include the costs associated with hospitalization per capita, which are primarily based on stroke type, sociodemographic data, and typical characteristics of hospitals. The hospitalization expenses included prescribed medicines, rehabilitation therapy, surgeries, prescription drugs, imaging examinations, medical consumables, beds, laboratory investigations, diagnostic and nursing expenses. All costs were measured using continuous variables in CNY. The exchange rate between United States dollar (USD) and CNY was: USD1.00 = CNY 6.7261 in 2022. We also included the basic characteristics of the patients, including age, sex, profit status of medical institutions (private or public), level of medical institutions (unclassified, primary healthcare institutions, secondary hospitals, or tertiary hospitals), type of stroke (SAH, ICH, IS, or TIA), and study period (2019, 2020, 2021, 2022). The concepts of some measures are explained as follows:

	1. Profit status of medical institutions: In China, hospitals can be categorized into two main types based on profit status: public (non-profit) and private (for-profit). Public hospitals are owned and operated by the government or state-owned enterprises, funded through government budgets, patient fees, and occasionally donations. In contrast, private hospitals are owned by individuals or corporations and aim to generate profits, with significant variation in size, specialization, and services offered. In our study, the profit status of hospitals was categorized as a dummy variable (0 = private; 1 = public).
	2. Level of medical institutions: hospitals in China can be further classified based on size, function, level of care, etc. There are unclassified, primary, secondary, and tertiary hospitals. The unclassified hospitals usually were not equipped with enough hospital beds, staff, departments, and technology, which did not reach the standard of “Hospital Classification and Management Standards in China”. Primary hospitals directly provide basic medical services, including primary care, vaccinations, health education, and rehabilitation services to residents in certain communities. Secondary hospitals typically offer comprehensive medical services to multiple communities and undertake certain teaching and research tasks. Tertiary hospitals provide higher-level specialized medical and health services in several areas and perform higher teaching and research tasks. In our study, the level of hospitals was coded as a category variable (0 = unclassified hospitals, 1 = primary hospitals, 2 = secondary hospitals, 3 = tertiary hospitals).
	3. Type of stroke: Each type of stroke has distinct clinical characteristics. SAH involves bleeding into the space between the brain and the tissues covering it, often due to the rupture of an aneurysm. ICH is characterized by the sudden accumulation of blood within the brain, often caused by hypertension or vascular malformations. IS occurs when a blood vessel supplying the brain is obstructed, resulting in tissue ischemia. TIA are temporary episodes of neurological dysfunction caused by transient ischemia.



2.4 Statistical analysis

Descriptive statistics were used to outline the characteristics of the patients, stroke types, and hospital features. Due to the fact that average cost provides a comprehensive overview of social burden and is crucial for economic analysis, we predominantly use means to present our research findings. However, owing to the typical positive bias nature of cost data, we also provided results for median and interquartile range (IQR) (11). In order to determine the significance of the observed cost differences, we first conducted a correlation analysis between various factors (see Supplemental Table 1) and univariate analyses using the Mann–Whitney rank-sum test. The cost data were logarithmically transformed to achieve a corrected distribution. The regression model was used to analyze the associated factors of hospitalization costs. The basis of the estimation method in this study is multilevel regression. As shown in Equation 1, i = 1, 2, …, n, indicates the unit of level 1 (patients), j = 1, 2, …, n, indicates the unit of level 2 (hospital). [image: Mathematical expression showing the letter Y with subscript i and j, where the subscript i is positioned slightly above the j.] was the outcome from patients ‘i’ at hospital ‘j’. [image: Greek letter beta with subscript zero and subscript j.] is the intercept, which indicates the average estimate of outcome among ‘hospital j’ at baseline. [image: Mathematical expression with the Greek letter mu, subscript zero, and subscript j.] represents the difference between the average cost from ‘hospital j’ [image: Greek letter beta with subscript zero and subscript j.] and the average cost [image: Greek letter beta subscript zero, often used to denote the y-intercept in statistical regression models.], which is the residual error in level 2, [image: The image features a mathematical expression: sigma squared subscript mu subscript zero followed by the word "is".]the variance of [image: Greek letter mu with subscript zero and letter j.]that can be used to estimate the difference between hospitals. The coefficient of ‘[image: Greek letter beta in subscript notation with indices one and j.]’ is the slope, which is different between different hospitals and represents the slope of the change of [image: Mathematical notation displaying the variable \( Y \) with subscript \( ij \), commonly used to denote an element in a matrix or a specific variable in statistical models.] with [image: The mathematical notation "X" with subscript "i j".] from ‘hospital j’. [image: Lowercase Greek letter mu subscript one j.] represents the difference between the average slope from ‘hospital j’ [image: Greek letter beta subscript one, followed by subscript j.] and the average slope [image: Lowercase Greek letter beta subscript one, often used to denote a coefficient in statistical modeling or regression analysis.], which is also the residual error in level 2, [image: Sigma squared over mu sub one.] indicating the variance of the [image: The image shows the mathematical notation "mu sub one j", where "mu" is represented by the Greek letter μ, followed by the subscript 1j.]. [image: Variable \(X_{it}\) is shown, typically representing an element indexed by \(i\) and \(t\) in mathematical notation.] was a series of independent variables on ‘patient i’ from ‘hospital j’. [image: The image shows the mathematical notation epsilon subscript zero ij.] is the random error term, which denotes the random error between different patients, [image: Sigma squared over epsilon subscript zero.] is the variance of [image: Greek letter epsilon subscript zero followed by subscript i and j.] that can be used to estimate the difference between patients. [image: Lowercase Greek letter sigma with a subscript "mu zero one".] refers to the covariance of difference between the intercept and slope, reflecting the correlation between the intercept and slope. To check multicollinearity, generalized variance-inflation factor (GVIF) (12) was employed and a GVIF value below 10 was considered acceptable (13). STATA 15.0 and SPSS 22.0 software were used for analysis, and we used p = 0.05 as the threshold for statistical significance.

[image: Equation represents a hierarchical linear model. It includes a dependent variable \( Y_{ij} \), intercepts \( \beta_{0j} \) and \( \beta_{1j} \), random effects \( \mu_{0j} \) and \( \mu_{1j} \), and error term \( \epsilon_{0ij} \). Each component follows a normal distribution with specific variances. The covariance between \( \beta_{0j} \) and \( \beta_{1j} \) is \( \sigma_{\mu_{01}} \).]




3 Results


3.1 Patient characteristics

In total, we included 35,999 immobile stroke patients who required hospitalization between January 2019 and December 2022. Table 1 shows the profile of the patients’ sociodemographic and hospital characteristics of patients classified by stroke type. Among the assessed patients, 417 (1.1%) had SAH, 9309 (25.9%) had ICH, 22,248 (61.8%) had IS, and 4,025 (11.2%) had TIA. More than half of the patients were male (72.2%). The mean age of the patients was 59.4 (± 15.3) years, with the youngest being 1 year old. The average LOS was 25.1 (± 30.8) days, with the longest hospitalization for ICH at 35.3 (± 37.1) days and the shortest for TIA at 7.7 (± 6.2) days. Most patients were admitted to tertiary (74.6%) or public hospitals (90.2%). On average, patients who suffered from hemorrhagic strokes (SAH and ICH) were younger than those with TIA and IS. Among all groups, patients with cerebral infarctions were the oldest, with a mean age of 62.2 years. At 35.3 days, patients with ICH had the longest average hospital stay. Since 2020, the number of patients with SAH, ICH, IS, and TIA has significantly increased, with stroke cases in both 2021 and 2022 exceeding 10 times that of 2020.



TABLE 1 Socio-demographic and hospital characteristics of patients by type of stroke.
[image: Table displaying clinical characteristics and hospital information for patients with subarachnoid hemorrhage (SAH), intracerebral hemorrhage (ICH), ischemic stroke (IS), and transient ischemic attack (TIA). Variables include gender, age, length of stay (LOS), surgery, hospital level and type, and admission year. Each condition lists numbers and percentages in columns, with overall figures. Key demographic data and hospital admission trends are highlighted, including a high admission rate in public hospitals and increasing admissions from 2019 to 2022.]



3.2 Hospitalization costs

The estimated average hospitalization cost for stroke patients was CNY 31,661.4/USD 4707.2 (see Table 2). Across all stroke subtypes, patients with SAH had the highest costs (CNY 93,454.9/USD 13894.4), followed by those with ICH (CNY 48,724.2/USD 7244.0), IS (CNY 26,550.3/USD 3947.4), and TIA (CNY 11,170.1/USD 1660.7). Univariate analysis revealed that higher costs were significantly linked to male sex, older age, admission to secondary, tertiary, or private hospitals, as well as earlier admission years (all p < 0.001).



TABLE 2 Hospitalization costs of patients by type of stroke, in Chinese Yuan (CNY).
[image: Table displaying various medical costs categorized by variables such as gender, age group, hospital level, hospital type, and admission year across different conditions (SAH, ICH, IS, TIA). Each category shows mean, median, and interquartile range (IQR) for cost data with significant p-values less than 0.001, indicating differences in median costs.]

After adjusting for these factors, multiple regression analysis showed that LOS, SAH, and admission to tertiary, private hospitals or 2022 were independently contributed to higher costs (see Table 3 and Supplemental Tables 2-5). Compared with patients with ICH, the mean hospitalization cost of patients with TIA was 9.7% lower, whereas the increase in hospitalization costs of patients with SAH (13.4%) was greater. As the hospital level increased in sophistication, the average hospitalization cost also increased. Tertiary hospitals bear the highest hospitalization expenses, with a significant increase of 26.3% compared to unclassified hospitals, and rises of 12.0% and 12.9% when compared to primary and secondary hospitals, respectively. Hospitalization expenses in public hospitals have seen a slight decrease of 0.3% compared to those in private hospitals. The average hospitalization cost for stroke patients has risen steadily over the years, with costs in 2022 increasing by 3.6%, 1.8%, and 1.0% compared to 2019, 2020, and 2021, respectively.



TABLE 3 Predictors of hospitalization costs of patients with stroke.
[image: A table displaying statistical data on stroke, detailing standardized coefficients, adjusted standard errors, confidence intervals, and p-values for variables like gender, age group, type of stroke (ICH, SAH, IS, TIA), hospital level, hospital type, and admission year. The adjusted R-squared is 40.1%. Significant p-values are mostly under 0.05, highlighting key findings.]

The largest portion of hospitalization costs came from material consumption, which constituted 33.9% of patients’ total expenses. This was followed by rehabilitation therapy (27.4%), medication expenses (12.6%) and imaging costs (9.0%). Medical service fees, including diagnosis, surgery, and nursing, made up only 6.1% of expenditures in total. (6.1%). When classifying costs based on stroke subtypes, materials accounted for a larger share of costs in SAH patients (56.1%). Additionally, patients with ICH and IS incurred higher costs for drugs and rehabilitation therapy, whereas those with TIA spent more on examinations and laboratory fees (Figure 2).

[image: Stacked bar chart showing percentage distribution of healthcare categories for SAH, ICH, IS, TIA, and overall. Categories include other, diagnosis, traditional Chinese medicine, surgery, bed, nursing, laboratory test, imaging, medication, material, and therapy. Each category is represented by a distinct color in the legend.]

FIGURE 2
 The composition of hospitalization cost (in percentage). SAH, subarachnoid hemorrhage; ICH, intracerebral hemorrhage; IS, ischemic stroke; TIA, transient ischemic attack.





4 Discussion

In China, the burden of stroke is anticipated to escalate due to population aging and a persistent high prevalence of stroke risk factors. Nevertheless, comprehensive analysis of the costs associated with different stroke subtypes has been lacking. Delineating the distribution and attributes of hospitalization costs for stroke patients and investigating the contributing factors are vital to delivering high-quality healthcare services while addressing the growing socioeconomic burden. This study conducted a comprehensive assessment of the distribution of stroke-related hospitalization costs in southeastern China. Our findings underscore the substantial economic burden placed on both individuals and society by stroke, with significant variation in economic impact observed among different stroke subtypes.


4.1 Distribution of patient characteristics

Notably, the number of stroke cases, regardless of the type, surged in 2020. Since the onset of the coronavirus disease 2019 (COVID-19) pandemic, a considerable proportion of patients with COVID-19 have experienced thrombotic complications and stroke (14). Increasing evidence suggests a potential association between COVID-19 infection or COVID-19 vaccination and stroke. In a prior study conducted in Wuhan, China, it was revealed that 2.3% of 214 hospitalized COVID-19 patients had previously experienced an ischemic stroke (15). A number of other studies have also documented cases of stroke in COVID-19 patients, with incidence rates similar to those observed in the early stages of the epidemic in Wuhan, China (16–18). Sadeghmousavi et al. explored stroke as a potential complication of COVID-19 and its potential mechanisms of harm (19), de Mélo Silva Jr. et al. suggested the potential relationship between COVID-19 vaccination and the risk of cerebral hemorrhage (20), and an ischemic stroke associated with the COVID-19 vaccine was reported by Famularo et al. (21).

Epidemiological data suggest that stroke is a sexually dimorphic disease affecting men more than women (22). Among our study participants, more than half were male. The evidence has accumulated demonstrating that estrogen, particularly 17-hydroxystanol, is protective for the brain and reduces stroke risks in women (23, 24). Traditionally, stroke has been viewed as a disease of the older adult; however, our data indicate that the average age of onset for various types of stroke is below 60 years, with the youngest age being 1 year old. It is reported that the global incidence and hospitalization rate of stroke among young people are rising, with young adults (<50 years old) accounting for 10%–14% of all strokes. Additionally, data from the Global Burden of Disease (GBD) indicates a significant rise in global childhood stroke incidence since 1990. Between 1990 and 2013, the absolute number of childhood strokes worldwide increased by 1.5 times. As a result, stroke among young people and children is becoming an increasingly serious issue in both developing and developed countries (25–29).

Our study revealed that patients with stroke exhibited a greater propensity to seek medical care at tertiary hospitals or public healthcare facilities. Tertiary public hospitals are likely to be preferred because of their specialized expertise in managing complex medical conditions with highly trained specialists. Advanced medical technology and facilities that offer accurate diagnoses and innovative treatments attract patients seeking cutting-edge care. Comprehensive services and strong reputations for delivering high-quality care increasingly make tertiary hospitals the preferred choice for patients seeking medical treatment. However, rehabilitation hospitalization expenses in tertiary hospitals were found to be higher than those in other medical institutions after adjusting for confounders, which accords with other study findings (30). Another study conducted among 4,716 immobile patients with stroke in 25 hospitals across six provinces in China revealed that the hospitalization expenses of immobile patients in tertiary hospitals were higher than those in non-tertiary hospitals (31). A further study in northeast China enrolled 138,757 patients from 39 hospitals and revealed that rehabilitation hospitalization expenses in tertiary hospitals (CNY 10,046.9/USD 1493.1) were higher than those in secondary hospitals (CNY6286.6/USD 934.7) (10). This may be partially explained by the unequal distribution of health resources and services in China. In the hierarchical medical system, patients with minor illnesses are generally directed to primary medical institutions, while those with serious illnesses are referred to specialized medical facilities for diagnosis and treatment. Afterward, they are advised to return to primary medical institutions for postoperative care. Implementing appropriate hierarchical medical system policies is crucial because such policies optimize healthcare delivery by guiding patients to the most suitable care level based on their medical condition, thereby enhancing treatment effectiveness and resource utilization (32).



4.2 Regional differences in costs

Stroke hospitalization costs in our study were estimated at CNY 31,339.4/USD 4659.4, which was higher than those reported in other Chinese regions (5, 10, 33, 34). Economic development as well as the quality of medical services may contribute to this discrepancy. Guangdong province’s gross domestic product (GDP) stood at the highest level among 31 provinces and autonomous regions in China in 2017, according to the National Bureau of Statistics (35). Therefore, our reported costs may be higher than average national costs, especially as the estimated costs for ICH (CNY 48,724.2/USD 7244.0) and IS (CNY 26,550.3/USD 3947.4) in our study were above the national average costs (CNY 26,087.9/USD 3878.6 for ICH and CNY 10,740.7/USD 1596.9 for IS) reported in the 2022 China Health Statistical Yearbook. However, our reported costs were lower than those for developed countries in Europe, Japan and North America. A United States (U.S.) study suggested that the average cost of stroke was USD 20,396 (± 23,256), which is equivalent to CNY 141,652.26 (± 161,515.25) (36). Research from Croatia indicates that the average hospitalization cost for ischemic types of stroke was Euro (€)18,221 (equivalent to CNY 142,486.40) (37), while a study in Germany showed that the average cost for hemorrhagic stroke was $26,602 (38). Tu et al. revealed that the average (median) hospitalization charges per stroke patient in Fukuoka, Japan were $9,020 ($7,974), ranging from $336 to $54,509 (39).



4.3 Costs and stroke type

Different types of stroke exhibit distinct clinical features and management requirements, which significantly affect hospitalization costs. SAH patients may experience a sudden severe headache and require comprehensive evaluation through imaging studies and possible surgical repair. The risk of complications, particularly vasospasm, necessitates extended monitoring and management in an intensive care setting, thereby escalating hospitalization costs. The management of ICH often requires urgent neurosurgical interventions, intensive monitoring, and rehabilitation services, leading to prolonged hospital stays and higher costs due to potential complications like rebleeding, hydrocephalus, or infection. The severity of IS can vary based on the size and location of the infarct. Treatment may involve thrombolysis, thrombectomy, and subsequent rehabilitation. While initial treatment costs can be substantial, timely intervention may reduce the length of hospitalization and long-term care needs, impacting overall costs positively. Nevertheless, post-stroke complications, such as pneumonia or deep vein thrombosis, can increase expenses significantly. Symptoms of TIA resolve within 24 hours, leading to shorter hospital stays and generally lower treatment costs compared to the other conditions (40, 41).

In our study, the mean hospitalization costs for hemorrhagic stroke (CNY 93,454.9/USD 13894.4 for SAH and CNY 48,724.2/USD 7244.0 for ICH) were notably higher than those for ischemic types of stroke (CNY 26,550.3/USD 3947.4 for IS and CNY 11,170.1/USD 1660.7 for TIA), which is consistent with previous studies (10, 31). It is likely that this is due to the frequent requirement for surgery and intensive care monitoring, along with the high levels of morbidity that follow. Hemorrhagic stroke typically demands more intricate medical treatments or nursing interventions compared to ischemic strokes. Therefore, the median cost of materials, medical services, and total expenses for patients with hemorrhagic stroke may be higher (42). According to our results, a more extensive surgical treatment was also given to patients with hemorrhagic stroke than to those with ischemic strokes, according to our results (Table 1), and that they also spent more on surgery than those with ischemic types of stroke (Figure 2). Ischemic types of stroke are more common, while hemorrhagic types of stroke account for a higher number of deaths and DALYs (42). Hence, it is essential to enhance the medical insurance reimbursement ratio for hemorrhagic stroke patients in order to alleviate the cost of personal medical care.



4.4 Hospitalization cost categories

The cost composition analysis revealed that material fees represented the largest proportion of overall hospitalization costs (as high as 33.90%); therapy fees (27.40%) and medication fees (12.60%) ranked second and third in terms of total hospitalization costs, respectively. As indicated by the analysis of the cost composition, material expenses accounted for the largest proportion of the total cost of hospitalization (33.90%). The second and third highest costs were therapy fees (27.40%) and medication fees (12.60%). While the cost composition largely aligns with previous study findings, the proportion of medication fees appears to be lower (3, 43, 44). This may be attributed to significant reforms in China’s health system implemented in public hospitals over the past decade, which eliminated markups on expenses of medications and promoted the use of more affordable drugs (45, 46). When classifying costs based on stroke subtypes, SAH requires surgical intervention performed by endovascular coiling or surgical clipping to prevent rebleeding from the same aneurysm, resulting in the highest proportion of material costs in hospitalization expenses. Patients with ICH and IS often experience multiple functional impairments, necessitating more intensive rehabilitation interventions, which usually require multiple examinations to rule out organic lesions before making a diagnosis. Therefore, adjusting cost categories based on different stroke subtypes may be a strategy to lower charges for hospitals and alleviate the China’s stroke economic burden.



4.5 Correlation of hospitalization expenses

In the linear regression analysis conducted in this study, LOS, stroke subtype (hemorrhagic stroke) hospital level and type were found to be significantly affected hospitalization costs among immobile stroke patients. By identifying these factors, we can get a better understanding of hospitalization expenses’ nature and optimize the efficiency of healthcare delivery. LOS exhibited a strong correlation with hospitalization costs among immobile stroke patients, consistent with the findings of numerous previous studies (5, 7, 42). Ma et al. reported that stroke severity, medical insurance status, comorbidities, and increased leukocyte count upon admission may serve as predictive factors for LOS of stroke patients (47). Patients in state-funded healthcare could have unnecessary LOS shortened to enhance resource allocation and cost efficiency, while other contributing factors, such as hospital level and type, could be considered in relation to the severity of the illness as well as the patient’s inclination.

This study had some limitations. First, the analysis only reported inpatient cost data, excluding outpatient expenditures and follow-up costs, which are further crucial components for accurately predicting the economic burdens faced by patients. Additional research is needed to estimate these costs and to gain a comprehensive understanding of the total expenses incurred by immobile stroke patients. Second, we were not able to establish causality or determine the direction of the observed relationships because this was a cross-sectional study. Third, this study is limited to southeastern China and during COVID-19 epidemic, whereby both the COVID and vaccination may have had a big impact on strokes. This study does not therefore represent a strokes alone study to be replicated elsewhere. Additionally, stroke severity information was not available in the accessed database, which is likely to be a key factor influencing service costs. Potential risk factors, comorbidities, and patient prognoses were excluded from the database. We intend to conduct deeper and more wide-ranging investigations in future.

The advantage of this study lies in analyzing the distribution of hospitalization costs and predictors of them for various stroke subtypes. The patients enrolled in this prospective multicenter study were from 50 units in Shenzhen. We identified important factors influencing health care costs through analysis of hospitalization expenses sources. This identification is likely to facilitate the implementation of effective measures aimed at reducing costs for individuals, society, and the government. Therefore, our findings hold significance in terms of economic assessments aimed at supporting policymaking regarding reimbursements, investment strategies, and pricing structures for medical and nursing interventions. This study has practicality in developing countries as well as in developed countries aspiring to offer the full spectrum of healthcare services for stroke patients and to achieve a better balance between their personal costs, health benefits, and social welfare expenses.




5 Conclusion

Stroke imposes an increasingly heavy financial burden on both patients and society in Guangdong Province, southeastern China, especially after the COVID-19 pandemic. The distribution of hospitalized patients in this study varies in terms of admission time, gender, and hospital type. Our results indicated that tertiary public hospitals were under immense medical pressure, as most patients with stroke sought treatment at these facilities. However, rehabilitation hospitalization expenses in tertiary hospitals were found to be higher than those in other types of medical institutions. Differences were found in terms of the burden among different types of stroke, with hemorrhagic stroke resulting in greater hospitalization costs, whereas ischemic types of stroke had a greater incidence rate, and the proportion of hospitalization cost categories varied among different types of stroke. Additionally, the LOS, the type and level of hospital significantly affected hospitalization costs in immobile stroke patients with hemorrhagic as well as ischemic stroke types. Reducing the economic burden of stroke in China is most likely achieved by implementing hierarchical medical system policies, increasing the reimbursement ratio of medical insurance for hemorrhagic stroke, tailoring cost categories to accommodate varying stroke subtypes, shortening LOS, and taking comprehensive measures to control other related factors.
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Background: The combination of trifluridine/tipiracil (FTD/TPI) and bevacizumab has demonstrated promising efficacy and safety in the treatment of colorectal cancer (CRC). This study aims to evaluate the cost-effectiveness of trifluridine/tipiracil combined with bevacizumab vs. trifluridine/tipiracil monotherapy as a third-line treatment regimen for colorectal cancer within the Chinese healthcare system, providing an economic basis for clinical application.
Methods: Based on data from the SUNLIGHT Phase III clinical trial, a dynamic Markov model was constructed with a cycle length of 4 weeks and a simulation duration of 10 years. Direct medical costs and quality-adjusted life years (QALYs) were calculated. The incremental cost-effectiveness ratio (ICER) was compared with the willingness-to-pay threshold (WTP = ¥268,200.00/QALY) to assess the economic viability of the treatment regimen. One-way sensitivity analysis and probabilistic sensitivity analysis were conducted to verify the robustness of the model results.
Results: The cost of trifluridine/tipiracil combined with bevacizumab treatment (¥838,492.74) was higher than that of trifluridine/tipiracil monotherapy (¥357,396.97), with greater health benefits (2.45 QALYs vs. 1.54 QALYs). The ICER was ¥527,577.36/QALY, exceeding the willingness-to-pay threshold. One-way sensitivity analysis indicated that drug costs and utility values during the progression-free period significantly impacted model outputs. Probabilistic sensitivity analysis further confirmed the robustness of the results, showing that at a willingness-to-pay threshold of ¥494,000.00, the probability of the combined treatment being cost-effective was 50%.
Conclusion: Trifluridine/tipiracil combined with bevacizumab, as a third-line treatment for colorectal cancer, does not have a cost-effectiveness advantage compared to trifluridine/tipiracil monotherapy in economic evaluations.
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1 Introduction

Colorectal cancer refers to malignant epithelial tumors originating from the colon or rectum, encompassing malignancies in the cecum, appendix, ascending colon, hepatic flexure, transverse colon, splenic flexure, descending colon, and rectum (1). Globally, CRC ranks third in incidence and second in mortality, posing a significant public health burden and emerging as a global public health challenge (2–4). In China, the incidence and mortality rates of CRC are on the rise, currently making it the second most common cancer after lung cancer (5, 6).

First-and second-line treatment options for colorectal cancer mainly include fluorouracil-based chemotherapy in combination with oxaliplatin and irinotecan, as well as treatments targeting vascular endothelial growth factor (VEGF) (mainly using bevacizumab) or epidermal growth factor receptor (EGFR) (the latter is primarily indicated for RAS wild-type tumors) (7). According to the recommendations of the European Society for Medical Oncology (ESMO) (8), 2023 guidelines for metastatic colorectal cancer and the 2023 guidelines from the Chinese Society of Clinical Oncology (CSCO) (9) for colorectal cancer diagnosis and treatment, trifluridine/tipiracil combined with bevacizumab is recommended as a first-line treatment option for metastatic CRC (10). This recommendation is based on data from the SUNLIGHT Phase III clinical trial, which demonstrated that the combination therapy showed superior efficacy and safety compared to trifluridine/tipiracil monotherapy, with a significant extension in progression-free survival (PFS) (10.8 months vs. 7.5 months) and an increase in the 12-month overall survival (OS) rate (43% vs. 30%) (11). Given the lack of health economic studies on the combination therapy of trifluridine/tipiracil and bevacizumab in China, this study aims to evaluate the cost-effectiveness of this combination therapy compared to trifluridine/tipiracil monotherapy from the perspective of the Chinese healthcare system. The study is based on the latest efficacy and safety data from the SUNLIGHT clinical trial and real-world data to provide an economic basis for clinical decision-making in treating CRC patients in China.



2 Methods


2.1 Patient characteristics

The simulated population in this study is consistent with the SUNLIGHT clinical trial participants, who were histologically diagnosed with unresectable colorectal adenocarcinoma, had received up to two prior chemotherapy regimens with disease progression or intolerance to the last regimen, were able to swallow oral tablets, and had an expected survival of ≥12 weeks.



2.2 Treatment regimens


2.2.1 Trifluridine/tipiracil combined with bevacizumab group

Patients were administered trifluridine/tipiracil at a dose of 35 mg/m2 orally within 1 h after breakfast and dinner, from day 1 to day 5 and day 8 to day 12, with drug holidays on day 6–7 and day 13–14. Each treatment cycle lasted 2 weeks, followed by a 14-day rest period. Bevacizumab was administered at a dose of 5 mg/kg via intravenous infusion every 2 weeks, specifically on day 1 and day 15 of each treatment cycle. This regimen was repeated every 4 weeks.



2.2.2 Trifluridine/tipiracil monotherapy group

Patients were administered trifluridine/tipiracil at a dose of 35 mg/m2 orally within 1 h after breakfast and dinner, from day 1 to day 5 and day 8 to day 12, with drug holidays on day 6–7 and day 13–14. Each treatment cycle lasted 2 weeks, followed by a 14-day rest period.

Given that the SUNLIGHT clinical trial did not disclose subsequent treatment regimens and proportions, this study utilized fruquintinib as the subsequent treatment after disease progression, based on the CSCO 2023 guidelines for colorectal cancer diagnosis and treatment.




2.3 Model structure

A Markov model was constructed using TreeAge Pro 2011 software, incorporating three states: PFS, progressed disease (PD), and death. Initially, all participants were assumed to be in the PFS state. Over time, participants could transition from PFS to PD or death, with transitions being irreversible until all participants reached the death state. The model’s simulation cycle was set to 10 years, with a cycle length of 28 days, considering the administration schedule from the SUNLIGHT clinical trial and key factors such as survival duration and average age of participants. The state transition relationships in the Markov model are illustrated in Figure 1.

[image: Flowchart depicting three stages: "PFS" in a blue oval pointing to "PD" in a yellow oval, which points to "Dead" in a pink oval. Arrows indicate progression, with two looping arrows back to "PFS" and "PD".]

FIGURE 1
 Markov model transition diagram for each state.


According to the “Chinese Guidelines for Pharmacoeconomic Evaluations 2020,” a discount rate of 5% was applied. The willingness-to-pay (WTP) threshold was set at three times the per capita GDP of China in 2023. The model’s output indicators included total costs, QALYs, and ICER for the two treatment groups. The ICER and WTP were used for comparison; if the ICER was less than or equal to the threshold, the combination therapy of trifluridine/tipiracil and bevacizumab was considered more cost-effective compared to trifluridine/tipiracil monotherapy. If the ICER exceeded the threshold, trifluridine/tipiracil monotherapy was deemed more cost-effective compared to combination therapy.



2.4 Extraction of survival data and calculation of transition probabilities

Kaplan–Meier survival curves for overall survival (OS) and PFS were digitized using the GetData Graph Digitizer software to extract time points and corresponding survival probabilities. The original survival curves were reconstructed using R software, as depicted in Figures 2, 3. Common parametric survival models, including Exponential, Weibull, Log-logistic, Log-normal, Gompertz, and Gamma distributions, were fitted to the data. The goodness of fit was evaluated using the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) (12).

[image: Kaplan-Meier survival curve comparing progression-free survival between two treatments: FTD-TPI (blue line) and FTD-TPI plus bevacizumab (orange line). The horizontal axis represents months, and the vertical axis shows the percentage of progression-free survival. The orange line indicates better survival rates. Significance is marked by p < 0.0001. The number of patients at risk is listed below for each time point, starting with 246 in both groups.]

FIGURE 2
 Overall survival reconstruction curve.


[image: Kaplan-Meier survival curves comparing progression-free survival for FTD-TPI and FTD-TPI plus bevacizumab groups over twenty months. The FTD-TPI plus bevacizumab group shows improved survival with a significant p-value of less than 0.0001. The chart includes the number of patients at risk below the x-axis.]

FIGURE 3
 Progression-free survival reconstruction curve.


The AIC and BIC results are presented in the Supplementary Table S1, and the fitted curves are shown in Figures 4, 5 (Supplementary Figures S1, S2). Based on the AIC, BIC, and visual inspection results, the Log-normal distribution was identified as the best-fitting model. Therefore, survival curves were extrapolated using the Log-normal distribution, with the shape parameter (γ) and scale parameter (λ) presented in Table 1. Transition probabilities were calculated using the cumulative survival function S(t) and the cumulative hazard function F(t) of the Log-normal distribution. For the OS curve, the probability of remaining alive (Psts) and the probability of death (Pstd) were calculated as [image: Formula showing \(P_{std} = S(t) / S(t-u)\).] and [image: Equation showing \( P_{sts} = 1 - P_{std} \).], respectively. Similar calculations were performed for the PFS curve (13–15).

[image: Kaplan-Meier survival curve showing overall survival rates over 60 months, comparing FTD-TPI plus bevacizumab treatment with various statistical models: Exponential, Gamma, Gompertz, Log-logistic, Lognormal, and Weibull. The plot includes different colored and patterned lines representing each model, with survival rates decreasing over time.]

FIGURE 4
 Parameters of OS curve fitting for FTP-TPI plus bevacizumab.


[image: Kaplan-Meier curve comparing progression-free survival over 60 months for patients treated with FTD-TPI plus bevacizumab versus six different statistical models: Exponential, Gamma, Gompertz, Log-logistic, Lognormal, and Weibull. The survival percentage decreases sharply within the first 20 months, aligning closely among the models.]

FIGURE 5
 Parameter plot of PFS curve fitting for FTP-TPI plus bevacizumab.




TABLE 1 Shape and scale parameters of the best-fitting model.
[image: A table displaying fitting curve data for two groups: "FTP-TPI plus bevacizumab" and "FTP-TPI." Each group is evaluated for PFS and OS using a log-normal fitting curve. The shape parameter (γ) for "FTP-TPI plus bevacizumab" is 1.660 for PFS and 2.398 for OS, while for "FTP-TPI," it is 1.110 for PFS and 2.030 for OS. The scale parameter (λ) is 0.850, 0.808, 0.644, and 0.793, respectively.]



2.5 Cost data and health utility values

From the perspective of the Chinese healthcare system, this study only considered direct medical costs, adverse drug event (ADE) treatment costs, follow-up costs for PFS patients, supportive care costs, and end-of-life care costs. ADE treatment costs included only those ADEs with an incidence rate of ≥20% and severity of ≥Grade 3. Drug price data were obtained from the Guangzhou Drug and Medical Consumables Procurement Platform,1 while other cost data were sourced from published literature. Dosage calculations were based on the average height (male: 169.70 cm, female: 158.00 cm) and weight (male: 69.60 kg, female: 59.00 kg) (16) of Chinese individuals as reported in 2020, and the gender ratio (256:236) from the SUNLIGHT clinical trial. The average patient height was set at 164.09 cm and average weight at 64.52 kg, resulting in a body surface area (BSA) of 1.79 m2([image: Formula for body surface area (BSA): BSA equals 0.0061 times height plus 0.0124 times weight minus 0.0099.]) (17).

Health state utility values (HSUVs) reflect preferences for specific health states, ranging from 0 to 1. Due to the lack of authoritative utility value studies for Chinese CRC patients, this study referenced similar studies based on Chinese populations (18–21), selecting PFS and PD utility values of 0.84 and 0.57, respectively (22). The costs and parameters are summarized in Table 2.



TABLE 2 Parameters and distributions of the Markov model.
[image: Table displaying parameters for medication cost analysis. Sections include cost of medication per cycle, follow-up cost per visit, adverse event management cost, utility value, other parameters, and incidence of adverse events. Values are detailed with baseline, lower, and upper limits, distribution types, and sources. Medication costs include FTP-TPI with or without bevacizumab. Follow-up costs cover laboratory tests, imaging, and care options. Adverse events like neutropenia and nausea have specific cost values. Utility values of PFS and PD are shown. Additional information includes the discount rate and drug prices as of June 5, 2024.]



2.6 Sensitivity analysis

Model stability was verified through one-way sensitivity analysis and probabilistic sensitivity analysis. In the one-way sensitivity analysis, parameters were varied within a reasonable range using 95% confidence intervals (CIs) as the upper and lower limits. If 95% of CIs were unavailable, the baseline value ±20% was used. The discount rate ranged from 0 to 8%. The impact of independent parameter changes on the model was explored, and results were presented as a tornado diagram (23, 24). Probabilistic sensitivity analysis involved 10,000 Monte Carlo simulations based on parameter ranges and probability distributions (beta distribution for health utility values and discount rates, Gamma distribution for cost data). Results were displayed using incremental cost-effectiveness scatter plots and cost-effectiveness acceptability curves.




3 Results


3.1 Base case analysis

The base case analysis results are shown in Table 3. According to Table 3, the incremental effect of the trifluridine/tipiracil combined with the bevacizumab treatment regimen was 0.91 QALYs, with an incremental cost of ¥481,095.78, resulting in an ICER of ¥527,577.36/QALY. This ICER exceeds the willingness-to-pay threshold of ¥268,200.00, indicating that while the combined treatment regimen increases effectiveness, it also substantially increases costs. Therefore, using a threshold of ¥268,200.00, the trifluridine/tipiracil combined with bevacizumab treatment regimen does not have a cost-effectiveness advantage over trifluridine/tipiracil monotherapy.



TABLE 3 Results of basic analysis.
[image: Table comparing two groups: "FTP-TPI plus bevacizumab" and "FTP-TPI" across five metrics. The first group shows a cost of 838,492.74 CNY, incremental cost of 481,095.78 CNY, effect of 2.45 QALYs, incremental effect of 0.91 QALYs, and ICER of 527,577.36 CNY/QALY. The second group has a cost of 357,396.97 CNY and effect of 1.54 QALYs.]



3.2 Single-factor sensitivity analysis

The results of the one-way sensitivity analysis are shown in Figure 6. The analysis demonstrated that within the reasonable parameter variation range, the model results remained stable, confirming the robustness of the base case analysis. Drug costs, PFS utility values, and discount rates had significant impacts on the model’s output.

[image: Tornado diagram showing the sensitivity analysis of various cost factors related to FTD-TPI and bevacizumab treatments. The most influential factors, represented by horizontal bars in descending order, are the cost of FTD-TPI plus bevacizumab, PFS utility value, and cost of FTD-TPI. Other factors include supportive care cost, imaging examination cost, and adverse reaction treatment costs. Values on the x-axis range from 350,000 to 700,000, and the lines indicate WTP of 268,200 and EV of 519,544.58.]

FIGURE 6
 Tornado diagram for one-factor sensitivity analysis.




3.3 Probabilistic sensitivity analysis

The probabilistic sensitivity analysis results are shown in Figures 7, 8. This study conducted 10,000 Monte Carlo simulations, revealing that as the incremental effect increases, the incremental cost also rises. Particularly at the willingness-to-pay threshold of ¥268,200.00, the majority of ICER values were above the threshold line, further corroborating the base case analysis conclusions. Figure 8 further illustrates that when the willingness-to-pay threshold is ¥494,000.00, the probability of the trifluridine/tipiracil combined with bevacizumab treatment regimen being cost-effective is 50.00%. As the willingness-to-pay threshold increases, the probability of cost-effectiveness also rises.

[image: Scatter plot displaying blue data points of incremental cost versus incremental effect. A trend line with confidence ellipse is shown, and a dashed line represents willingness to pay at two hundred fifty thousand.]

FIGURE 7
 Incremental Cost-Effectiveness Scatterplot.


[image: Line graph showing the potential for the FTD-TPI program to be economical compared to FTD-TPI plus bevacizumab. The y-axis represents potential percentage, and the x-axis shows willingness to pay threshold in yen per QALY. FTD-TPI is represented by blue squares decreasing, while FTD-TPI plus bevacizumab is shown by red triangles increasing. The lines intersect around the 600,000 yen mark.]

FIGURE 8
 Cost-Effectiveness Acceptability Curve.





4 Discussion

Trifluridine/tipiracil is an oral combination of the nucleic acid analog trifluridine and the thymidine phosphorylase inhibitor tipiracil (7). Trifluridine acts as the active cytotoxic ingredient, forming trifluridine triphosphate when phosphorylated by thymidine kinase in tumor cells, which exerts its effects by substituting for thymidine in cellular DNA (7). Thymidine phosphorylase is responsible for the metabolism of trifluridine in the liver and gastrointestinal tract, converting it to an inactive form; however, the incorporation of tipiracil completely inhibits this degradation process, thereby significantly increasing the bioavailability of trifluridine.

The drug, which was introduced in the US and the EU in 2015 and 2016, respectively, and in China in 2019, is approved for use in patients with Metastatic Colorectal Cancer (mCRC) who have previously received fluoropyrimidine, oxaliplatin, and irinotecan-based chemotherapy. It is also indicated for mCRC patients who have either received or are not candidates for anti-vascular endothelial growth factor (VEGF) therapy, as well as for anti-epidermal growth factor receptor (EGFR) therapy in RAS wild-type mCRC patients. Bevacizumab primarily controls tumor growth by inhibiting neoangiogenesis (25) and is a key agent in the anti-angiogenic class of drugs for the treatment of advanced colorectal cancer.

Given the favorable efficacy and safety profile of trifluridine/tipiracil in the treatment of colorectal cancer, numerous studies have been conducted worldwide to explore its use in combination with targeted therapies. The Japanese C-TASK-FORCE study (26) demonstrated that in patients with advanced colorectal cancer and an Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 0–1, the combination of trifluridine/tipiracil and bevacizumab as third-line therapy resulted in a centrally assessed 16-week PFS rate of 42.9% (80% CI, 27.8–59.0). The median PFS was 3.7 months (95% CI, 2.0–5.4), and the median OS was 11.4 months (95% CI, 7.6–13.9). The PFS exceeded the predefined threshold for trifluridine/tipiracil monotherapy. Additionally, the European DANISH study (27) showed that in patients with an ECOG PS of 0–1, the combination of trifluridine/tipiracil and bevacizumab was significantly more effective than monotherapy as third-line treatment. The median PFS was 2.6 months (95% CI, 1.6–3.5) in the trifluridine/tipiracil group, compared to 4.6 months (95% CI, 3.5–6.5) in the combination group (hazard ratio 0.45 [95% CI, 0.29–0.72]; p = 0.0015). In terms of safety, serious adverse events occurred in 21 patients (45%) in the trifluridine/tipiracil group and in 19 patients (41%) in the trifluridine/tipiracil plus bevacizumab group. These findings suggest that the combination of trifluridine/tipiracil and bevacizumab offers superior efficacy and safety compared to trifluridine/tipiracil monotherapy. Based on these clinical results, trifluridine/tipiracil with or without bevacizumab has been recommended as a standard third-line treatment for metastatic colorectal cancer in several authoritative guidelines, including the National Comprehensive Cancer Network (NCCN) Colon and Rectal Cancer Guidelines 2024.V1 (28), the CSCO Colorectal Cancer Guidelines 2023, and the European Society for Medical Oncology (ESMO) Guidelines for Metastatic Colorectal Cancer 2023. With the publication of the SUNLIGHT study results, the recommendation level for the trifluridine/tipiracil plus bevacizumab regimen has been further elevated in various national guidelines.

Colorectal cancer imposes a significant burden of disease and economic costs on patients in China and other regions worldwide. A study conducted in Saudi Arabia, which included 326 colorectal cancer patients, reported total healthcare costs of $19 million, with an average annual cost per patient of $58,384. Drug costs constituted the most significant proportion of healthcare expenditures, accounting for 45% of the total costs, followed by surgical costs (27%) (29). Another retrospective study (30) revealed that in 2020, the total healthcare costs for colorectal cancer in the United States reached $24.3 billion, representing 12.6% of all cancer treatment expenditures. The average cost per patient during the first year following diagnosis was $66,500, while the cost in the last 12 months of life escalated to $110,100. In Europe, the annual economic burden of colorectal cancer is estimated to be €19 billion, making it the most economically burdensome gastrointestinal cancer. Approximately half of this burden is attributed to direct healthcare costs, while the other half results from productivity losses, mortality, and caregiver opportunity costs. In 2022, it was estimated that China had 517,100 new cases of colorectal cancer and 240,000 related deaths, ranking it as the second leading cancer by incidence and the fourth by mortality among all malignancies (31). Colorectal cancer poses a particularly significant disease burden on the Chinese population compared to other cancers. In 2019, the DALYs attributable to colorectal cancer they reached 6,394,918 years, with an age-standardized DALY rate of 321.41 per 100,000, making it the third highest among all malignancies (32, 33). A retrospective study on the economic burden of clinical treatment for hospitalized colorectal cancer patients showed that 3.95% received third-line therapy. Western medicine costs comprise the most significant proportion of expenses (34). Given the current trends in colorectal cancer in China, it is crucial to evaluate the cost-effectiveness of trifluridine/tipiracil combined with bevacizumab compared to trifluridine/tipiracil monotherapy for third-line treatment of colorectal cancer.

In economic evaluations of colorectal cancer treatment, a study from Japan (35) assessed the cost-effectiveness of optimal treatment regimens for patients with KRAS wild-type metastatic colorectal cancer using FOLFIRI in combination with bevacizumab (Bmab), cetuximab (Cmab), or panitumumab (Pmab). The ICERs for Bmab, Cmab, and Pmab compared to FOLFIRI monotherapy were 736,700 JPY/month, 1,378,600 JPY/month, and 3,821,400 JPY/month, respectively. Although these combination therapies demonstrated superior clinical efficacy, none were considered cost-effective economically compared to FOLFIRI monotherapy. Additionally, a cost-effectiveness study in Indonesia indicated that combining FOLFOX or FOLFIRI with bevacizumab was not cost-effective for metastatic colorectal cancer (36). A study based on the U.S. healthcare system reported that adding bevacizumab to the FOLFOX regimen resulted in an ICER of 571,240 USD/QALY. In contrast, in second-line treatment, the ICER for combining bevacizumab with FOLFIRI was 364,083 USD/QALY (37). In a cost-effectiveness analysis focused on older adult Chinese patients with metastatic colorectal cancer, the ICER for combining capecitabine with bevacizumab was 95,564.33 USD/QALY compared to capecitabine monotherapy (38). These findings suggest that adding bevacizumab to chemotherapy regimens does not provide a cost-effectiveness advantage, which is consistent with the conclusions of this study.

A study based on the Japanese healthcare system, utilizing a sample of adults meeting the criteria of the C-TASK FORCE study and employing the Declining Exponential Approximation of Life Expectancy (DEALE) method to estimate transition probabilities, evaluated the cost-effectiveness of combining trifluridine/tipiracil with bevacizumab compared to trifluridine/tipiracil monotherapy. The study demonstrated that combining trifluridine/tipiracil and bevacizumab offered a cost-effectiveness advantage (39). However, this study was based on phase 1/2 clinical trial data, which had a small sample size and needed more reliable utility value data, limiting its generalizability. The study also highlighted the need for further evaluations based on clinical trial data to assess the cost-effectiveness of trifluridine/tipiracil combined with bevacizumab in colorectal cancer patients.

This study, from the perspective of the Chinese healthcare system, utilized the latest data from the SUNLIGHT study and applied parametric distribution fitting and Markov models to simulate the cost-effectiveness over 10 years. The results showed that the incremental effect of trifluridine/tipiracil combined with bevacizumab was 0.91 QALYs, with an ICER of ¥527,577.36/QALY, far exceeding the willingness-to-pay threshold of ¥268,200.00. Both one-way sensitivity analysis and probabilistic sensitivity analysis validated the robustness of the model. In the one-way sensitivity analysis, drug costs and the utility value of PFS had the greatest impact on the model’s output. According to these findings, the trifluridine/tipiracil combined with the bevacizumab treatment regimen does not offer a cost-effectiveness advantage.

The primary reason is the significant price difference between the two drug regimens. Additionally, the combined regimen resulted in more treatment-related adverse events, increasing the cost of managing these events. Although the combined regimen showed statistically significant improvements in PFS and OS rates, these benefits were offset by the additional treatment and management costs. Furthermore, the long-term advantages of the combined regimen in PFS and OS are expected to diminish over time. This study has several limitations. The utility values for various states of colorectal cancer patients in the Chinese population were primarily derived from previous similar studies, as there is currently a lack of authoritative utility values reflecting the different stages of the Chinese population. Therefore, the utility values may be biased. Additionally, this study extrapolated survival curves through parametric distribution fitting, but it was limited to the 12-month PFS and OS survival data provided by the SUNLIGHT study. Compared to the need for long-term survival data, the data changes may have significant errors. The survival probabilities obtained through parameter fitting may not fully reflect the actual state transitions of Chinese colorectal cancer patients. This study only included direct medical costs and did not account for indirect medical costs, which may lead to an underestimation of the total cost output by the model. We look forward to obtaining more clinical data and real-world data in the future to analyze further the cost-effectiveness of trifluridine/tipiracil combined with bevacizumab in treating colorectal cancer patients.

In conclusion, the current evidence suggests that trifluridine/tipiracil combined with bevacizumab does not have a cost-effectiveness advantage over trifluridine/tipiracil monotherapy in treating colorectal cancer patients.
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Using four waves of panel data from the China Labor-force Dynamic Survey (CLDS) spanning from 2012 to 2018, regarding gradual reforms of the Integrated Medical Insurance Scheme (IMIS) in China as a quasi-experiment, we establish a time-varying difference-in-differences (DID) model to systematically examine the impact of IMIS on the happiness of returning migrant workers. Further, a structural equation model is employed to explore the potential mechanisms and analyze the heterogeneity of the effect. The results indicate that IMIS significantly enhances the happiness of returning migrant workers, which remains robust after a series of robustness checks. In addition, this effect operates through two potential mechanisms, economic effects and integration effects, which account for 25.59 and 29.31% of the total effect, respectively. Compared to the older generation, low-income, low-health human capital, and high-reimbursement level regions, the enhancement of happiness due to IMIS is more pronounced among the new generation, high-income, high-health human capital, and low-reimbursement level regions of returning migrant worker, which might exhibit a “pro-wealth” characteristic. The findings provide empirical support and policy implications for continuously improving the health insurance system, promoting the equalization of basic public services between urban and rural areas, and consistently enhancing the happiness of returning migrant workers.
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1 Introduction

In recent years, with the transfer of industries across regions, there has been a large-scale trend of returning migrant workers (1, 2). According to statistics from the China Household Income Project (CHIP)1 in 2013, more than half of the migrant worker families living in cities plan to return to their hometowns within the next 5 years (1, 3). Compared to migrant workers who remain in urban areas, returning migrant workers possess higher levels of economic capital, human capital, and skills, and are more likely to engage in entrepreneurial activities (4). This can undoubtedly provide new momentum for rural economic development and contribute to achieving China’s goal of common prosperity.

However, as shown in Figure 1, returning migrant workers report lower levels of happiness compared to those who stay in urban areas, which is not conducive to improving employment probability and labor productivity (5). The primary reason is the perceived inequality and lack of fairness due to the urban–rural gap experienced during their time working outside their hometowns (6–10). In this context, as an important institutional reform to narrow the urban–rural gap, IMIS aims to break the fragmented social medical insurance system due to registered residence restrictions, ensure the equality of urban and rural residents in insurance opportunities, and improve the fairness of medical service utilization and health of urban and rural residents (11). So, we naturally raise the question of whether IMIS with the goal of promoting urban–rural equality will improve the relatively low happiness of returning migrant workers due to the urban–rural gap?

[image: Bar chart comparing happiness levels of urban-residing and returning migrant workers across four years: 2012, 2014, 2016, and 2018. Urban-residing workers consistently have higher happiness levels than returning workers in each year.]

FIGURE 1
 Happiness of urban-residing migrant workers and returning migrant workers.


Theoretically, the rationale behind the impact of IMIS on happiness lies in two aspects: On the one hand, IMIS increases insurance subsidies for rural areas, improves the medical insurance benefits for returning migrant workers, thereby reducing their medical burden, relaxing financial constraints, and increasing their consumption of other goods. This economic effect can enhance the happiness of returning migrant workers. On the other hand, the strong love for hometown among migrant workers can enhance their sense of happiness when living in their hometown, but the urban–rural gap that returning migrant workers realize to some extent weakens this feeling. IMIS can narrow the urban–rural gap felt due to migrant work experience by breaking the institutional barriers of urban and rural registered residence restrictions and realizing the equalization of urban and rural medical service utilization, meet their recognition of their hometown, and enhance their willingness to live. This integration effect can improve the happiness of returning migrant workers. However, to the best of our knowledge, there is a lack of further discussion on the mechanisms by which IMIS affects subjective happiness. In addition, there are other shortcomings in existing research.

Firstly, in discussing subjective happiness, such as the happiness of rural residents, existing studies predominantly focuses on the general rural population (12–14), but overlooking the unique characteristics of the rapidly growing group of returning migrant workers within the context of new economic dynamics. This group exhibits distinct features and challenges in terms of employment, living conditions, and psychological dimensions, and the heterogeneity of their subjective experiences may serve as an intrinsic motivation influencing their employment decisions (14). Therefore, a deeper exploration of how IMIS impacts the subjective happiness of this group is crucial for understanding their employment behaviors and overall welfare.

Secondly, existing studies on the measurement and evaluation of subjective happiness, often relies on simplistic ordinal or dummy variables. This approach fails to fully uncover the underlying mechanisms through which health insurance policies affect individuals’ subjective experiences (15, 16). Such limitations not only restrict the depth and scope of the research but also raise concerns about the robustness and generalizability of the findings. Therefore, employing more comprehensive and scientifically rigorous measurement standards and evaluation methods to more accurately capture the impact of health insurance policies on the subjective happiness of returning migrant workers is a pressing issue for current research.

Since the non-uniform implementation timing of IMIS across different provinces in China, which exhibits a staggered pattern, this gives us an opportunity to explore the above issues under the time-varying difference-in-differences (DID) framework. This model is suitable for situations where the same policy is implemented progressively among affected groups. It not only controls for the impact of time-varying omitted variables but also assesses the policy’s effects by comparing differences before and after implementation, thus helping to determine the net effects of the policy. Therefore, using four waves of panel data from the China Labor-force Dynamic Survey (CLDS) spanning 2012, 2014, 2016, and 2018, regarding the progressive reform of China’s IMIS as a quasi-experiment, we establish a time-varying difference-in-differences (DID) model to examine the effects of this integration on the happiness of returning migrant workers. Furthermore, we develop a generalized mediation model within a structural equation framework to investigate the mediating mechanisms involved and test the heterogeneity of its effects.

We find that the IMIS significantly enhances the happiness of returning migrant workers, with an average increase of 7.42 percentage points. This effect remains robust after controlling for potential estimation biases using the conditional mixed process (CMP) method. Regarding potential mechanisms, we discover the roles of both economic and integration effects, which account for 25.59 and 29.31% of the total effect, respectively. In terms of heterogeneity analysis, compared to the older generation born before 1980, low-income individuals, those with low health human capital, and those in regions with high reimbursement levels, IMIS has a more significant impact on enhancing the happiness of the new generation born after 1980, high-income individuals, those with high health human capital, and those in regions with low reimbursement levels.

We may have the following marginal contributions: Firstly, we supplement the research on the policy effects of the IMIS. Previous studies have demonstrated the objective impacts of IMIS on issues such as the incidence of excessive labor among migrant workers (17), health shocks among residents (18), and the utilization of medical services (19, 20). Our focus is on the subjective happiness of returning migrant workers, thus expanding the understanding of the effects of the IMIS policy.

Secondly, we enrich the factors influencing happiness from the perspective of social security systems. Existing research has explored the positive effects of social policies like pension insurance (21, 22) and fertility policies (23) on happiness. However, to our knowledge, studies examining this issue from the perspective of improvements in the medical security system are still scarce. China’s IMIS inherently possesses attributes that mitigate inequality and promote income distribution (17, 24), which are crucial factors in enhancing happiness (25, 26). Our research confirms this point.

Thirdly, we enhance the understanding of the mechanisms through which social security policies affect individual happiness. We comprehensively analyze the dual roles of economic effects and social integration effects. Our findings show that IMIS not only improves the economic welfare of beneficiaries but also enhances their sense of social integration, thereby further promoting happiness. Additionally, the results reveal the “pro-wealth” characteristic of the policy, providing important policy implications for the precise design of future social security systems in China and the promotion of equalization of basic public services.

The subsequent sections are arranged as follows: Section 2 provides the policy background and a review of previous research. Section 3 details the empirical design. Section 4 presents the empirical results. Section 5 offers further analysis, and Section 6 concludes with a discussion.



2 Institutional background and previous studies


2.1 Medical insurance scheme

Before IMIS, Chinese residents participated in medical insurance according to their region of residence. Urban employees were covered under the Urban Employee Basic Medical Insurance (UEBMI), while urban residents participated in the Urban Resident Basic Medical Insurance (URBMI) and rural residents in the New Cooperative Medical Scheme (NCRMS). Although URBMI and NCRMS had similar payment standards and funding patterns, significant differences existed in the benefits received by participants based on their place of residence. Generally, URBMI offered higher reimbursement rates, a broader range of covered medical services, and higher caps for medical expenses compared to NCRMS (27, 28).

To achieve equitable medical insurance coverage for urban and rural residents and to reduce the substantial differences in medical service utilization between these groups, the State Council issued the “Opinions on Integrating the Basic Medical Insurance System for Urban and Rural Residents” in 2016. Following this directive, local governments began the process of integrating URBMI and NCRMS, with most regions implementing the integrated system by 2017. In fact, prior to 2016, some regions, such as Tianjin, Qinghai, Shandong, Chongqing, Guangdong, Ningxia, and Zhejiang, had already started exploring and successfully establishing unified medical insurance systems for urban and rural residents. By 2020, all 34 provinces in China had essentially completed the institutional integration of basic medical insurance for urban and rural residents.

The IMIS achieved “six unifications”: unified coverage, unified funding policies, unified benefit packages, unified medical insurance directories, unified designated medical institution management, and unified fund management. As of the end of 2023, the number of people enrolled in the Urban and Rural Resident Basic Medical Insurance (URRBMI) reached 962.93 million. The advancement of IMIS is regarded as a significant measure by the Chinese government to narrow the urban–rural gap and enhance universal health coverage.



2.2 Previous studies


2.2.1 Research on the influencing factors of happiness

Factors influencing happiness can be summarized into three categories: demographic characteristics, individual behavioral decisions, and social policies and environments. In terms of demographic characteristics, Blanchflower (16) found a U-shaped relationship between age and happiness using data from 145 countries. The likely reason is that individuals experience higher stress and weaker resilience during midlife, resulting in the lowest subjective happiness (29). Concerning health, most studies find that satisfaction with health, physical health, and mental health all impact happiness positively (30). Specifically, Munasinghe et al. (31), in the context of the COVID-19 pandemic, found that the frequency of outdoor activities and outdoor surveys could mitigate the impact of health risks on happiness to some extent. Additionally, extensive literature indicates that individuals who are married, have a higher level of education, or possess attractive facial features are more likely to experience higher levels of happiness (5, 32–35). However, regarding the relationship between gender and happiness, current research has not reached a consensus. Carlson and Hans (36), from the perspective of household labor division, found that women bearing a disproportionate share of domestic responsibilities tend to have lower happiness. Conversely, Becchetti and Conzo (15) argue that women, despite having lower resilience compared to men, exhibit stronger subjective happiness.

For individual behavioral decisions, income is one of the key determinants of happiness. The relationship between income and happiness predominantly builds on the “Easterlin Paradox” (37, 38), with further exploration by some scholars from the perspectives of relative and absolute income. Absolute income, which fulfills physiological and safety needs, demonstrates a positive link with happiness (39). Conversely, due to a comparative mentality, larger disparities in relative income tend to reduce overall happiness (40, 41). However, there are also some studies that show no correlation between income and happiness (42). Employment also plays a role, where the risk of unemployment negatively correlates with happiness (43), and high-quality employment boosts happiness (44). Additionally, fertility enhances happiness, having children generally increases happiness (45), and a higher number of children is associated with greater happiness (46). Meanwhile, the gender of children can somewhat influence parental happiness during their upbringing (47).

Regarding social policy and environment, government investment in public services such as education and healthcare significantly influences residents’ happiness (48). As a pivotal social policy, the social security system inherently possesses the capacity to mitigate uncertain risks, directly enhancing residents’ happiness (29). Hou (49) found that individuals with pension and health insurance exhibit stronger subjective happiness compared to those without such insurance. Research by Bairoliya et al. (25) indicates that comprehensive government-provided healthcare and older adult care services reduce individual precautionary savings, increase consumption, and enhance happiness.

Meanwhile, the social security system also serves a role in income distribution, mitigating the changes in happiness caused by income disparities. Studies by Ma and Xi (26) demonstrate that social security can alleviate the unfairness caused by income disparities, improve individual consumption and health levels, and consequently increase feelings of happiness and fulfillment. Additionally, social networks contribute to individual happiness through economic and emotional exchanges (12), and the degree of social integration also plays a crucial role in influencing individual happiness (50).



2.2.2 Research on the policy effects of IMIS

In the context of China’s dual urban–rural system, a dual-track medical insurance model has emerged, operating both the NRCMS and Urban Resident Basic Medical Insurance (URBMI), leading to issues such as unfair treatment and mobility lock-in (51, 52). In response, China has been experimenting with the integration of urban and rural medical insurance, known as the IMIS, which has garnered extensive scholarly attention for its real-world effects.

In terms of healthcare services, significant research demonstrates that, adhering to the principles of “higher benefits rather than lower, broader scope rather than narrower,” the implementation of IMIS has notably increased medical service utilization among rural residents (53), and substantially decreased the occurrence of untreated illnesses (54), effectively mitigating health and medical service inequalities across different economic strata (55).

In labor decision-making, Li et al. (17) explored the effects of the IMIS from the perspective of interest equalization, revealing that IMIS bolstered migrant workers’ capabilities to withstand health and economic risks, thereby easing the burden of excessive labor. Additionally, Hong and Ning (56) examined the portability of benefits following the implementation of IMIS, finding that it incentivized rural residents to pursue job opportunities within urban areas. Notably, Zheng et al. (18) discovered that IMIS reduced individuals’ out-of-pocket medical expenses and increased labor supply, thus facilitating targeted poverty alleviation, especially among those affected by health risks.

Overall, the improvements in health status, equity, and accessibility of healthcare services due to IMIS have significantly raised the happiness of rural residents (57). The results of the above studies all support the idea that the integration of medical insurance systems not only improves access to healthcare but also has a positive impact on labor decisions, economic welfare, and overall quality of life for rural and migrant populations.



2.2.3 Research on the relationship between IMIS and the happiness of returning migrant workers

Returning migrant workers often experience lower levels of happiness due to perceived inequalities stemming from the urban–rural divide felt during their time working away from home (58). The Integrated Medical Insurance Scheme (IMIS) serves as a crucial mechanism for equalizing public services, aiming to dismantle the segmentation of the social health insurance system caused by household registration restrictions and to promote equality between urban and rural areas. This, to an extent, addresses the gaps in social security for migrant workers (17), and also facilitates the enhancement of happiness among returning migrant workers. Specifically, IMIS enhances the happiness of returning migrant workers through the following two aspects:

Firstly, the essence of medical security lies in pooling public finance and individual premiums to form a risk fund, which is ultimately distributed to those who are ill and to groups who cannot access medical services. This process facilitates the transfer of funds from healthy to unhealthy individuals and from high-income to low-income groups, achieving the purpose of income redistribution (57). However, under the dual urban–rural system, the New Rural Cooperative Medical Scheme (NRCMS) has historically been characterized by low funding levels and low protection levels, making health shocks a greater financial threat, with the “happiness effect” of medical security not being pronounced.

Under the principle of “ensuring higher rather than lower benefits, and broader rather than narrower coverage” (59), the IMIS policy has increased subsidies for rural healthcare and raised the level of coordination, especially ensuring equal treatment with urban residents. This has greatly enhanced the scope and level of protection, thereby reducing the medical burden on returning migrant workers compared to the NRCMS period, easing financial constraints, continuously improving economic welfare, and subsequently increasing consumption of other goods that improve life quality, ultimately enhancing overall utility.

Secondly, migrant workers possess a strong attachment to their rural roots and cultural identity (60). Growing up in rural areas instills in them a deep-seated customary inertia, with emotional bonds rooted in kinship, clan, and land, forming a distinctive local identity and fondness for their native soil. In other words, compared to relocating to cities, migrant workers experience higher satisfaction living in their native rural environments (61). However, the perceived urban–rural disparity felt by returning migrant workers due to their experiences working in cities can lead to discomfort with rural life, reducing their happiness, and the direct consequence of this perceived disparity often results in their settlement in urban areas (62).

The goal of the IMIS is to equalize the utilization of urban and rural medical services by breaking down the institutional barriers imposed by the urban–rural household registration system, a critical component of public service equalization. Therefore, for returning migrant workers, IMIS narrows the perceived urban–rural gap experienced due to their work outside, facilitates their reintegration into their native rural areas, and thus enhances their happiness through a strong sense of local identity and attachment to their native land.

Based on the foregoing discussion, we propose the following research hypotheses:


H1: The IMIS enhances the happiness of returning migrant workers.
H2: The IMIS improves the happiness of returning migrant workers through economic effects and integration effects.







3 Empirical strategy


3.1 Data

The data used in this paper are drawn from 4 waves of the CLDS conducted in 2012, 2014, 2016, and 2018. The CLDS, conducted by the Social Science Survey Center at Sun Yat-sen University, is China’s first interdisciplinary, nationwide longitudinal survey focused on labor. It examines the current status and changes in China’s labor force, covering a wide range of research topics including education, employment, migration, health, social participation, economic activities, and grassroots organizations. The CLDS establishes a comprehensive database centered on labor by conducting biennial tracking surveys in urban and rural communities across China. This database includes longitudinal and cross-sectional data at the individual, household, and community levels.

The CLDS sample is representative and diverse, with each survey round covering at least 28 provinces and municipalities. The sample size includes over 400 communities, more than 14,000 households, and over 20,000 labor force individuals. It employs a multi-stage, multi-level probability sampling method proportional to labor force size and is among the first in China to use a rotating sample tracking approach. This method effectively adapts to China’s rapidly changing environment while maintaining the characteristics of cross-sectional surveys, providing high-quality foundational data for empirically oriented theoretical and policy research. We focus on the happiness of returning migrant workers, considering the IMIS as an exogenous policy shock.

The reasons for selecting this dataset are as follows: Firstly, the data have precise city codes that accurately identify the areas with IMIS, providing the necessary conditions to establish treatment and control groups required for the DID method used in this study; secondly, the survey targets the working population aged 15 to 64, detailing their employment conditions, which allows for accurate identification of the returning migrant worker within the labor force; thirdly, the dataset includes individual, family, and community data, covering a wide range of information such as employment details, educational background, mobility intentions, family economics, and community relationships, which comprehensively meets the data requirements of this study. Additionally, the IMIS data employed in this paper are compiled from various regional policy documents organized by the authors.

In line with the research objectives, the data were processed as follows: First, only samples of returning rural migrant workers were retained, specifically those who had previously worked outside their home county and had returned to their registered residence by the time of the survey with no intention of migrating again. Second, samples of individuals aged 16 to 64, representing the working-age labor force, were retained. Third, only those who participated in either the NRCMS or URRBMI during the survey period were included. Fourth, observations with missing key variables were excluded. Ultimately, 4,616 valid observations were retained.



3.2 Empirical model

Given the gradual implementation of the IMIS in urban and rural areas across China, following Beck et al. (63), we adopt the time-varying DID approach to evaluate the impact of the IMIS on the happiness of returning migrant workers. Specifically, regions where IMIS has been implemented are designated as the treatment group, while the others serve as the control group. The year of IMIS implementation in the treatment regions and all subsequent years are defined as the treatment period, with all other years considered the control period. This setup allows for an accurate assessment of the policy’s effects by examining the differences in happiness between the treatment and control groups before and after the policy shock. Moreover, as the dependent variable, Happiness, is an ordinal variable ranging from 1 to 5, we employ an Order-Probit model for empirical analysis, which is as follows:

[image: Equation displaying a probability function for happiness. It includes parameters beta_0 and beta_1 multiplied by a variable labeled IMS_ikt, a summation term with alpha_m times X_ikt^m, and additional terms gamma_t, lambda_k, their interaction, and mu_ikt.]

where the outcome variable is [image: The word "Happiness" is displayed in italic font with the subscript "i, k, t" following it.], which indicates the ordered level of individual happiness of individual [image: Please upload the image or provide a URL for me to generate the alt text.] in the city [image: The image shows a lowercase italic letter "k".] in year [image: Lowercase italic letter "t" in a serif font.]. It ranges from 1 to 5, with higher values indicating higher levels of happiness. The independent variable is [image: Mathematical expression in italics, featuring "IMIS" followed by the subscript "ikt".], which is a dummy variable that equals 1 if the individual [image: Please upload the image so I can help generate the appropriate alternate text for it.]‘s city [image: The equation displays a lowercase letter "k".] implements the IMIS in year [image: Lowercase italic letter "t".], and 0 if otherwise. [image: Mathematical notation showing an uppercase letter X with subscript letters i and j, and superscript letter m.] is a series of individual-level, household-level and village-level control variables. [image: The Greek letter beta with a subscript zero, commonly used in statistical and mathematical equations to represent the intercept in regression models.] is the constant term. [image: Greek letter beta followed by a subscript numeral one.] is the coefficient of the core explanatory variable. When [image: Greek letter beta with subscript one, commonly used to represent the coefficient in a statistical model or equation.]>0, it indicates that the IMIS increases the happiness of rural migrant workers, otherwise it decreases happiness. [image: Greek letter alpha in italics with a subscript m.] denotes the estimated coefficients of control variables. [image: It seems like there's an issue with the image upload. Please try uploading the image file again or provide more details if possible.] denotes year fixed effects. [image: The image displays the Greek letter "lambda" followed by the subscript "k".] denotes city fixed effects. [image: The expression shows the multiplication of gamma sub one and lambda sub k.] denotes city-year fixed effects. [image: Greek letter mu followed by subscripts i, k, and t.] is the error term.



3.3 Variable selection and measurement

Dependent variable: The dependent variable (Happiness) in the baseline regression is an ordinal variable representing individual happiness, ranging from 1 to 5. Specifically, 1 indicates “very unhappy,” 2 indicates “unhappy,” 3 indicates “neutral,” 4 indicates “happy,” and 5 indicates “very happy”.

Independent variable: The key independent variable (IMIS) is a binary dummy variable indicating the IMIS. Based on regional policy documents, the value is set to 1 if the region implemented the IMIS policy during the corresponding year, and 0 otherwise.

Control variables: Referring to Cheng and Hua (29), and Luo and Liu (57), which explore the determinants of happiness among rural residents, the following control variables are included:

	1. Individual-level characteristics:

These variables include Age, Age2, Gender, Marital status, Education level, Party, Income level, Working hours, Job type, Health status, and Pension insurance. Age is measured as the difference between the survey year and birth year, and Age2 is added to account for the nonlinear effect of age on happiness. Gender is a dummy variable, where male = 1 and female = 0. Marital status is a dummy variable, where married, remarried, or cohabiting = 1, and unmarried, divorced, or widowed = 0. Education level is an ordinal variable ranging from 0 to 5, corresponding to never attended school, primary school, middle school, high school (including technical schools), undergraduate (including vocational schools), and postgraduate (master’s or doctoral degrees). Party is a dummy variable, with Communist Party members coded as 1, and others as 0. Income level is the natural logarithm of individual annual income. Working hours are the natural logarithm of the individual’s total annual working hours. Job type is a dummy variable, where employment in public sectors such as government agencies or state-owned enterprises = 1, and others = 0. Health status is an ordinal variable ranging from 1 to 5, representing “very healthy,” “healthy,” “neutral,” “unhealthy,” and “very unhealthy.” Pension insurance is a dummy variable, with a value of 1 if the individual has either basic pension insurance or commercial pension insurance, and 0 otherwise.

	1. Household-level characteristics:

These include the Number of dependents, Home ownership, and Family harmony. Number of dependents refers to the total number of individuals in the household under the age of 16 or over 65. Home ownership is a dummy variable, with 1 indicating ownership of a house, and 0 otherwise. Family harmony is measured as an ordinal variable ranging from 1 to 5, with 1 indicating “very disharmonious,” 2 indicating “disharmonious,” 3 indicating “neutral,” 4 indicating “harmonious,” and 5 indicating “very harmonious.”

	1. Village-level characteristics:

These include Village harmony and Per capita fiscal revenue of village. Village harmony is an ordinal variable ranging from 1 to 5, where 1 represents “very disharmonious,” 2 represents “disharmonious,” 3 represents “neutral,” 4 represents “harmonious,” and 5 represents “very harmonious.” Per capita fiscal revenue of village is calculated as the total fiscal income of the village divided by the number of residents, and the natural logarithm of this value is used in the analysis.



3.4 Descriptive statistics

Table 1 reports the descriptive statistics of the variables, including the means and standard deviations for the full sample, as well as subsamples for the control and treatment groups. Additionally, the differences in means between the subsamples were calculated. The results show that, over the entire survey period, 44.37% of the sample resided in regions where the IMIS had been implemented. Moreover, there is a significant difference in happiness between returning rural migrant workers in the treatment and control groups.



TABLE 1 Descriptive statistics.
[image: Table comparing various variables across full, control, and treatment groups, with statistical significance indicated. Key variables include happiness, age, education level, income, and health status. Statistical changes between the control and treatment groups are highlighted in column four with significance markers: ***, **, and *. Standard deviations are in parentheses. Observations total 4,616.]




4 Empirical results


4.1 Benchmark results

Table 2 presents the regression results of the impact of the IMIS on the happiness of returning migrant workers. Columns (1) to (3) employ the Ordered Probit model, varying in the inclusion of control variables and fixed effects: column (1) presents results without any controls or fixed effects, column (2) includes fixed effects, and column (3) incorporates both fixed effects and all control variables. The results indicate that the coefficient for IMIS is significantly positive at the 1% statistical level across all specifications. Given that coefficients estimated by the Ordered Probit model do not have a direct economic interpretation, the study further calculates the marginal effects of this variable, which are 0.0858, 0.0753, and 0.0742, respectively. These findings suggest that the IMIS increases the happiness of returning migrant workers by approximately 7.42 to 8.58 percentage points.



TABLE 2 Benchmark results.
[image: A table presents regression results with five columns for different models: three Order Probit, one OLS, and one Probit. Variables include IMIS, Age, Gender, Marital Status, Education, Party affiliation, and more. Coefficients and significance levels are indicated, with standard errors in parentheses. Significance levels are marked by asterisks, denoting one percent, five percent, and ten percent. Observations total 4,616, with fiscal revenue and fixed effects indicated.]

The OLS regression results are shown in column (4). The estimated coefficient of the IMIS remains positive and statistically significant at the 1% level. Furthermore, drawing on prior literature on the design of happiness indicators (64), we redefine the happiness variable as a dummy variable: respondents who answer “unhappy” or “very unhappy” equal 0, and 1 if otherwise. Using the Probit model, we present the result in Column (5), which remains robust. These findings confirm Hypothesis 1.



4.2 Endogeneity analysis

This study employs the implementation of IMIS at the hometowns of returning migrant workers as the core explanatory variable. The sample selection is confined to returning migrant workers whose hukou matches their current residence and who consistently participated in the health insurance during the survey period. This approach substantially mitigates issues of reverse causality and sample selection bias. However, while changes in health insurance policies are relatively exogenous governmental decisions (65), they also result from negotiations among various levels of government (66), leading to some endogeneity due to differences in integration patterns and levels across regions. Additionally, returning migrant workers, having spent extended periods working away from home, may have limited understanding of local health insurance policies, which potentially underestimates the impact of the IMIS on their happiness. Moreover, as happiness is influenced by multiple factors, it is challenging for models to control for all potential influences. These uncontrolled factors could simultaneously affect the happiness of returning migrant workers and the outcomes of health insurance policies, leading to endogeneity issues due to omitted variables.

To address potential regression biases, we employ the instrumental variable (IV) method for analysis. The principle of IV method is to identify a variable that is strongly correlated with the primary explanatory variable in the model but is as uncorrelated as possible with the error term. By incorporating this variable into the model transformation, a consistent estimator of the relevant parameters is constructed alongside other variables, enhancing the precision of the estimation. Given that the IMIS variable is a dummy, traditional IV-Probit models, which are suited primarily for continuous endogenous variables, are not applicable. Referring to Roodman (67) and Li et al. (17), we employ the conditional mixed process (CMP) estimation for a two-stage regression. In the first stage, the CMP-probit method is used to examine the relationship between the IV and the endogenous variable. The second stage uses the CMP-oprobit method to assess the impact of IMIS on the happiness of returning migrant workers. Furthermore, the endogeneity of the IMIS policy is identified through the atanhrho_12 parameter, which serves as an endogeneity test.

Referring to Li et al. (17), we select “per capita public fiscal revenue” and “proportion of the population in municipal districts” of the cities where returning migrant workers reside as IVs. The former is defined as the city’s public fiscal revenue for the year divided by the total population of the city, and then taking the logarithm. The latter is defined as the number of people in the urban area divided by the total population of the city. Before reporting the regression results, it is crucial to analyze the relevance and exogeneity of these instruments. In terms of relevance, the capability of public finance is a crucial guarantee for the government to equalize basic public services (68), and per capita public fiscal revenue directly reflects local public financial capability. Higher public financial capacity increases the likelihood of implementing IMIS. The proportion of the population in municipal districts can, to some extent, reflect the relative size of the rural and urban registered populations, further revealing differences in the scale of participation in the NRCMS and Urban Resident Basic Medical Insurance (URBMI).

Given that China’s IMIS practices often involve extending the relatively lower benefits of the former to match those of the latter—with the shortfall primarily funded by fiscal means (69)—a higher population proportion in municipal districts suggests a larger scale of urban insurance participation, hence less fiscal pressure during integration, making IMIS implementation more feasible. Thus, the chosen IVs are relevant to the endogenous variable. Regarding exogeneity, neither of them is likely to directly affect the happiness of returning migrant workers or their personal and family characteristics. Similarly, the happiness of these workers is unlikely to directly influence regional fiscal capabilities or population size, fulfilling the requirements for the exogeneity of the IVs.

The results of the two-stage regression using CMP are presented in Table 3. In the first stage regression, the coefficients for both per capita public fiscal revenue and the proportion of the population in municipal districts are positive and significant at the 1% statistical level. This demonstrates that higher regional public financial capabilities and a larger relative scale of urban insurance participation facilitate the implementation of the IMIS, further validating the relevance of the instrumental variables. In the second stage regression, the atanhrho_12 value is nonzero and significant at the 5% statistical level, indicating some degree of endogeneity in IMIS. After correcting for endogeneity bias, the coefficient for the IMIS variable remains positive and significant at the 1% statistical level.2



TABLE 3 CMP estimation results.
[image: A regression results table with two stages, Stage 1: Convergence and Integration, and Stage 2: Happiness. Variables include IMIS, Revenue, Percentage, and Atanhrho_12, with significant coefficients starred. Control variables and year, city, and year by city fixed effects are indicated as present. Observations total 4,327 for both stages.]



4.3 Robustness checks


4.3.1 Parallel trend test

The prerequisite for DID approach is the satisfaction of the parallel trends assumption, which posits that, prior to the implementation of the IMIS, both the treatment and control groups exhibit similar trends in happiness. Due to the asynchronous timing of IMIS implementation across cities, traditional DID methods for testing parallel trends cannot directly observe the changes in happiness between the groups. Thus, following Beck et al. (63), we use an event study methodology to test for parallel trends. This method provides the advantage of directly observing whether the treatment and control groups share similar trends prior to the implementation of IMIS and allows for the analysis of the dynamic effects of IMIS on the happiness of returning migrant workers. Figure 2 demonstrates the point estimates and confidence intervals for the average treatment effects relative to the period just before IMIS implementation.

[image: Line graph showing estimated coefficients over relative periods from negative three to three. Error bars indicate variability. Coefficients fluctuate around zero with peaks at period zero and two. Vertical lines mark confidence intervals.]

FIGURE 2
 Parallel trend test.


It can be observed that before IMIS, policy effect estimates fluctuate around zero, and confidence intervals include zero, indicating no significant pre-existing differences in happiness between the groups, thereby confirming the parallel trends assumption. Subsequently, from the onset of IMIS implementation, the policy effect estimates diverge significantly from zero, and the confidence intervals no longer include zero, clearly demonstrating that IMIS significantly enhances the happiness of the treatment group of returning migrant workers with a noticeable policy persistence effect. It is noteworthy that in the third post-implementation period, the policy effect is not significant, likely due to limited data. Observations for the post-three periods are only available for the year 2012 when few areas had implemented IMIS, leading to greater variance and less precise estimates. Even excluding data limitations, the improvements in rural health insurance benefits following IMIS implementation may have met the medical needs of returning migrant workers over time, thus diminishing the observable effects of the policy.



4.3.2 Placebo test

Although this study includes time-by-region interaction fixed effects to control for factors that change over time within regions, data limitations still pose a risk that some city-year characteristics remain unobservable. Consequently, changes in the happiness of returning migrant workers might be attributed to other factors, suggesting potential spurious correlations in the baseline model. Following the method proposed by Yu et al. (70), we employ a placebo test using a random assignment of treatment groups. Specifically, for each year that the IMIS was actually implemented, an equivalent number of cities are randomly selected to form a fictitious treatment group. If significant improvements in the happiness of returning migrant workers are observed in these fictitious treatment areas, it would indicate that the observed improvements are not solely attributable to IMIS, rendering the regression results unreliable. According to this method, we conduct 500 random draws and regresses using Equation 1, producing a distribution of estimated coefficients for the IMIS variable and their corresponding p-values, as shown in Figure 3. The results indicate that the estimated coefficients from the random samples are predominantly clustered around zero and are lower than those from the baseline regression, with corresponding p-values generally higher than those of the baseline regression coefficients (0.0500). Therefore, it is plausible to largely discount the influence of unobservable factors on the regression results, affirming that IMIS genuinely enhances the happiness of returning migrant workers.

[image: Graph showing a distribution of estimated coefficients on the x-axis, ranging from negative 0.4 to 0.4, and p-values on the y-axis, ranging from 0 to 6. The plot illustrates a central peak around zero, indicating higher concentration and lower p-values near the center.]

FIGURE 3
 Placebo test.




4.3.3 Alternative specifications

While our measures of happiness are supported by numerous studies (64, 71), some studies use life satisfaction as an indicator of happiness (72, 73). Therefore, based on the question from the CLDS survey, “Overall, are you satisfied with your living conditions?,” we use life satisfaction as a proxy for happiness, as shown in Column (1) of Table 4. Additionally, we use economic satisfaction, derived from the question, “Overall, are you satisfied with your family’s economic situation?,” as another proxy for happiness, with results presented in Column (2). It is observed that regardless of the happiness measure used, the coefficient for IMIS variable is positive and significant at the 1% statistical level.



TABLE 4 Alternative specifications.
[image: A regression table displays the effects of IMIS and URRBMI on life satisfaction, economic satisfaction, and happiness. IMIS coefficients are 0.3897 (life satisfaction), 0.2914 (economic satisfaction), and non-reported for happiness. URRBMI coefficient for happiness is 0.4109. Control variables, year effects (FE), city FE, and year by city FE are included. The R-squared values are 0.0709, 0.0663, and 0.0822 for each satisfaction measure respectively, with 3,742 observations in each model. Statistical significance is indicated with asterisks.]

Additionally, we refine the core explanatory variable based on self-reported health insurance types from respondents in the CLDS. Specifically, we create a dummy variable, URRBMI, which equals 1 if the respondent indicates having “Urban and Rural Residents Basic Medical Insurance” according to the questionnaire item asking “Which of the following medical insurances/protections do you have?” and equals 0 if the answer is “New Rural Cooperative Medical Scheme.” We then re-estimate Equation 1 with this revised variable. The results, as shown in Column (3) of Table 4, indicate that the coefficient for the IMIS variable is 0.4109, significant at the 5% statistical level. This demonstrates that, even after changing the method for setting the core explanatory variable, the IMIS continues to significantly enhance the happiness of returning migrant workers.





5 Further analysis


5.1 Potential mechanism

Existing research indicates that returning migrant workers experience lower happiness compared to rural workers who remain in their hometowns. The primary reasons are a dual decline in income satisfaction and a sense of social equity, with the latter mainly stemming from the perceived urban–rural disparity acquired through their experiences working away from home (74). Therefore, this section conducts an in-depth theoretical analysis to further explore the impact of economic and integration effects on the happiness of returning migrant workers, and quantitatively analyze the mechanisms and specific magnitudes of these effects.

Although previous researchers typically used mediation models to study this issue, there are endogeneity issues with mediation models, which are reflected in the following three aspects. Firstly, although random experiments may ensure exogeneity, it is very easy for estimation coefficients to be biased due to confounding factors that affect both mediator and outcome variables. Secondly, the measurement error of the mediator variable leads to a zero bias in the coefficient of influence of the mediator variable on the dependent variable, ultimately resulting in an overestimation of the coefficient of the core explanatory variable on the dependent variable. Thirdly, the causal direction in mutual causality can also lead to estimation errors in coefficients in different directions (75).

Therefore, we employ path analysis within the Structural Equation Modeling (SEM) framework to test these influences. Compared to the mediation model, the SEM helps clarify complex relationships between unobservable mediating variables of different attributes, as well as between mediating variables and control variables, and allows for the assessment of parameter differences across groups with distinct characteristics, thereby eliminating the interference of other factors and enabling reasonable estimation of mediating effects (76, 77). As shown in Figure 4, even after incorporating pathways for economic and integration effects, the coefficient for the IMIS variable remains positive and significant at the 1% statistical level, indicating that IMIS can directly impact the happiness of returning migrant workers, with both effects playing a partial mediating role.

[image: Diagram showing a structural model with four main components: Control Variables, Economic Effect, Integration Effect, and IMIS. Arrows indicate relationships, with values such as -0.0471, 0.0243, and -0.4032. Error terms ε₁, ε₂, and ε₃ are included.]

FIGURE 4
 Mediation effects in path models.



5.1.1 Economic effects

The economic effects posit that the IMIS can influence the happiness of returning migrant workers by reducing their medical burden. Therefore, we examine the changes in individual medical burdens before and after the implementation of IMIS. Medical burden is primarily measured by the out-of-pocket (OOP) hospitalization expenses3 incurred by returning migrant workers within a year. The results shown in Figure 4 indicate that IMIS has a significant negative impact on the OOP hospitalization expenses of returning migrant workers. Additionally, there is a significant negative impact of these expenses on their happiness. Combined with the direct effect of IMIS on the happiness of returning migrant workers, the economic effects act as a partial mediator in this relationship. The mediation effect accounts for 25.59% of the total effect (−0.4032 × −0.0471 / 0.0742). These findings suggest that the IMIS policy has increased subsidies for rural healthcare and improved inpatient coverage, thereby reducing the hospitalization burden compared to the NRCMS period. This alleviation of the “high cost of medical care” issue has increased disposable income, thereby enhancing the happiness of returning migrant workers.



5.1.2 Integration effects

Returning migrant workers often experience reduced happiness due to the perceived urban–rural disparity from their work experiences outside the rural areas. This perception of disparity frequently results in their decision to settle in urban areas (62). The integration effects posit that the IMIS can enhance the sense of fairness among returning migrant workers, thereby increasing their willingness to reside in rural areas. Previous research has shown that migrant workers have strong ties to their hometowns, and living in their native rural areas can alleviate stress compared to moving to cities, thus enhancing their happiness (60). This section examines changes in the willingness of returning migrant workers to reside in rural areas before and after the implementation of IMIS.

The willingness to reside in rural areas is primarily measured by the question, “Do you plan to settle in urban areas in the next 5 years?” A response of “No” indicates that returning migrant workers still want to live in rural areas and is coded as 1, while a response of “Yes” is coded as 0. The results in Figure 4 show that IMIS has a significant positive impact on the willingness of returning migrant workers to reside in rural areas. Additionally, the willingness to reside in rural areas has a significant positive impact on their happiness. Considering the direct effect of IMIS on the happiness of returning migrant workers, the integration effects act as a partial mediator in this relationship, with the mediation effect accounting for 29.31% of the total effect (0.1087 × 0.2001 / 0.0742).

These findings indicate that IMIS has reduced the urban–rural disparity and improved the perception of fairness among returning migrant workers. As a result, they are less likely to move away from rural areas due to the significant urban–rural gap, and their strong ties to their hometowns enhance their happiness.




5.2 Heterogeneity analysis


5.2.1 Age cohorts

In recent years, an intergenerational shift has been observed within the migrant worker population. Due to differences in upbringing, educational background, and ideological perspectives, older and newer generations of migrant workers may react differently to the same issue (29). Based on this, we divided the sample into those born before 1980 and those born in 1980 or later. The empirical results are presented in Table 5 Panel A. We find that the impact of IMIS on the happiness of returning migrant workers born before 1980 is not significant. In contrast, for those born in 1980 or later, the impact is positive and significant at the 1% statistical level, indicating that IMIS mainly enhances the happiness of the new generation of returning migrant workers. Two reasons may explain this finding: Firstly, compared to the older generation, the new generation of migrant workers has more exposure to the internet and emerging social media, which allows them to stay updated on various policy changes and increases their understanding and perception of these policies.



TABLE 5 Heterogeneity results.
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Secondly, the new generation of migrant workers is in a critical phase of their life journey, facing higher risks in both work and life. Improved medical insurance can significantly reduce potential future losses due to these risks. In contrast, the older generation tends to have more stable lives and more cautious labor supply choices, resulting in a lower probability of encountering risks and thus weaker perception of changes in medical insurance benefits. Therefore, the happiness effect of IMIS is stronger for the new generation of returning migrant workers.



5.2.2 Income levels

We divide the returning migrant workers into high-income and low-income groups based on their average annual income to examine the effect of IMIS. The results are presented in Table 5. The findings reveal that IMIS has no significant impact on the happiness of the low-income group. However, for the high-income group, the impact is positive and significant at the 1% statistical level, indicating that IMIS primarily enhances the happiness of high-income returning migrant workers. This result may be attributed to a “pro-rich” reverse effect produced by IMIS. Due to the unequal distribution of medical resources and restrictions imposed by reimbursement ratios, deductibles, and caps, wealthier individuals, with their stronger financial capacity, can access more and higher-quality medical resources, resulting in a “the poor subsidizing the rich” phenomenon in medical services (78). In other words, the improvements brought by IMIS are more likely to benefit the high-income group, thereby enhancing their subjective happiness. This phenomenon may be more pronounced in regions that have implemented a multi-tiered system.



5.2.3 Health human capital

The level of human capital is a crucial factor affecting individual happiness (79). Additionally, health status is a vital physical carrier of happiness, and self-rated health can reflect an individual’s subjective feelings, closely related to happiness (80). This study categorizes returning migrant workers based on their self-rated health status, with “very unhealthy” and “somewhat unhealthy” classified as the low health human capital group, and all others classified as the high health human capital group. The empirical results are shown in Table 5 Panel C. The findings indicate that IMIS has no significant effect on the happiness of the low health human capital group. In contrast, for the high health human capital group, the impact is positive and significant at the 1% statistical level, suggesting that IMIS mainly enhances the happiness of returning migrant workers with high health human capital. The underlying reason might be that health human capital is often positively correlated with income. Low-income groups face opportunity loss and capability deprivation due to poor health, leading them into a “poverty trap,” which continuously diminishes their ability to earn income and access medical resources (81). Consequently, they cannot promptly perceive the subjective happiness effects brought by IMIS. On the other hand, individuals with high health human capital generally have higher incomes and can access more medical resources, making them more sensitive to the welfare effects of IMIS, thereby significantly enhancing their happiness with improved healthcare benefits.



5.2.4 Regional average reimbursement levels

This study divides the sample regions into high and low reimbursement level areas based on the average reimbursement level of the regions where the returning migrant workers reside, examining the effect of IMIS on their happiness. The empirical results are presented in Table 5 Panel D. The findings indicate that IMIS has no significant effect on the happiness of groups in high reimbursement level areas. However, for those in low reimbursement level areas, the impact is positive and significant at the 1% statistical level. This suggests that IMIS primarily enhances the happiness of returning migrant workers in low reimbursement level areas. The possible reason for this is that in high reimbursement level areas, the medical needs of returning migrant workers may have already been met to some extent prior to IMIS. Additionally, these areas might experience relatively smaller urban–rural disparities, making returning migrant workers less sensitive to the improvements brought by IMIS. In contrast, in low reimbursement level areas where medical needs are yet to be adequately met, IMIS can significantly alleviate their medical burden and enhance their perception of fairness, thereby improving their happiness.





6 Discussion

This study uses the four-wave panel data from the CLDS spanning 2012 to 2018. By employing the gradual reform of the IMIS as a policy shock, we systematically examine the impact of this integration on the happiness of returning migrant workers through a DID model. Robustness checks are performed through various methods to ensure the reliability of our findings. Furthermore, using structural equation modeling, we investigate the mediating mechanisms and analyze the heterogeneous characteristics affecting the impact.

The findings of this study demonstrate that the integration of IMIS has a significant positive impact on the happiness of returning migrant workers. This result remains robust even after a series of sensitivity and robustness checks. To the best of our knowledge, no prior research has specifically examined the relationship between IMIS and the happiness of returning migrant workers in China. However, several studies conducted in different contexts have shown that health insurance systems can play a crucial role in improving individuals’ subjective happiness (11, 82, 83), indirectly supporting our findings.

Furthermore, when distinguishing between different subgroups, we found that the impact of IMIS varies across generational cohorts. Specifically, the results indicate that the improvement in happiness is more pronounced among younger returning migrant workers, whereas the effect is not significant for the older generation born before 1980. This finding aligns with Cheng and Hua (29), who observed that the impact of social insurance on happiness is greater for the younger generation of migrant workers compared to their older counterparts. The generational heterogeneity may stem from differences in the risks faced by these subgroups, as well as their exposure to and understanding of policy changes. On the one hand, younger migrant workers are in the critical stages of their careers and face higher occupational and life risks, making them more sensitive to changes in health insurance benefits. In contrast, older migrant workers tend to have more stable lives and make more cautious employment choices, thus facing lower risks and responding less to changes in insurance coverage.

Therefore, for the younger generation, IMIS plays a more effective role in mitigating their future economic and health risks (84). On the other hand, younger migrant workers tend to use social media more frequently, which allows them to access and understand changes in national policies more promptly. This increased awareness and utilization of policies enhances their sensitivity and efficiency in benefiting from IMIS (85). The deeper understanding and more effective use of these policies may further amplify the positive impact of IMIS on their happiness. Compared to the new generation of migrant workers, the older generation of migrant workers have less access to social media, resulting in a relative lag in policy perception and utilization, and a lack of the necessary sensitivity and efficiency. This limits their ability to fully utilize the opportunities and benefits offered by IMIS policies, which in turn affects the significant increase in their happiness.

The heterogeneity in income levels reveals a “pro-rich” bias in the effect of IMIS on improving happiness. Specifically, the implementation of IMIS has a significantly stronger effect on the happiness of high-income returning migrant workers compared to their low-income counterparts. Similar findings have been observed in other rural populations, with Liu et al. (86) reporting that IMIS significantly enhances the happiness of high-income older adult in rural areas. This phenomenon is not surprising. First, due to the unequal distribution of medical resources, as well as the existence of reimbursement rates, deductibles, and coverage limits, high-income individuals are better positioned to access high-quality healthcare resources through their stronger financial capacity. IMIS, by providing comprehensive coverage and higher reimbursement rates, reduces the additional financial burden associated with obtaining high-quality medical care for wealthier individuals (69), thereby significantly enhancing their happiness.

In contrast, while low-income individuals experience some relief in financial burden after the integration, their limited ability to manage high medical expenses results in a relatively smaller improvement in their happiness (57). Moreover, high-income individuals tend to have higher expectations for the quality and convenience of medical services. The improvements in service quality and accessibility brought about by IMIS may thus have a more pronounced impact on the happiness of wealthier groups. On the other hand, low-income groups are primarily concerned with basic healthcare coverage and tend to have lower expectations regarding service quality. Therefore, the improvements in medical service quality under IMIS may have a more limited effect on their overall happiness.

The heterogeneity in health human capital highlights the varying effects of IMIS on subjective happiness across different health capital groups. Specifically, we find that the implementation of IMIS has a more pronounced positive impact on individuals with higher health human capital. This can be attributed to their stronger competitiveness in the labor market, which enables them to access more job opportunities and earn higher incomes (87), ultimately accumulating more social capital and economic resources. These advantages allow them not only to be more responsive to changes in health insurance policies but also to make more effective use of healthcare benefits, reducing the financial burden of medical expenses. In contrast, individuals with lower health human capital, who face prolonged challenges of poor health and limited job opportunities, are significantly constrained in their ability to work and generate income (81).

The intertwined effects of poor health and poverty weaken their capacity to build social capital and further limit their access to health insurance information and medical resources. This “health poverty trap” results in their inability to substantially improve their quality of life and happiness, even with the implementation of IMIS. In summary, this heterogeneity underscores the shortcomings of IMIS in promoting health equity. It serves as a reminder to policymakers that the challenges and specific needs of individuals with lower health human capital must be addressed when refining policies, to ensure equitable improvements in happiness across different health capital groups.

The heterogeneity in regional reimbursement levels may reflect the relative effectiveness of the policy in relation to existing healthcare coverage across regions. Specifically, we find that the effect of the IMIS on enhancing the happiness of returning rural migrant workers is more pronounced in areas with lower reimbursement levels. This difference may be attributed to the diminishing marginal returns of IMIS. In regions with low reimbursement levels, residents’ healthcare needs are not fully met, offering greater room for welfare improvement through the policy. By raising reimbursement rates, IMIS significantly alleviates the economic burden on residents and addresses long-standing unmet healthcare needs, resulting in a substantial boost to happiness. In contrast, in regions with higher levels of healthcare coverage, where residents’ healthcare needs are relatively better met, the marginal benefits of IMIS diminish, and its impact on happiness becomes less significant. This heterogeneity underscores IMIS’s potential to reduce regional disparities in healthcare resources and promote balanced development. However, it also highlights the need for policymakers to recognize that in areas with high reimbursement levels, the marginal effects of the policy are lower, necessitating considerations on how to optimize resource allocation to ensure the policy generates greater benefits across all regions.

We further explore the mechanisms by which the IMIS enhances the happiness of returning migrant workers. The results suggest that the economic effect and integration effect are the potential driver of this result. Specifically, the economic effect refers to the significant reduction in hospitalization costs for returning migrant workers due to IMIS, which in turn boosts their happiness. According to consumer behavior theory, under certain budget constraints, consumers allocate and choose between healthcare consumption and other goods. IMIS effectively reduces the relative price of healthcare services (88), altering the original budget constraint and increasing consumers’ consumption of other goods, thereby enhancing their happiness. This causal chain also explains the heterogeneity based on income levels.

For low-income groups, although the relative price of healthcare services decreases, their lower income levels limit the extent to which they can increase consumption of other goods, thus constraining the improvement in their happiness. This phenomenon does not apply to high-income groups, where IMIS has a greater positive effect on happiness. In fact, Liu et al. (86) found that IMIS significantly reduced residents’ medical expenses. Additionally, Finkelstein and McKnight (89) noted that a reduction in medical expenses can significantly improve individual happiness. Our study not only corroborates these findings but also strengthens the causal relationship between economic effects and happiness improvement through empirical analysis, thereby reinforcing the complete causal chain.

The integration effect indicates that returning migrant workers’ willingness to reside in rural areas plays a crucial mediating role in the impact of the policy. This willingness to stay in rural areas may reflect perceptions of urban–rural equity. When the urban–rural gap is significant, the superior living conditions in cities often attract migrant workers to reside in urban areas long-term, rather than returning to rural regions. The IMIS narrows the gap in healthcare services between urban and rural areas, reducing the appeal of urban benefits for migrant workers, thus increasing their willingness to reside in rural areas (69, 74). Wang et al. (74) further noted that this phenomenon is more pronounced among the younger generation of rural residents. This may be due to the fact that younger individuals are at a critical stage of life and work, facing greater instability, and are more exposed to new experiences, making them more responsive to changes.

Moreover, Li and Wang (90) argued that when objective living arrangements align with subjective preferences, happiness is enhanced. Therefore, IMIS can enhance the happiness of migrant workers, particularly the younger generation, through this integration effect. While we provide this explanation, it is important to acknowledge that perceived fairness is difficult to quantify directly. Thus, this mechanism does not imply a strict causal inference, but it offers important insights for policymakers. The IMIS has the potential to reduce the urban–rural gap, enhance migrant workers’ sense of fairness, and increase their willingness to stay in rural areas, ultimately improving their overall happiness.



7 Conclusion

Based on the results of this study, we offer several policy recommendations to guide future reforms. First, in advancing the integration of the IMIS, it is essential to prioritize flexibility in the system to avoid a one-size-fits-all approach. Policy adjustments should be made incrementally, tailored to local economic conditions and available healthcare resources. By refining policy design, the efficiency of health insurance fund utilization can be improved, particularly through higher reimbursement rates aimed at alleviating the financial burden of medical expenses. Second, increasing investment in rural primary healthcare is essential. By improving medical facilities and enhancing the healthcare workforce in rural areas, the urban–rural disparity in healthcare resources can be reduced, thereby improving both satisfaction with healthcare services and the perceived fairness among returning migrant workers. Third, targeted identification mechanisms should be established to focus on vulnerable groups, such as older adults, those with poor health, and low-income rural residents. Drawing on the U.S. Medicaid program, more lenient payment policies and additional financial subsidies should be provided to these groups. Finally, tailored policy promotion campaigns are necessary to ensure that different age groups receive accurate and comprehensive information about healthcare policies. By utilizing both new and traditional media, the dissemination of healthcare policies can be more effective, ensuring that the benefits of integration reach all segments of the population.

This study has several limitations. Firstly, although efforts were made to address endogeneity issues, there are inherent drawbacks associated with the IVs used. On the one hand, IVs are not unique, which introduces a degree of arbitrariness in their estimation. On the other hand, since the error term is inherently unobservable, identifying variables that are strictly uncorrelated with the error term but highly correlated with the endogenous explanatory variables is challenging. In other words, due to data constraints, the selected IVs may not be entirely independent of the error term, potentially leading to an overestimation of policy effects. Although we employed the System-GMM method for further validation, this approach may still fall short of fully resolving the issue. Therefore, exploring more effective methods to address endogeneity in IMIS remains a key focus of our future research.

Secondly, the internal mechanisms through which IMIS affects happiness are likely complex and multifaceted due to the influence of various factors on perceptions of happiness. The economic and integration effects proposed in this study represent only part of these mechanisms and do not capture all possible pathways. For instance, existing studies indicate that health (both subjective and objective) significantly impacts individual happiness, with healthier individuals reporting higher levels of happiness (91). As a health insurance reform policy, IMIS directly affects individuals’ health, suggesting that health could also serve as an intrinsic mechanism through which IMIS influences happiness. However, due to data limitations, empirical testing of this pathway is currently challenging. A more comprehensive exploration of the mechanisms underlying the impact of IMIS on happiness has thus become a primary direction for future research.
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Footnotes

1   It is the National Development and Reform Commission’s estimate based on the sample survey, available from http://www.xinhuanet.com/finance/2018-07/25/c_1123176883.htm

2   Given the potential impact of endogeneity on the validity of the results and the inertia inherent in changes in happiness, where prior happiness levels may influence current levels, we introduce lagged happiness (one period) and employ the System-GMM method for parameter estimation. This approach is commonly used to address endogeneity issues and ensures the robustness of the analysis. The results show that the coefficient for IMIS is 0.1358, statistically significant at the 5% level. These findings suggest that, after adequately addressing endogeneity, IMIS significantly enhances the happiness of returning migrant workers.

3   The out-of-pocket (OOP) hospitalization expenses are logarithmically transformed to mitigate estimation bias due to data fluctuations.
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Introduction: Common prosperity holds significant importance in ensuring social equity, promoting sustainable economic growth, and achieving long-term national security. The management of multidimensional relative poverty is a crucial pathway to realizing the common prosperity of all individuals. It is worthwhile to investigate whether the formal and informal financial involvement of rural households can synergistically alleviate multidimensional relative poverty, ultimately contributing to the realization of common prosperity.
Methods: Using data from 5,303 farm households in the 2018 China Family Panel Studies, this study employs multiple linear regression, instrumental variable methods, and propensity score matching to empirically analyze the common prosperity effect of formal and informal financial participation from the perspective of multidimensional relative poverty.
Results: The research demonstrates that both formal and informal financial participation can alleviate multidimensional relative poverty, with formal financial participation exhibiting a more pronounced poverty reduction effect compared to informal financial participation. Mechanism analysis reveals that both forms of financial participation mitigate multidimensional relative poverty by facilitating land transfer and non-farm employment. Heterogeneity analysis reveals that formal financial participation yields a more pronounced poverty reduction effect among rural households experiencing lower levels of multidimensional relative poverty, whereas informal financial participation is more effective in reducing poverty among rural households facing higher levels of multidimensional relative poverty.
Discussion: To achieve common prosperity and enhance the precision of financial interventions for poverty alleviation, it is recommended to leverage the strengths of formal finance over informal finance, enhance financial assistance for land transfer and non-farm employment, and implement tailored financial support policies.
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1 Introduction

Common prosperity holds significant importance in ensuring social equity, promoting sustainable economic growth, and achieving long-term national stability. The theoretical connotation of common prosperity encompasses affluence and equitable distribution. Overcoming poverty serves as a fundamental prerequisite for attaining affluence, while mitigating relative disparities stands as a crucial aspect of fostering equitable distribution. Consequently, common prosperity manifests at the micro level through the reduction of multidimensional relative poverty (1). In 2020, China reached a significant milestone in its battle against poverty by historically eliminating absolute poverty, demonstrating remarkable achievements in poverty alleviation efforts. However, the eradication of absolute poverty does not imply the cessation of poverty alleviation efforts (2), as the challenge of relative poverty will persist indefinitely. China's rural regions are focal points of relative poverty, with rural households constituting the largest vulnerable demographic in the country. These households are susceptible to reverting to poverty when confronted with risks such as natural disasters and disease outbreaks, posing challenges to the realization of common prosperity. Consequently, assisting rural households in breaking free from multidimensional relative poverty is imperative to meeting the populace's aspirations for improved living standards and advancing common prosperity.

Finance has historically played a crucial role in governing rural poverty (3). Formal financial services in rural areas can address capital shortages among rural households by providing credit, enhance household income through savings and financial management, and mitigate production and operational risks through insurance. As a result, these initiatives contribute to improving household income and fostering economic development in impoverished regions. However, the effectiveness of rural formal finance in reducing poverty remains limited. For instance, despite government efforts to support formal financial lending to rural households through subsidies and other means in the financial poverty alleviation process, rural formal finance has been unable to fully meet rural households' credit needs due to factors such as the absence of collateral (4). Consequently, the expansion of rural households' production and operations encounters financing constraints, impeding the demonstration of the poverty reduction effect and hindering the achievement of common prosperity. Rural informal finance, leveraging its unique information channels, low transaction costs, and flexible collateral methods, has expanded rural households' access to financing. It has effectively addressed the challenge of obtaining loans for rural households and mitigated the limitations of rural formal finance. In numerous regions, informal finance has emerged as the primary source of funding for rural households, establishing a complementary dynamic with formal finance (5). Consequently, can formal and informal finance work synergistically to reduce poverty? This study aims to investigate the mechanisms and heterogeneity of formal and informal rural finance in reducing multidimensional relative poverty. The findings provide a foundation for designing financial poverty alleviation policies and offer theoretical support for tailoring financial assistance to different types of rural households. Ultimately, this research seeks to promote the synergy between formal and informal finance in reducing multidimensional relative poverty and contribute to the achievement of common prosperity.



2 Literature review


2.1 Research on multidimensional relative poverty

Current research on multidimensional relative poverty focuses on three key areas. First, the conceptual evolution of multidimensional relative poverty. Poverty studies have gradually shifted from absolute and relative poverty to multidimensional and multidimensional relative poverty. Initially, absolute poverty was defined as a state where a household's total income could not cover the basic necessities required by all its members to maintain normal bodily functions (6). With a deeper understanding of poverty, scholars argued that it also includes relative exclusion and deprivation, leading to the development of the relative poverty theory (7). However, relative poverty has its limitations (8), necessitating consideration of various factors that affect the long-term wellbeing of impoverished individuals, such as health, education, and quality of life (9). Consequently, some scholars argue for the establishment of a multidimensional poverty measurement system to address the comprehensive development needs of the poor (10). While multidimensional relative poverty is distinct from multidimensional poverty, the concept of relative poverty emphasizes differences among individuals. Its measurement dimensions and indicators cannot be directly equated with those of multidimensional poverty. Furthermore, existing research on multidimensional relative poverty often adopts the measurement dimensions of multidimensional poverty without adequately addressing the distinctions in measurement elements (11). Multidimensional relative poverty is a dynamic form of poverty characterized by a state of living in which a family's health, education, and standard of living are significantly below the socially recognized average due to factors such as uneven economic development and disparities in resource endowments (12). Second, the measurement of multidimensional relative poverty. Unlike absolute poverty, relative poverty was initially measured based on farm household income using relative income indicators. For example, the European Union uses 60% of median disposable income per capita as the threshold for relative poverty, while other studies have adopted varying benchmarks, such as 50% of average income (13), 60% of median income (14, 15), or 40% of disposable income (16). Although low income is a key factor contributing to poverty, it is not the only determinant of farmers' wellbeing (17), making it necessary to consider multiple dimensions. Alkire et al. proposed the “double-boundary method” to measure multidimensional poverty (18). Building on this approach, scholars have developed multidimensional relative poverty indices across various dimensions, tested the robustness of these methods (19, 20), and applied them to analyze multidimensional relative poverty among different groups (21). Third, the factors influencing multidimensional relative poverty. Key factors that significantly affect the multidimensional relative poverty of rural households include livelihood capital and type (22), rural social pension insurance (23), risk attitudes (24), mobile payments (25), the rural digital economy (26), Internet access (27), labor mobility (28), land transfers (29), and government transfer payments (30).



2.2 Finance and poverty alleviation

The existing literature on the relationship between finance and poverty can be broadly divided into two perspectives: one advocates for the pivotal role of finance in poverty alleviation. Viewed from a macro standpoint, financial development stimulates regional economic growth, affording the impoverished access to development benefits, thereby mitigating rural poverty and decreasing overall poverty rates (31, 32). Moreover, the progression of financial development has spurred financial institutions to extend their presence into rural regions, fostering rural economic growth and reducing the urban-rural income disparity (33). Viewed from a micro standpoint, finance plays a beneficial role for households, resulting in poverty alleviation (34). For instance, savings services allow individuals to earn interest income and manage consumption during periods of low income. Similarly, credit services help mitigate financial constraints, facilitate the accumulation of human and physical capital, and decrease poverty rates (35). The development of inclusive finance has enabled poor households to access credit, not only raising their income levels but also improving their wellbeing in various dimensions, such as health and education (36). Another perspective contends that finance exacerbates poverty. At the macro level, financial development exacerbates income inequality, widening income disparities and increasing relative poverty through financial exclusion and elite capture (37, 38). On a micro level, financial development facilitates easier access to credit and financial products, prompting households to borrow. However, high interest rates, default risks, and income volatility hinder households from effectively managing debt, thereby contributing to increased poverty (39). Additionally, financial development offers an array of financial choices and investment opportunities, but without adequate financial literacy and guidance, households might engage in high-risk investments or illicit financial activities (40), resulting in financial losses and exacerbating poverty.



2.3 Literature commentary

In summary, the existing literature reveals the complexity of multidimensional relative poverty and the necessity of its multidimensional measurement, while discussing the relationship between financial development and poverty. Although this literature provides a rich theoretical foundation for a deeper exploration of the link between finance and poverty, several gaps remain. First, most studies have analyzed the impact of financial development on poverty from the supply side, with few addressing the participation of rural households in both formal and informal finance from the demand side, making it difficult to comprehensively assess their combined effects on impoverished rural households. Second, there is insufficient investigation into the mechanisms through which these two forms of financial participation influence the multidimensional relative poverty of rural households. Third, further refinement of multidimensional relative poverty is needed to explore how formal and informal financial participation affects households with varying dimensions and levels of poverty, thereby optimizing the poverty reduction potential of financial participation. To address these gaps, This paper introduces three key innovations: first, novel research perspective and analytical framework: unlike prior studies that primarily examine the impact of financial development on poverty from the supply side (3, 5), this study adopts a demand-side perspective. It integrates both formal and informal financial participation by farmers into a unified analytical framework, examining their individual and synergistic effects on reducing multidimensional relative poverty. This comprehensive approach addresses the limitations of existing literature, which often focuses exclusively on a single type of financial participation, thereby offering a more holistic perspective. Second, in-depth analysis of poverty reduction mechanisms: existing literature largely focuses on macro-level mechanisms linking financial development to poverty reduction, with limited exploration of specific pathways (4). This paper conducts a systematic mechanism analysis to examine how formal and informal financial participation reduce multidimensional relative poverty by promoting farm households' economic activities, such as land transfer and non-farm employment. By emphasizing micro-level pathways, this study offers more targeted insights for policymakers. Third, decomposition and heterogeneity analysis of multidimensional poverty: unlike traditional studies that treat poverty as a single-dimensional measure (9, 10), this paper decomposes multidimensional relative poverty into three dimensions: earning capacity, development capacity, and living environment. It examines the varying impacts of financial participation on each dimension of poverty. Additionally, the paper employs quantile regression to analyze the heterogeneity of poverty reduction effects among farm households at different poverty levels. This refined analytical framework enhances the breadth and depth of multidimensional poverty research.




3 Theoretical analysis and research hypotheses


3.1 The influence of formal and informal financial participation by rural households on multidimensional relative poverty

According to Lin et al., formal financial participation of rural households is defined as households' adherence to legitimate, standardized, and formal channels such as banks, credit cooperatives, and cooperatives, under the regulation of laws, to engage in financial activities such as savings, credit, and insurance (41). The objective is capital allocation, risk management, and wealth appreciation. In contrast, informal financial participation of rural households refers to their reliance on informal channels like relatives, friends, and mutual aid associations to compensate for their exclusion from formal finance.

Financial participation among rural households can mitigate multidimensional relative poverty. Specifically, savings services furnish rural households with avenues to save and accrue interest earnings, thereby creating supplementary funds for future investments and expenditures. Credit services can not only provide farmers with start-up capital or help expand the scale of their existing production operations, thus increasing the output and quality of their products and boosting their incomes through technological improvements and the acquisition of machinery and equipment, but also assist in enhancing the education levels of both themselves and their children, as well as improving their housing conditions. Insurance services allow rural households to receive compensation in the event of risks such as natural disasters, diseases, and market price fluctuations. This helps alleviate their financial burden, mitigate business risks, and safeguard their incomes and assets.

In this study, we utilize the research conducted by Tan et al. as a reference point regarding loans and enhance it to investigate the impacts of formal and informal financial engagement among rural households on multidimensional relative poverty (42). In a perfectly competitive market scenario, let there be “m” rational rural households, each requiring a loan “C” to initiate a business project. The interest rate for the loan is denoted by “r, ” and the return function for each project is represented by “R(C).” The average probability of project success is “p, ” yielding a net return of “R(C)−C(1+r)” upon success for rural households. Conversely, the average probability of project failure is “1−p, ” resulting in the repayment of both the principal and interest rate, with a net return of “−C(1+r).”

Assuming that rural households are restricted to borrowing solely from formal financial institutions, owing to the phenomena of financial exclusion and elite capture, only “a” rural households can secure loans from such institutions at an interest rate of “rz.” At this point, the expected returns for rural households are:

[image: Mathematical expression displaying equation (1): \( Y_1 = a p [R(C) - C(1 + r_1)] + a(1 - p)[-C(1 + r_2)] = a p [R(C) - C(1 + r_1)] \).]

When a rural household fails to secure a loan, the expected return is 0. Hence, there exists a critical lending rate that enables formal financial participation to augment the return for the rural household, denoted as:

[image: Mathematical equation showing \( I_z \leq \frac{pR(C)}{C} - 1 \), labeled as equation (2).]

Rural households unable to secure loans from formal financial institutions start seeking funds from informal financial sources. Assuming that an additional “b” rural households obtain informal financial loans at an interest rate of “rf, ” the expected return for all rural households becomes:

[image: Mathematical equation showing Y2 as a function involving terms with variables R(C), C, r2, r1, a, p, and b. The equation includes operations of addition, subtraction, multiplication, and parentheses for grouping terms.]

The anticipated yield for a rural household that solely obtains an informal financial loan is:

[image: Equation showing the difference \(Y_2 - Y_1 = b[pR(C) - C(1 + r_f)] + b(1 - p)[-C(1 + r_f)] = b[pR(C) - C(1 + r_f)]\). This is labeled as equation (4).]

At this juncture, there exists a critical lending rate that enables informal financial participation to augment the returns to rural households, i.e:

[image: The formula displayed states that \( r_f \) is less than or equal to the fraction \(\frac{\text{pR(C)}}{C}\) minus 1. This is labeled as equation (5).]

When formal and informal finance meet the critical lending rate conditions outlined in Equations 2, 5 respectively, and this requirement must be fulfilled under the assumption of a perfectly competitive market and rational actors, both formal and informal financial participation can enhance the returns of rural households. Moreover, informal financial participation can further augment the returns of rural households based on the enhancements brought about by formal financial participation. Based on the preceding analysis, this study posits research hypothesis H1.

	H1. Both formal and informal financial engagement by rural households can alleviate multidimensional relative poverty, with informal financial participation building on formal financial engagement to further alleviate poverty.



3.2 Pathways through which the formal and informal financial participation of rural households influence multidimensional relative poverty

Expanding the scope of agricultural operations and engaging in non-farm employment are pivotal strategies to augment rural household income. The capacity to generate income serves as the cornerstone for enhancing development capabilities and ameliorating living conditions within rural communities. It directly mirrors the economic vigor and sustainability potential of rural households. Consequently, this study focuses on land transfer and non-farm employment as conduits through which rural household financial engagement impacts multidimensional relative poverty.

Formal and informal financial participation can facilitate land transfer and off-farm employment for rural households. Land transfer encompasses both inflow and outflow of land. For land inflows in land transfers, when rural households acquire land from others, they must pay land rent, and expanding land holdings requires hiring labor and purchasing machinery and equipment. However, financial constraints hinder poor rural households from effectively utilizing land resources and expanding agricultural production, thereby impeding land acquisition. Formal or informal credit services can address the financing needs of these households, bridging the financial gap for land rent payment and enabling the acquisition of high-quality machinery and equipment. This, in turn, enhances the marginal return on land and incentivizes land acquisition. For land outflows in land transfers, Formal and informal finance support rural households' entrepreneurial activities during land outflows in land transfers, leading to a notable rise in non-farm labor and a significant reduction in agricultural labor, thereby facilitating land outflows. Non-farm employment includes entrepreneurship or working outside the home. Non-farm employment encompasses entrepreneurship or working outside the home. For entrepreneurial activities in off-farm employment of rural households, the presence of financial constraints hampers poor rural households from accessing adequate start-up and operational capital for entrepreneurial endeavors in off-farm employment. This limitation curtails the scale and progress of entrepreneurial initiatives, thereby constraining their competitiveness and access to market opportunities. Formal and informal credit services can provide the necessary initial capital for impoverished rural households to initiate their own businesses, fostering an improved entrepreneurial environment and facilitating the expansion of project scope for these households. Regarding rural households' non-farm employment, when they seek work beyond their homes, they must possess the requisite knowledge and labor skills to contend with the intense competition and diverse job demands in the market. However, impoverished rural households struggle to make sustained investments in their human capital, limiting their employment prospects largely to low-skilled manual labor. This not only renders them easily replaceable but also disincentivizes their engagement in off-farm work. Through engagement in formal or informal finance, impoverished rural households can secure funds for education and training, fostering the enhancement of their educational attainment and professional skills. Consequently, this amplifies their human capital and competitiveness within the labor market, enabling them to attain stable non-farm employment.

Land transfer and non-farm employment can alleviate the multidimensional relative poverty experienced by rural households. Firstly, land inflow in land transfer can facilitate the large-scale operation of agricultural land. Through the adoption of advanced mechanical equipment and technology, this process harnesses economies of scale, significantly enhancing land use efficiency and labor productivity. Moreover, it encourages rural households to transition toward cultivating higher-value-added cash crops, consequently elevating their income levels (43). Land outflow in land transfer not only boosts rural household income through transfer fees but also frees up surplus labor within the household. This surplus labor can then seek non-farm employment opportunities in urban areas, leading to increased wage incomes (44). Secondly, entrepreneurial endeavors in non-agricultural sectors not only offer job prospects for rural households themselves but also attract employment from neighboring rural residents. This helps curtail the unemployment rate, broaden employment horizons, augment the incomes of impoverished rural households, and mitigate rural poverty. Engaging in non-agricultural employment provides rural households with supplementary income sources, aiding impoverished rural communities in bolstering their earnings and enhancing living standards, and rural households have the opportunity to access diverse vocational training and skill enhancement programs, thereby enhancing their employability and competitiveness, thus increasing their chances of securing better job prospects and higher incomes. Thirdly, land transfer and non-farm employment not only increase the income of rural households but also introduce them to new social roles, exposing them to diverse experiences and concepts within economic and social contexts. This exposure stimulates and strengthens their developmental sense, prompting them to prioritize endogenous development capabilities such as health, children's education, and social security. Additionally, they develop higher expectations for their living environments. As a result, there is a significant reduction in the extent of multidimensional relative poverty. Based on the preceding analysis, this study posits research hypothesis H2.

	H2. Formal and informal financial engagement among rural households plays a crucial role in facilitating land transfer and off-farm employment, thereby contributing to the alleviation of multidimensional relative poverty.



3.3 The varying effects of formal and informal financial participation on rural households across different levels of poverty

Formal finance relies on a comprehensive credit system and is characterized by high credit limits but also high service thresholds. In contrast, informal finance relies on familial and social relationships and is characterized by lower credit limits but flexible operations, simple and efficient procedures, and lower service thresholds. These differences in characteristics result in distinct target audiences for formal and informal financial services among rural households, leading to varying effects on poverty reduction across different rural households.

Formal financial institutions need to ensure sufficient capital and control risks to ensure robust operations and provide safe and reliable financial services. This necessitates a higher entry threshold for formal financial services. As a result, rural households with lower levels of multidimensional relative poverty may meet these requirements to access formal financial services, thereby reducing multidimensional relative poverty. On the one hand, formal financial institutions typically offer higher credit limits, enabling them to provide financing support on a larger scale. Rural households with lower levels of multidimensional relative poverty often possess stronger economic capacities and better credit histories. As a result, formal financial institutions are more inclined to extend higher credit limits to these households. This facilitates the expansion of their operations and investment in new technologies and equipment, leading to faster and more sustainable poverty reduction. On the other hand, Formal financial institutions typically provide an extensive array of financial products and services, spanning areas such as deposits, loans, insurance, and wealth management. This breadth of offerings empowers rural households experiencing low levels of multidimensional relative poverty to address their financial needs more comprehensively. For instance, they can opt to open savings accounts for fund accumulation, access loans to enhance production capacities, and procure insurance to mitigate risks. These financial instruments play a crucial role in bolstering the economic activities and advancement of rural households, fostering income growth, and more effectively fulfilling their poverty alleviation mandate. Additionally, rural households experiencing lower levels of multidimensional relative poverty are more inclined to alleviate this poverty by establishing a favorable credit history through punctual repayments and credit accumulation. This enables them to access increased financial support and more favorable lending terms, enhancing their flexibility and sustainability in future economic endeavors. In conclusion, formal financial engagement proves to be more efficacious in poverty alleviation for rural households with lower levels of multidimensional relative poverty.

Informal financial institutions, characterized by flexible operational models, streamlined application processes, and minimal transaction costs, have reduced the barriers to accessing financial services for rural households with lower economic capacity and smaller financial requirements. On one hand, informal financial institutions exhibit greater flexibility in addressing the financial requirements of rural households, featuring lower service thresholds and simplified procedural demands. Rural households grappling with significant levels of multidimensional relative poverty often encounter obstacles in securing loans, stemming from poor credit histories, unstable income sources, or failure to meet the criteria of formal financial institutions. In contrast, informal finance leverages familial and social networks, circumventing the need for rural households to fulfill extensive documentation and reference requirements. This streamlined approach facilitates easier access to financial assistance, enabling rural households to address their daily living and economic development needs. On the other hand, rural households experiencing high levels of multidimensional relative poverty contend with various poverty indicators simultaneously, including educational deficits, low income, and medical challenges. Faced with resource constraints, they must prioritize their expenditures. Access to informal financial services enables them to allocate funds toward addressing poverty in areas where costs are lower, facilitating the reduction of multidimensional relative poverty. In conclusion, informal financial participation proves more effective in alleviating poverty among rural households experiencing higher levels of multidimensional relative poverty. Based on the preceding analysis, this study posits research hypothesis H3.

	H3. Formal financial participation proves more effective in alleviating poverty among rural households experiencing lower levels of multidimensional relative poverty, whereas informal financial participation is more effective for those facing higher levels of multidimensional relative poverty.




4 Variable selection and model specification


4.1 Data sources

This study utilizes survey data from the 2018 China Family Panel Studies (CFPS) as its subject of analysis. The household questionnaire of the CFPS contains information about the household's basic demographics, residential area, socioeconomic activities, among other factors. Meanwhile, the individual questionnaire captures individual characteristics such as health status, education level, and economic situation. Thus, the CFPS2018 questionnaire data offers robust support for this study. In this study, the sample data underwent sequential screening and processing as follows: aligning individual and household data; retaining samples of rural household heads; excluding samples with household heads under 18 or over 70 years old; and excluding rural households with total cash and deposits exceeding 1 million yuan. Following these steps, a dataset comprising 5,303 rural household samples was obtained.



4.2 Variable definitions and descriptive statistics

(1) Dependent variables: Multidimensional relative poverty

Common prosperity is reflected at the micro level as a reduction in multidimensional relative poverty (1); thus, the explanatory variable in this study is multidimensional relative poverty. In order to achieve this objective, this study constructs a multidimensional relative poverty indicator system for rural households, drawing on multidimensional poverty measurement theory and the multidimensional poverty index from the Human Development Report. Additionally, referring to Dong et al. and Wang et al., the multidimensional relative poverty indicator system for rural households shown in Table 1 is constructed based on the data from the 2018 China Family Panel Studies (45, 46). The indicator encompasses three dimensions, eight indicators, and 13 questionnaire items. In terms of income capability, this study adopts a methodology similar to that of Sun et al. to define a rural household as income-capability poor if its per capita disposable income is below 50% of the median per capita disposable income among all sampled rural households (16). Regarding development capability, the study concentrates on the health status, education level, and social security level of rural households. And on the living environment dimension, this study not only examines the housing area, consumer goods, and living standards of rural households but also integrates subjective attitudes into the indicator system.


TABLE 1 Multidimensional relative poverty indicator system for rural households.

[image: Table outlining poverty assessment indicators across three dimensions: income capacity, development capacity, and living environment. Each dimension includes specific indicators such as income, health, and housing. The table explains the meaning of each indicator and how values are assigned, typically with criteria resulting in a score of one or zero, indicating whether conditions meet certain poverty-related thresholds.]

In constructing the multidimensional poverty index, this paper assigns equal weights to each dimension and indicator, grounded in the principles of fairness, practicality, and the minimization of subjective bias. First, from the perspective of fairness, equal weighting assumes that all dimensions and indicators contribute equally to multidimensional relative poverty, enabling the index system to comprehensively reflect the poverty status of farmers. Sen's capability approach underscores the equal importance of multiple dimensions to individual wellbeing, making equal weighting an extension of this theory that captures the collective influence of all dimensions on poverty (9). Second, from a practical standpoint, the multidimensional relative poverty index aims to create an accessible and operational system for policy analysis and socioeconomic research. Using equal weights avoids overly complex calculations, resulting in a concise and straightforward system that policymakers can readily understand and apply. Third, from the perspective of reducing subjective bias, assigning different weights in a multidimensional relative poverty measure may lead to varied conclusions, particularly among interrelated and significant dimensions such as social security, health, and education. Therefore, using equal weights helps minimize bias and avoids disputes over weight selection. Furthermore, this approach aligns with the Global Multidimensional Poverty Index developed by the United Nations Development Program and the Oxford Poverty and Human Development Initiative, as well as related studies (16). The use of equal weights ensures a balanced assessment across dimensions of poverty. For studying rural poverty in China, equal weighting provides a comprehensive depiction of farm households' poverty status across all dimensions, rather than focusing narrowly on specific domains.

	(2) Core Independent Variables: Formal and informal financial participation

The main independent variables in this study consist of dummy variables representing formal and informal financial participation. Specifically, formal financial participation is indicated by a value of 1 for a rural household that receives loans from formal financial institutions or holds bank deposits, and 0 otherwise. Informal financial participation is indicated by a value of 1 for a rural household that obtains loans from other organizations or individuals, or borrows money from individuals or organizations, and 0 otherwise.

	(3) Control variables

This study incorporates control variables at individual, household, and societal levels. At the individual level, factors such as the gender, age, political affiliation, and marital status of the household head are considered. Household-level variables include household size, per capita savings, and per capita expenditure on favors. At the societal level, government subsidies and social donations are taken into account. Other control variables are better understood. Expenditures on favors refer to spending on gifts, gratuities, and other non-essential items by rural households during social interactions, often closely linked to social relationships, kinship ties, and social status in rural China. The main reason for including this as a control variable is that it reflects the social capital and interpersonal relationship status of farm households, which can influence their economic behavior and poverty status. Detailed definitions and descriptive statistics of these variables are provided in Table 2.


TABLE 2 Descriptive statistics of variables.

[image: A table displays various variables, their definitions, observed value, average value, and standard deviation. Categories include dependent variables, core independent variables, head of household control variables, household control variables, and social control variables. Each section lists specific factors, such as multidimensional relative poverty index, financial participation, gender, age, political affiliation of the household head, household size, savings, expenditures, government subsidies, and social donations, with corresponding numerical data and descriptions.]

Table 3 categorizes rural households based on their engagement in formal and informal financial activities and compares the mean values of multidimensional relative poverty indices among different subgroups, without accounting for the influence of other variables. Comparison between subgroup (1) and subgroup (2) indicates that the multidimensional relative poverty index of rural households engaged in formal finance is 0.077 lower than that of rural households not engaged in formal finance. Similarly, comparison between subgroup (1) and subgroup (3) reveals that the multidimensional relative poverty index of rural households participating in informal finance is 0.045 lower than that of those not participating in informal finance. The coefficients of comparison demonstrate that the poverty reduction effect of formal financial participation is superior to that of informal finance. A comparison between subgroup (2) and subgroup (4) indicates that farmers participating in both formal and informal finance have a lower mean value of the multidimensional relative poverty index compared to those involved solely in formal finance. This suggests that informal financial participation may continue to complement formal financial engagement in reducing poverty, as evidenced by the decrease in multidimensional relative poverty among rural households. Empirical tests are necessary to verify this observation.


TABLE 3 Comparison of subgroups.

[image: Table showing subgroups of financial participation and associated data. All subgroups have no formal or informal financial participation. Observations: group (1) - 2,616; group (2) - 1,053; group (3) - 1,089; group (4) - 545. Percentage of observations: 49.33%, 19.86%, 20.52%, and 10.28% respectively. Mean multidimensional relative poverty index: 0.315, 0.238, 0.270, and 0.188 respectively. Differences from group (1): -0.077, -0.045, -0.127 with significance at the 1% level.]



4.3 Model specification

Firstly, the study assesses the influence of formal and informal financial engagement by rural households on multidimensional relative poverty through a multiple linear regression model, structured as follows:

[image: The mathematical equation displays a regression model for "poorindex" as a function of variables "zgirli" and "fzgirli", with coefficients beta one and beta two. It includes a summation of control variables with coefficient eta, and an error term epsilon.]

In the equation, “poorindexi” represents the multidimensional relative poverty index of household “i”; “zgjri” and “fzgjri” represent the dummy variables for formal and informal financial participation of household “i, ” respectively; “controlij” represents the control variables, with per capita savings and per capita expenditure on favors and gifts logarithmically transformed to address potential heteroskedasticity issues; “α1”, “α2, ” and “βj” are the parameters to be estimated, and “εi” is the random error term. Meanwhile, this study substitutes the multidimensional relative poverty index in the independent variables of Equation 6 with poverty indices representing the three dimensions: income capacity, development capacity, and living environment. This substitution allows for the assessment of rural households' impacts on various dimensions of poverty.

Secondly, the multiple linear regression model computes coefficient sizes from an average standpoint and does not capture the varying impact of formal and informal financial participation on rural households with different levels of multidimensional poverty. Therefore, the study establishes the following quantile regression model:

[image: Equation labeled as 7 showing a model for calculating the poor index for individual i in group q. The formula includes alpha, phi coefficients for family and generational factors, a summation of control variables, and an error term.]

In this equation, “q” represents the quantile point. This study selects five quantiles of the multidimensional relative poverty index, ranging from small to large, specifically 10%, 25%, 50%, 75%, and 90%. The core and control variables remain consistent with those in Equation 6, where “φ1i”, “φ2i, ” and “γj” represent the coefficients to be estimated, and “εi” signifies the random error term.




5 Results and discussions


5.1 Results of the baseline regression

This study examines the impact of formal and informal financial participation among rural households on multidimensional relative poverty, as outlined in Equation 6. The regression results for Equation 1 in Table 4 indicate that the estimated coefficient for formal financial participation is −0.025, suggesting that, controlling for other variables, farmers' multidimensional relative poverty index decreases by an average of 0.025 units with formal financial participation. As this negative coefficient is statistically significant at the 1% level, it indicates a strong association between formal financial participation and the reduction of multidimensional relative poverty. While formal finance contributes to reducing poverty among rural households, the effect size remains relatively modest, reflecting the constraints of rural financial development. Thus, expanding formal financial services and increasing financial support could further mitigate multidimensional relative poverty. Similarly, the regression results for Equation 2 show that the estimated coefficient for informal financial participation is −0.014, indicating a 0.014-unit reduction in the multidimensional relative poverty index for farmers engaged in informal finance, controlling for other variables. This coefficient is statistically significant at the 5% level, demonstrating that under certain conditions, informal financial participation also contributes to reducing poverty among rural households. By comparing the coefficients from Equations 1, 2, it is evident that formal financial participation has a more pronounced effect in reducing multidimensional relative poverty compared to informal financial participation. Equation 3 includes both formal and informal financial participation in the model, and after conducting the correlation test, the correlation coefficient between the two is found to be 0.047, well below the critical value of 0.8. This indicates that the correlation between formal and informal financial participation is very low, and there is no significant issue of multicollinearity. Therefore, the regression model can accurately assess the independent impacts of formal and informal financial participation on multidimensional relative poverty, supporting the validity of the model and ensuring the accuracy and robustness of the regression estimates. The results of Equation 3 show that both types of financial participation have a significant negative effect on multidimensional relative poverty among farm households, confirming hypothesis 1.


TABLE 4 The influence of formal and informal financial participation on multidimensional relative poverty among rural households.

[image: Regression analysis table showing the impact of various variables on the multidimensional relative poverty index across three equations. Key variables include formal and informal financial participation, gender, age, household size, and government subsidies. Significant coefficients are noted for household size, per capita savings, expenditure on favors, and other factors, with significance indicated at the one percent and five percent levels. The constant term shows consistent significance across all equations. Sample size is 5,303.]

The estimated coefficients of the control variables in Equation 3 indicate that the coefficient for age is −0.010, while the coefficient for age squared is 0.012; both are significant at the 1% level. This suggests that the age of the household head has an inverted U-shaped relationship with the multidimensional relative poverty index: younger and older heads of households are at greater risk of poverty, while middle-aged heads face a lower risk. This relationship arises because middle-aged household heads typically have more opportunities for labor market participation and lower levels of multidimensional relative poverty. In contrast, younger household heads tend to have less work experience and lower wages, while older household heads may encounter health problems or declining incomes, resulting in higher levels of multidimensional relative poverty. The estimated coefficient of household size is 0.020 and is significant at the 1% level, indicating that for each additional household member, the multidimensional relative poverty index increases significantly by 0.020 units. This occurs because household size reflects the number of members within the household; more family members increase the pressure on resource allocation, which may reduce the resources available to each member and heighten the likelihood of multidimensional relative poverty. The estimated coefficient of per capita savings is −0.011, significant at the 1% level, indicating that a 1% increase in per capita savings would significantly reduce the multidimensional relative poverty index by 0.011%. This suggests that per capita savings reflect a household's wealth accumulation, serving as a safeguard against emergencies, medical expenses, or educational investments; thus, higher per capita savings are generally associated with a lower risk of poverty. The estimated coefficient for per capita expenditure on favors is 0.017, also significant at the 1% level, indicating that a 1% increase in per capita expenditure on favors will significantly raise the multidimensional relative poverty index by 0.017%. This is primarily because expenditure on favors often imposes a considerable burden in rural societies, particularly for low-income households, thereby increasing their risk of poverty. The estimated coefficient for government subsidies is −0.050, significant at the 1% level, suggesting that households receiving government subsidies experience a significant reduction of 0.050 units in the multidimensional relative poverty index. This occurs because government subsidies provide direct financial support, alleviating financial burdens related to daily living, medical care, and agricultural production, thus reducing the risk of multidimensional relative poverty. The estimated coefficient for social donations is −0.063, also significant at the 1% level, indicating that households receiving social donations experience a significant reduction of 0.063 units in their multidimensional relative poverty index. This is because social donations offer financial assistance during critical hardships, mitigating poverty risk. The effects of the head of household's gender, marital status, and political affiliation did not pass the significance test, indicating that these factors do not significantly affect the multidimensional relative poverty index.

After substituting the independent variables with the three-dimensional poverty indices, the regression results presented in Table 5 demonstrate that both formal and informal financial participation can exert a detrimental impact on the three dimensions of poverty among rural households. Furthermore, financial participation has varying impacts on different dimensions of poverty, as reflected by the absolute values of the coefficients. Specifically, the coefficients for formal financial participation's effect on the income capacity poverty index, development capacity poverty index, and living environment poverty index are −0.014, −0.008, and −0.006, respectively. This means that on average, farmers who participate in formal finance experience a reduction of 0.014 units in the income capacity poverty index, 0.008 units in the development capacity poverty index, and 0.006 units in the living environment poverty index. Formal financial participation thus has the greatest negative impact on the income capacity poverty dimension, followed by the development capacity poverty dimension, and the smallest impact on the living environment poverty dimension. Similarly, the coefficients for informal financial participation's effect on the income capacity poverty index, development capacity poverty index, and living environment poverty index are −0.013, −0.006, and −0.004, respectively. This indicates that farmers participating in informal finance experience an average reduction of 0.013 units in the income capacity poverty index, 0.006 units in the development capacity poverty index, and 0.004 units in the living environment poverty index. Informal financial participation also has the largest negative impact on the income capacity poverty dimension, followed by the development capacity poverty dimension, and the smallest impact on the living environment poverty dimension.


TABLE 5 Impact of formal and informal financial participation on three dimensions of poverty among rural households.

[image: Table displaying statistical data related to three poverty indices: income capability, development capability, and living environment. Each index shows values for formal and informal financial participation, with constants, R-squared values, and sample size. All equations indicate significance at the one percent level. Control variables are managed in each scenario, and detailed associations are referenced in Table 4.]



5.2 Endogeneity and robustness tests
 
5.2.1 Endogeneity test

This study may face a mutually causal endogeneity issue. That is, as the level of multidimensional relative poverty increases for a rural household, financial institutions become more hesitant to provide financial services, making it harder for the rural household to engage in financial activities, and the absence of financial participation exacerbates the multidimensional relative poverty experienced by the rural household. Therefore, this study draws on the research approaches of Dong et al. and He et al., employing the instrumental variable method to address potential endogeneity issues (47, 48). Firstly, rural households are categorized based on county and age. Counties are grouped according to their county codes, while age groups include [18, 30), [30, 40), [40, 50), [50, 60), and [60, 70]. Subsequently, rural households within the same age group and county are grouped together, and the average level of formal financial participation among these households is computed as the instrumental variable for formal financial participation. Similarly, the average level of informal financial participation among rural households within each group serves as the instrumental variable for informal financial participation. The rationale for selecting this instrumental variable is as follows: (1) Rural areas represent traditional communities where interpersonal connections play a significant role, and the financial decisions of one rural household can influence others. Thus, the financial participation of neighboring rural households can impact whether the surveyed households choose formal or informal finance, meeting the relevance criterion for instrumental variable selection. (2) The average level of formal or informal financial participation among neighboring rural households does not directly impact the multidimensional relative poverty of the surveyed rural households. Moreover, the financial engagement of other rural households is beyond the control of the surveyed households, fulfilling the exogeneity criterion for selecting instrumental variables.

In this study, the two-stage least squares (2SLS) method is employed, and the estimation outcomes are presented in Table 6. In the initial stage, the regression coefficients of the instrumental variables are 0.880 and 0.963, respectively, both passing the 1% significance threshold. This demonstrates that the chosen instrumental variables meet the correlation criteria. Additionally, a weak instrumental variable test is performed in this study, yielding a Wald F statistic of 387.95. This result suggests the absence of a weak instrumental variable problem and confirms the effective control of endogeneity. In the second stage, accounting for endogeneity, the coefficients of formal and informal financial participation remain statistically significant at the 1% level. This consistency with earlier findings underscores the robustness of the results.


TABLE 6 Endogeneity treatment: 2SLS instrumental variables approach.

[image: A table presents data on financial participation and poverty indices across two phases. In Phase I, formal financial participation shows a coefficient of 0.880 with a standard error of 0.025, and informal financial participation shows a coefficient of 0.963 with a standard error of 0.029. In Phase II, formal financial participation relates to a multidimensional relative poverty index with a coefficient of -0.102 and informal financial participation with -0.060, both with a standard error of 0.016. Control variables are applied throughout. Instrumental variable t-values and one-stage F-values are provided, along with weak instrumental variable test results. R-squared and sample size N are listed. Significance is noted at the 1 percent level.]

Furthermore, the coefficients for formal and informal financial participation in Table 6 are −0.102 and −0.060, respectively, reflecting a significant change from the coefficients of −0.025 and −0.014 in Table 4, which did not account for endogeneity. This alteration primarily results from the endogeneity treatment applied in Table 6 using a pragmatic instrumental variables approach, which mitigates potential self-selection bias and the influence of other unobserved factors, leading to more accurate estimates of causality. Specifically, the coefficient for formal financial participation in Table 6 increases to −0.102, indicating that its poverty reduction effect is more pronounced than suggested in Table 4, which underestimates the role of formal financial participation. Similarly, the coefficient for informal financial participation rises from −0.014 in Table 4 to −0.060 in Table 6, implying that the effect of informal financial participation on poverty reduction becomes more significant after addressing endogeneity. These findings indicate that the poverty reduction effect of financial participation is underestimated when endogeneity is not addressed. With the endogeneity treatment, the regression results in Table 6 reveal a stronger impact of financial participation on multidimensional relative poverty. This suggests that policymakers should not only promote the development of formal finance but also recognize the essential complementary role of informal finance in poverty alleviation.



5.2.2 Robustness test

This study employs the propensity score matching method to conduct robustness testing. Formal or informal financial participation faces a self-selection issue, wherein rural households make deliberate choices based on their resources, financial status, and employment orientation. This non-random selection violates the principle of random sampling. Thus, this study employs the propensity score matching (PSM) method to address potential selectivity bias. To assess the poverty alleviation impact of formal financial participation on multidimensional relative poverty and whether informal financial participation can sustain its poverty reduction role, this study conducts two propensity score matching (PSM) estimations. The first estimation comprises a total of 5,303 rural households, with 1,598 households participating in formal finance as the experimental group, and 3,705 households not participating in formal finance as the control group. For the second estimation, the sample consists of 1,598 households engaged in formal finance, of which 545 households are also participating in informal finance as the experimental group, while 1,053 households not participating in informal finance serve as the control group. Table 7 shows that the average treatment effect (ATT) in both propensity score matching (PSM) estimations passes the 1% significance test, except for the second estimation where the impact of informal financial participation on the multidimensional relative poverty index in nearest neighbor matching only meets the 5% significance test. The negative and relatively small ATT values across different matching methods confirm the effectiveness of financial participation in reducing multidimensional relative poverty. The poverty reduction effect remains significant and consistent regardless of the matching method used, indicating the robustness of the results and further supporting the effectiveness of financial participation. This outcome reaffirms the robustness and validity of the findings, indicating that both formal and informal financial participation among rural households contribute to the reduction of multidimensional relative poverty.


TABLE 7 Robustness test: propensity score matching method.

[image: Table comparing the impact of financial participation on four poverty indices. For the full sample of 5,303, and rural households with 1,598, nearest neighbor, radius, and kernel matching methods show negative average treatment effects (ATT). Effects are significant at the one percent and five percent levels.]




5.3 Mechanism analysis

This section employs a mediation effect model to delve deeper into the mechanism through which the formal and informal financial engagement of rural households influences multidimensional relative poverty. Drawing from preceding analyses, land transfer and non-farm employment are chosen as mediating variables for examination. Among rural households, land transfer encompasses both the acquisition and relinquishment of land. If a household leases out land allocated by the collective or rents land from individuals or the collective, it is designated as engaging in land transfer and assigned a value of 1; otherwise, it is assigned a value of 0. Non-farm employment among rural households encompasses both entrepreneurial activities and work conducted outside the home. If any member of the household is involved in self-employment, establishes a business, or commutes for work, the household is classified as engaged in non-farm employment and is assigned a value of 1; otherwise, it is assigned a value of 0.

Table 8 presents the estimation results of the mediation effects model of land transfers. Equations 1–3 are employed to examine the mechanism by which formal financial participation of farm households affects multidimensional relative poverty, with land transfer serving as the mediating variable. According to the estimation results of Equation 2, the coefficient of formal financial participation is 0.038 and is significant at the 1% level, indicating that farmers' participation in formal finance increases the likelihood of land transfer by 3.8%. From the results of Equation 3, the estimated coefficient of land transfer is −0.021, also significant at the 1% level, suggesting that land transfer decreases the multidimensional relative poverty index of farmers by 2.1%. Compared to the coefficient of formal financial participation in Equation 1, which is −0.025, the coefficient in Equation 3 decreases slightly to −0.024, showing that the negative effect on multidimensional relative poverty weakens. This indicates the presence of a partial mediation effect, where formal financial participation promotes land transfer, which in turn helps reduce multidimensional relative poverty. Similarly, Equations 4–6 are employed to examine the mechanism through which informal financial participation of farm households affects multidimensional relative poverty, with land transfer acting as a mediating variable. According to the estimation results of Equation 5, the coefficient of informal financial participation is 0.079, significant at the 1% level, indicating that farmers' participation in informal finance increases the likelihood of land transfer by 7.9%. From the results of Equation 6, the estimated coefficient of land transfer is −0.021, also significant at the 1% level, suggesting that land transfer decreases the multidimensional relative poverty index of farm households by 2.1%. A comparison with the coefficient of −0.014 for informal financial participation in Equation 4 shows that the coefficient in Equation 6 decreases slightly to −0.012, indicating that the negative effect on multidimensional relative poverty weakens. This suggests the presence of a partial mediation effect, where informal financial participation facilitates land transfer, thereby reducing multidimensional relative poverty. Additionally, the comparison reveals that while both formal and informal financial participation reduce multidimensional relative poverty through land transfer, the mediating effect of informal financial participation plays a more significant role in this process.


TABLE 8 Mechanism test: mediating effect model of land transfers.

[image: A table titled "Modeling the mediating effects of land transfers" presents six equations analyzing the relationship between financial participation, land transfer, and a multidimensional relative poverty index. Each equation includes coefficients for formal and informal financial participation, land transfer, control variables, constant terms, R-squared values, and the number of observations. Significant levels are noted by asterisks, with control variables referenced in a linked Table 4.]

Table 9 presents the estimation results of the mediation effects model of non-farm employment. Equations 1 through 3 examine the mechanism by which formal financial participation of farm households influences multidimensional relative poverty, with non-farm employment as the mediating variable. According to the estimation results of Equation 2, the coefficient of formal financial participation is 0.035, significant at the 1% level, indicating that participation in formal finance increases the probability of non-farm employment by 3.5%. From the results of Equation 3, the estimated coefficient of non-farm employment is −0.079, also significant at the 1% level, suggesting that non-farm employment reduces the multidimensional relative poverty index of farm households by 7.9%. Comparing this to the coefficient of formal financial participation in Equation 1, which is −0.025, shows that the coefficient in Equation 3 decreases slightly to −0.022, weakening the negative effect on multidimensional relative poverty. This indicates the presence of a partial mediation effect, where formal financial participation plays a key role in promoting non-farm employment, which in turn contributes to reducing multidimensional relative poverty. Similarly, Equations 4 through 6 examine the mechanism by which informal financial participation of farm households affects multidimensional relative poverty, using non-farm employment as the mediating variable. According to the results of Equation 5, the coefficient of informal financial participation is 0.076, significant at the 1% level, indicating that informal financial participation increases the probability of non-farm employment by 7.6%. In Equation 6, the estimated coefficient of non-farm employment is −0.078, also significant at the 1% level, showing that non-farm employment reduces the multidimensional relative poverty index of farm households by 7.8%. Comparing the coefficient of informal financial participation in Equation 4, which is −0.014, with that in Equation 6, which decreases to −0.010, suggests a weaker negative effect on multidimensional relative poverty, indicating a partial mediating effect. This suggests that informal financial participation also reduces multidimensional relative poverty by promoting non-farm employment. Moreover, the comparison indicates that while both formal and informal financial participation reduce multidimensional relative poverty through non-farm employment, the mediating effect of informal financial participation plays a larger role. In summary, both forms of financial participation significantly promote land transfer and non-farm employment, thereby reducing multidimensional relative poverty, with informal financial participation having a stronger mediating effect in both processes. Hypothesis 2 is examined.


TABLE 9 Mechanism test: mediating effect model of non-farm employment.

[image: Table modeling the mediating effects of non-farm employment across six equations. Equations 1, 3, 4, and 6 analyze the multidimensional relative poverty index. Equations 2 and 5 focus on non-farm employment. Variables include formal and informal financial participation, non-farm employment, controlled control variables, constant term values, R-squared, and sample size (N). Significance levels are indicated at one percent and five percent. Each variant examines different impacts on poverty and employment outcomes.]



5.4 Heterogeneity analysis

Table 10 displays the results based on regression quartiles. The findings indicate that as the quantile point increases, the coefficient of formal financial participation decreases while the coefficient of informal financial participation increases. This suggests that formal financial participation has a more pronounced impact on poverty reduction among rural households with lower levels of multidimensional relative poverty, whereas informal financial participation plays a more significant role in poverty reduction among rural households facing higher levels of multidimensional relative poverty. Specifically, the negative impact of formal financial participation by farmers on multidimensional relative poverty diminishes from 0.043 at the 10th quantile to 0.006 at the 90th quantile. This suggests that formal financial participation is more effective in alleviating poverty among farmers with lower levels of multidimensional relative poverty. Lower-poverty-level farmers can leverage the advantages of formal finance—such as larger loan sizes and lower costs—to make productive investments, resulting in higher economic returns and reduced poverty risk. In contrast, informal financial participation has a non-significant effect on the multidimensional relative poverty of farmers at the 10th and 25th quantiles but shows a significant negative effect starting from the 50th quantile, increasing from 0.009 to 0.021 at the 90th quantile. This indicates that informal financial participation is more effective in alleviating poverty for farmers with higher levels of multidimensional relative poverty. For these farmers, informal finance provides a crucial source of short-term funds that helps them manage daily financial shortages due to limited access to formal financial support. Thus, the poverty reduction effect of informal finance is particularly significant for this group. These results validate Hypothesis 3 and indicate that poverty alleviation strategies should fully leverage the advantages of both formal and informal finance while utilizing their complementary roles.


TABLE 10 Heterogeneity analysis: regression quartiles.

[image: Table showing the relationship between financial participation and the multidimensional relative poverty index across quantiles Q10, Q25, Q50, Q75, and Q90. Formal financial participation is negatively significant at Q10, Q25, and Q50 levels. Informal participation shows significance at Q50 and Q90. Constant terms are significant across all quantiles. Sample size is 5,303. Significance at one percent and five percent levels is indicated.]

Although the quantile regression results in Table 10 indicate that informal finance significantly reduces multidimensional poverty among relatively poorer farm households, this effect is not without risks. Due to its reliance on personal relationships and social networks, informal finance can create overdependence on limited financial sources, hindering long-term economic sustainability. Moreover, the absence of effective regulation may result in high interest rates or unfair lending practices, exacerbating financial burdens on farm households. In regions with uneven resource distribution or weak social capital, informal finance may further deepen inequalities or even trigger debt risks. Therefore, while informal finance plays a crucial complementary role in poverty reduction, its limitations warrant careful attention. Policies aimed at optimizing informal financial services, such as standardizing management practices and developing rural credit systems, are recommended to ensure sustainability and equity.




6 Conclusions, managerial implications and limitations


6.1 Conclusions

After the elimination of absolute poverty, the promotion of common prosperity should focus on the relative gap, and it is worthwhile to explore whether the formal and informal financial participation of rural households can play a synergistic role in reducing multidimensional relative poverty and ultimately help realize common prosperity. Building upon this foundation, the study utilizes data from the 2018 China Family Panel Studies to establish a multidimensional relative poverty indicator system. It employs a comprehensive analytical framework and integrates both formal and informal financial participation of rural households into the scope of investigation from the demand side. Furthermore, the study empirically examines the mechanisms in addressing multidimensional relative poverty. The study's findings demonstrate that, firstly, both formal and informal financial engagement among rural households can mitigate multidimensional relative poverty, and the poverty alleviation impact of formal financial participation surpasses that of informal financial participation. When multidimensional relative poverty is disaggregated into three dimensions—income capability poverty, developmental capability poverty, and living environment poverty—both types of financial engagement exhibit the most substantial negative effect on income capability poverty, followed by developmental capability poverty, and least on living environment poverty. Secondly, the mechanism analysis reveals that both formal and informal financial engagement of rural households play a crucial role in fostering land transfer and non-farm employment, consequently contributing to the reduction of multidimensional relative poverty. Thirdly, the analysis of heterogeneity indicates that formal financial participation is more efficacious in alleviating poverty among rural households experiencing lower levels of multidimensional relative poverty. Conversely, informal financial participation demonstrates greater effectiveness in poverty reduction for rural households facing higher levels of multidimensional relative poverty. This suggests a complementary relationship between formal and informal finance, emphasizing the necessity of leveraging both formal and informal financial instruments to address financial poverty.



6.2 Managerial implications

Based on the aforementioned findings, this study delineates the following policy implications: firstly, enhancing formal finance to leverage the advantages of informal finance. Formal financial institutions can leverage the operational modalities and information accessibility advantages of informal financial institutions. For instance, they can adopt the flexible operational approach of informal finance to offer a broader array of loan products, including microfinance, agricultural production loans, and consumer loans, catering to diverse needs of rural households. Additionally, they can capitalize on the accessibility convenience of informal finance to collaborate with rural cooperatives, mutual aid organizations, or local communities in advancing the development and dissemination of financial products, thereby enhancing outreach and service provision to rural households. This approach fosters the adaptability and inclusivity of financial services, thereby bolstering efforts in multidimensional relative poverty reduction and fostering shared prosperity. Secondly, there should be an increase in financial assistance for land transfer and non-farm employment. Regarding land transfer, the government can not only initiate specialized loan programs to offer financial aid but also establish risk mitigation mechanisms such as land transfer insurance and guarantee insurance. These measures aim to provide a certain level of risk protection for rural households engaged in land transfer, thus alleviating the risk burden they face. Concerning non-agricultural employment, the government can establish dedicated entrepreneurial financing initiatives, such as business loans and venture capital funds, to provide financial support and capital infusion for rural households. These efforts aim to foster innovation, entrepreneurship, and stimulate employment growth. Thirdly, it is imperative to implement tailored financial support policies. For rural households experiencing lower levels of multidimensional relative poverty, the government should enhance its assistance for formal financial engagement. By providing formal financial services such as loans, savings, and insurance, it can address issues related to capital scarcity and risk mitigation for rural households, thus fostering sustainable poverty alleviation. For rural households experiencing significant levels of multidimensional relative poverty, the government should regulate informal financial participation. It should also facilitate access to small loans, savings services, technical assistance, and market opportunities through rural cooperatives, microcredit organizations, or mutual funds. This approach aims to mitigate the exclusion of formal financial services in rural areas, alleviate multidimensional relative poverty, and advance the attainment of shared prosperity.

The findings of this study not only offer empirical support for multidimensional poverty governance in rural China but also hold potential for application in other developing regions. Specifically, the proposed synergy between formal and informal finance, along with the poverty reduction pathways of land transfer and off-farm employment, has broad relevance for agrarian economies characterized by multidimensional poverty. For instance, regions such as South Asia, Southeast Asia, and Sub-Saharan Africa share challenges like financial exclusion, inefficient land use, and weak social protection, making the findings applicable in these contexts. Expanding formal financial coverage through digital financial technology while regulating informal finance can address deficiencies in rural financial services effectively. Additionally, optimizing land transfer policies and promoting non-farm employment can enhance the income and development potential of farm households by improving land market mechanisms and offering vocational training. The multidimensional relative poverty monitoring approach proposed in this study also provides a framework for constructing scientific poverty assessment systems in other countries. However, adaptation challenges may arise due to variations in financial market maturity, socio-cultural contexts, and infrastructure levels. Thus, policy adjustments should consider local characteristics, such as introducing government guarantees or international assistance to enhance financial stability and promoting infrastructure development and digitalization to support financial service expansion. By fostering international cooperation and experience sharing, and tailoring policies to specific national conditions, the findings of this study can serve as a reference for rural poverty governance worldwide, contributing to the global pursuit of common prosperity.



6.3 Limitations and future research

While this study contrasts the effects of formal and informal financial engagement among rural households on multidimensional relative poverty, yielding significant theoretical and practical insights, it also identifies several limitations that suggest potential avenues for future research. Firstly, cross-sectional data presents certain limitations. This study utilizes data from 2018, yet a one-year timeframe may not fully capture the enduring effects of financial participation on multidimensional relative poverty. For instance, financial participation encompasses borrowing and lending activities, and while short-term borrowing and lending behaviors might alleviate multidimensional relative poverty among rural households, they could potentially exacerbate it in the long term. Future research could explore data spanning longer periods to enable more comprehensive trend analysis and deepen our comprehension of the correlation between financial participation and multidimensional relative poverty. Secondly, infrastructure is absent from the mechanism analysis. Financial participation can contribute to enhancing infrastructure, including housing, water, sanitation, and other facilities, thereby enhancing the living standards of rural households and mitigating multidimensional relative poverty. Future mechanism analyses could incorporate considerations of infrastructure development.
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Background: Improving system coordination is a pivotal strategy and a critical pathway for social governance. Chinese society is currently facing a significant challenge in aligning the allocation of health resources with economic development. Evaluating the level of coordinated development within the system can provide valuable insights to support the construction of a more coordinated China and foster high-quality development.
Methods: Based on a systematically constructed indicator framework, our study selected data from five eastern provinces of China to establish a ten-year panel dataset covering the period from 2011 to 2020. The comprehensive evaluation index and the relative development degree were employed to comprehensively evaluate the development level of the system. The coupling coordination degree model was applied to analyze the coupling coordination relationship and spatiotemporal evolution trend of the two systems. Additionally, the fixed effects model was used to identify the driving factors behind the coordinated development of the two systems.
Results: From 2011 to 2020, the comprehensive indices of health resource allocation and economic development in the five eastern provinces of China exhibited a consistent year-on-year increase, and the relative development degree experienced two critical values of 0.8 and 1.2, which changed from the lagging allocation of health resources to the lagging economic development. The system coordination index generally ranged between 0.35 and 0.90, with the coordination phase undergoing a transition from an antagonistic stage to a coordinated stage. The coordination type also gradually shifted from mild imbalance to good coordination. Furthermore, the levels of economic development, economic structure, technological investment, as well as the allocation of health human and material resources, all serve as critical drivers in enhancing the coordinated development of the system.
Conclusion: The coordinated development of eastern China’s provinces produces substantial spillover effects, and the realization of a Healthy China initiative must strategically harness their radiative and demonstrative effects. Achieving a superior level of coordination requires urgent efforts to rectify the existing deficiencies in the distribution of grassroots healthcare resources. Furthermore, cultivating innovative drivers of economic growth and enhancing the capacity for economic support are critical to ensuring high-quality and sustainable development.
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 health resource allocation; economic development; coupling coordination degree; fixed effects model; high-quality development


1 Introduction

The relationship between healthcare and economic development has long been a subject of interest for policymakers and researchers alike. A large number of empirical studies have demonstrated that healthcare and economic development are interactive (1–4). On the one hand, economic development serves as both a prerequisite and a catalyst for advancements in healthcare (5). The level of economic development determines the financial resources allocated to healthcare, with higher economic prosperity typically leading to increased investment in health services (6). On the other hand, the development of healthcare establishes a solid foundation for economic growth (7). The population with access to healthcare services transforms into a healthy workforce. This workforce increases the country’s productivity, thereby contributing to economic development (8). Health resource allocation, as the means and guarantee for the development of healthcare, plays a critical role in enhancing the efficiency of healthcare services and promoting health equity (9, 10). For instance, studies have demonstrated that appropriate distribution of primary healthcare resources can reduce avoidable hospitalizations related to diabetes (11). Additionally, improvements in the spatial accessibility of healthcare facilities can significantly boost service efficiency and promote equitable health outcomes (12). The interaction between them has injected a strong impetus into the stable development of society. Although the objectives of health resource allocation and economic development may differ, they share fundamental similarities in that both rely on the rational distribution and utilization of human, financial, and material resources (13, 14). As such, exploring the synergistic relationship between these two systems is of paramount importance for optimizing health resource allocation and further advancing economic growth.

The relationship between health and the economy has had a profound and enlightening impact on China (15). According to the government’s annual report, the past decade has witnessed the fastest economic growth in China’s history, alongside significant advancements in healthcare. However, in the context of the 14th Five-Year Plan, Chinese society faces the challenge of transitioning from high-speed growth to high-quality development (16). In terms of economic development, China is grappling with a severe supply–demand imbalance, and the imperative for high-quality economic development necessitates both a transformation in growth momentum and structural adjustments (17). In the health sector, challenges such as resource redundancy, misallocation, and inefficiency persist, with issues of equity and efficiency in health resource distribution requiring urgent improvement (18). Given the bidirectional causal relationship between health and economic development, addressing these issues demands a solution grounded in system coordination. Thus, achieving coordinated development between health and the economy has become a critical issue for resolving systemic development challenges in the new era.

In October 2016, the Healthy China 2030 Plan Outline introduced the principle of prioritizing health, emphasizing innovation, coordination, sustainability, openness, and shared development as guiding concepts to steer both the healthcare sector and economic growth (19). The Report of the 20th National Congress of the Communist Party of China further underscored that system coordination is an essential requirement for achieving high-quality development in the new era (20). These policy initiatives have elevated the coordinated development of healthcare and the economy to a national strategic priority, reflecting the significant importance placed by Chinese society on aligning the allocation of health resources with economic growth. It is increasingly recognized that optimal outcomes are achieved when health and economic systems evolve synergistically, interactively, and in a synchronized manner (21). Our research orientation is in line with the needs of current social development in China. To more effectively explore the coordination between health resource allocation and high-quality economic development, we selected Shandong, Jiangsu, Zhejiang, Fujian, and Guangdong provinces for our study. These provinces, characterized by similar geographical settings, high population density, and advanced levels of economic and healthcare development, provide a representative context to identify realistic pathways for achieving high-quality development in China.

According to existing research, we found that most studies on the coupling coordination relationship focus on economic and environmental systems, Hou et al. (22). explored the coupling and coordination of China’s economy, ecological environment, and public health from a green production perspective. Similarly, Zhang et al. (23). examined the coupling and coordination between green finance, the digital economy, and the ecological environment in China. These studies primarily aim to discuss the coordinated development of complex systems. In the context of systemic coordination between health resource allocation and economic development, Liu et al. (24). explored the coordinated relationship between health resource allocation and economic development in China from a holistic perspective. Tang et al. (25). analyzed the spatial–temporal characteristics and driving forces behind the coordinated development of these two systems. Moreover, other studies have assessed the level of coordinated development from a provincial standpoint (26–28). Building upon this body of work, we employ the coupling coordination degree model to assess the development level and coordination status of the systems in the five provinces of East China. Furthermore, we apply the fixed effects model to examine the driving forces behind the high level of system coordination in these regions. This approach allows for a deeper understanding of the factors influencing the synergistic relationship between health resource allocation and economic development.

The innovations and contributions of this paper are as follows: (1) We selected specific provinces for evaluation based on their unique characteristics, and the findings offer valuable insights for the coordinated development of Chinese society in the context of high-quality development. (2) This study further enriches the understanding of the relationship between healthcare and economic development, providing a case study from China that can serve as a reference for countries and regions with comparable levels of healthcare and economic development in managing the interplay between health resource allocation and economic growth. (3) The study examines the spatiotemporal evolution and driving factors of the coupling and coordination relationship from a systems-theoretic perspective, offering a reference for the development of China’s central and western regions.



2 Methods


2.1 Selection of indicators

Guided by the principles of systematicity, comparability, and data accessibility, we constructed a system of indicators for evaluating health resource allocation and economic development. For health resource allocation, we considered not only the allocation of financial, material, and human resources within the healthcare sector, but also constructed evaluation indicators based on total health resource allocation, per capita health resource allocation, and health resource allocation per unit of land area. Regarding economic development, we formulated indicators from the perspectives of the economic scale, structure, dynamics, and efficiency, which systematically evaluate production, investment, consumption, openness, income, price changes, and industrial structure. All the indicators we used for this study are visible in Table 1.



TABLE 1 Evaluation Indicator system of coordinated development of health resource allocation and economy.
[image: Health and economic resource allocation table categorizing targets into two layers: Allocation Level of Health Resource and Economic Development Level. Health resources are divided into aggregate, per capita, and per land allocation. Indicators include total expenditure, number of institutions, and professional density. Economic development is divided into scale, structure, dynamics, and benefits, with indicators such as GDP, trade volume, and investment growth. Indicator direction is marked with plus or minus signs indicating positive or negative indicators.]



2.2 Data sources

We selected the statistics related to health resource allocation and the economic development of five provinces along the eastern coast of China from 2011 to 2020 as the analysis object for our study, which was obtained from the China Statistical Yearbook, the China Health Statistical Yearbook, the China Health and Family Planning Statistical Yearbook, the statistical yearbooks of each province and the National Economic and Social Development Statistical Bulletin from 2011 to 2022.



2.3 Research methodology


2.3.1 Comprehensive evaluation index

The system of indicators for evaluating health resource allocation and economic development has different dimensions, and each indicator has a different influence on the system. To ensure the scientificity and objectivity of the evaluation results, the study first adopted the entropy assignment method to determine the weight of all indicators (29), based on which the study adopted the linear weighting method to calculate the comprehensive evaluation index of the health resource allocation system and the economic development system (30). The comprehensive evaluation index is a quantitative index reflecting the comprehensive development level of the system (31). The formula is as follows:

[image: Mathematical equation showing \( U = \sum_{{j=1}}^{m} w_j / X'_{ij} \).]

Where U is the comprehensive evaluation index of the system, ωj is the weight of the evaluation indicator of item j, and X’ij is the standardized value of each indicator.



2.3.2 Relative development degree

Based on the comprehensive evaluation of the system, our study utilized the relative development degree to measure the relative development level of health resource allocation and economic development. The formula is as follows:

[image: Formula showing S equals U subscript h divided by U subscript e, labeled equation two.]

Where S denotes the relative development degree, Uh is the comprehensive evaluation index of the health resource allocation system, and Ue is the comprehensive evaluation index of the economic development system. According to the existing research, S ≥ 1.2 indicates that the level of health resource allocation is better than the level of economic development, and economic development is relatively lagging; 0.8 < S < 1.2 indicates that health resource allocation and economic development are in a state of dynamic equilibrium, and there is a good interaction between systems, and they are mutually promoting; S ≤ 0.8 indicates that the level of health resource allocation is lagging behind the level of economic development, which requires further increase in health resource input or optimization of health resource allocation to adapt and support economic development (32).



2.3.3 Coupling coordination degree model

The Coupling Coordination Degree Model (CCDM) is a widely used approach to study how different subsystems interact and evolve in a coordinated manner (33). The CCDM is built based on the theoretical concepts of coupling and coordination. Coupling indicates the degree of interaction and mutual influence of two or more systems, which is often described by the degree of coupling in research (34). Coordination represents the level of coordinated development of two systems, which is reflected by the system coordination index (35). The CCDM is an evaluation model based on these two concepts. Therefore, we constructed the CCDM of health resource allocation and economic development to explore the level of coordinated development of these two systems. The equations are as follows:

[image: The formula is shown as C equals 2 multiplied by the square root of the fraction where the numerator is \( U_h \times U_e \) and the denominator is \((U_h + U_e)(U_h + U_e)\).]

[image: Equation showing T equals alpha multiplied by U subscript h plus beta multiplied by U subscript e, labeled as equation four.]

[image: Equation showing \( D = \sqrt{C \times T} \), labeled as equation (5).]

Where C is the degree of coupling, and the range of values is [0, 1]. The higher the value of C is, the greater the degree of mutual influence of the two systems. T is the system coordination index, and α and β are coefficients to be determined. After reviewing a large amount of relevant information, we found that the degree of interaction between health resource allocation and economic development has not yet been determined by academics (24). Therefore, in our study, health resource allocation and economic development are considered equally important, and both α and β were set to 0.5 for the empirical study. Where D is the coupling coordination degree, D ranges from 0 to 1, and the closer the value of D is to 1, the better the relationship between health resource allocation and economic development. The coupled coordination stages, coupled coordination types, and coupled coordination grades corresponding to the D values are shown in Table 2.



TABLE 2 Criteria for determining the coupling coordination degree between health resource allocation and economic development.
[image: Table detailing coupling coordination stages, D value ranges, coordination types, and grades. Stages: low, medium, high coordination. D ranges from 0 to 1.0, with corresponding coordination types from extreme disorder to high-quality coordination. Grades range from I to X.]



2.3.4 Fixed effects model

The data used in our study are the panel data of five provinces in eastern China from 2011 to 2020. In order to take full advantage of the information provided by the panel data and to avoid endogenous problems caused by omitted explanatory variables, we chose the Fixed Effects Model (FEM) to explore the driving factors influencing the coupling coordination degree (36). Regarding the variable selection, we take the coupling coordination degree as the dependent variable. The explanatory variables are chosen as follows: per capita GDP (x1) to measure regional economic development, the proportion of secondary and tertiary industry output in GDP (x2) to measure industrial structure, the proportion of the budget expenditure of science and technology in fiscal expenditure (x3) to measure the investment in science and technology, Per capita health expenditure (x4) as the indicator of financial resources invested in health, the proportion of practicing (assistant) physicians and registered nurses in health technicians (x5) to measure human resources investment, and the number of sickbeds per 1,000 residents (x6) to measure the material resources investment in health. The expansion model was set as follows:

[image: The image shows a mathematical equation: ln(D_it) = α + β ln(x1_it) + β ln(x2_it) + β ln(x3_it) + β ln(x4_it) + β ln(x5_it) + β ln(x6_it) + δ_i + η_t + ε_it. The equation is labeled (6).]

Where Dit indicates the coupling coordination degree between health resource allocation and economic development, i indicates region, t indicates time, α is a constant term, β is the coefficient of explanatory variables, δi denotes individual effects across provinces, ηt denotes time effects across years, and εit indicates the random noise terms (37, 38). The validity of the Fixed Effects Model (FEM) constructed in this study depends on several key assumptions, namely the zero conditional mean assumption of the error term, the homoscedasticity assumption, the absence of serial correlation, and the independence of the fixed effects (39). The zero conditional mean assumption defines the expectation of εit as zero, with no correlation between the error term and each explanatory variable:

[image: Expected value of epsilon sub it given natural log of x sub it equals zero, labeled as equation seven.]

The homoscedasticity assumption defines the variance of the error term as constant, with no dependence on any of the explanatory variables:

[image: Variance of epsilon sub it given natural log of x sub it equals sigma squared. Equation labeled as eight.]

The absence of serial correlation assumption defines that there is no serial correlation between the error terms, meaning that:

[image: Covariance formula: Cov(ε_it, ε_js) equals zero, under the condition that i is not equal to j, or t is not equal to s. Equation labeled as (9).]

The independence assumption of the fixed effects defines that both δi and ηt are independent of the explanatory variables. This is a key assumption for the validity of the Fixed Effects Model (FEM):

[image: Expected value of delta sub i given the natural logarithm of x sub i t equals zero, with equation number ten.]

[image: The mathematical equation shows the expected value of eta sub t given the natural logarithm of x sub it equals zero, noted as equation eleven.]

In summary, the FEM constructed in this study provides a robust econometric tool for investigating the driving factors behind the coupling coordination degree between health resource allocation and economic development. Furthermore, the verification and correction of the aforementioned assumptions ensure the robustness and validity of the model’s results.





3 Results


3.1 Systematic evaluation of health resource allocation and regional economic development

According to the results of the comprehensive evaluation of systems, the comprehensive evaluation index of the health resource allocation and economic development of the five eastern provinces of China was increasing year by year. From 2011 to 2020, the allocation of health resources was rapidly optimized, and the level of economic development maintained stability and progress. From the comparative analysis of the results of the comprehensive evaluation of health resource allocation and economic high-quality development in five eastern provinces (Table 3), from 2011 to 2013, the different values of the comprehensive evaluation index of Shandong Province, Jiangsu Province, Zhejiang Province, Fujian Province, and Guangdong Province were all negative, and the relative development degree of these two systems were all less than 0.8. This suggests that, during this period, the allocation of health resources lagged behind economic development, highlighting the need for increased and continuous optimization of health resource distribution. Between 2014 and 2015, while some provinces still recorded negative differences in the comprehensive evaluation index, the relative development index of the two systems ranged between 0.8 and 1.2. This indicates that the allocation of health resources had been optimized, with health resource allocation and economic development approaching a dynamic balance. From 2016 to 2020, the difference values of the comprehensive evaluation index for all five provinces were positive, with relative development index values exceeding 0.8 in each case. Notably, in some provinces, the relative development index exceeded 1.2, suggesting that, after reaching an initial balance, the allocation of health resources outpaced economic development.



TABLE 3 Comparative analysis of comprehensive evaluation results between health resource allocation and economic development.
[image: A table compares data from 2011 to 2020 across five Chinese provinces: Shandong, Jiangsu, Zhejiang, Fujian, and Guangdong. For each year, two metrics, \(U_h - U_e\) and \(S\), are presented. Numbers show trends and changes over time in these metrics for each province, with values generally increasing as years progress.]



3.2 Spatial and temporal evolution of the coupling coordination relationship between health resource allocation and economic development

From the perspective of temporal evolution and spatial evolution, from 2011 to 2020, the coupling coordination relationship between health resource allocation and economic development in the five provinces of eastern China went through three stages: low-level coordination (antagonism period), medium-level coordination (breaking-in period), and high-level coordination (coordination period). The coupling coordination degree was generally between [0.35, 0.90]. The coupling coordination relationship has been optimized year by year. As seen in Figure 1, from 2011 to 2012, the coupling coordination relationship between health resource allocation and economic development in all provinces was mildly imbalanced or endangered. As seen in Figure 2, the type of coupling coordination relationship in Shandong, Zhejiang, and Jiangsu provinces was mildly imbalanced in 2011, and the coupling coordination degree of the three provinces was 0.3936, 0.3887, and 0.3499, respectively. The coupling coordination degree of Guangdong Province and Fujian Province was relatively high, and the coupling coordination degree was 0.4101 and 0.4199, respectively. The type of coupling coordination relationship was an endangered imbalance. According to the coupling coordination degree, we can see that the health resource allocation and economic development of the provinces in eastern China were in the low-level coupling coordination stage. In Figure 1, we found that the coupling coordination relationship between health resource allocation and economic development in all provinces changed from medium-level coordination to high-level coordination from 2012 to 2017. The type of coupling coordination relationship also moved from endangered imbalance to moderate coordination. From the inclination of the line in Figure 1, we judged that the coupling coordination relationship between health resource allocation and economic development developed the fastest in this period. The change is also evident in the type of coupling and coordination between the provinces from Figure 2. From 2017 to 2019, the coupling coordination degree of health resource allocation and economic development in all provinces was greater than 0.7, and the coupling coordination relationship belonged to moderate coordination and good coordination. In 2020, the allocation of health resources and economic development in Jiangsu Province reached high-quality coordination (D = 0.9001), and the rest of the provinces were close to high-quality coordination. The types of coupling coordination relationships in 2000 are shown in Figure 2.

[image: Line graph depicting the coupling coordination degree from 2011 to 2020 for five Chinese provinces: Shandong, Jiangsu, Zhejiang, Fujian, and Guangdong. All provinces show a consistent upward trend, with Guangdong slightly ahead by 2020. Each province is represented by a different colored line.]

FIGURE 1
 Evolutionary trends of the coupling coordination degree between health resource allocation and economic development from 2011 to 2020.


[image: Four-panel map showing coordination levels of Chinese provinces from 2011 to 2020. Panel (a) 2011: Shandong and Jiangsu are in moderate disorder (orange), Zhejiang and Fujian in mild disorder (yellow), Guangzhou in endangered disorder (light yellow). Panel (b) 2014: Transition to better coordination, more green shades. Panel (c) 2017: All provinces reach primary coordination (green). Panel (d) 2020: Continued improvement, reaching good to high-quality coordination (darker green). Legend indicates value types from 0.0-1.0, where green signifies better coordination.]

FIGURE 2
 Spatial distribution characteristics of the coupling coordination type between health resource allocation and economic development from 2011 to 2020.




3.3 Analysis of the drivers affecting the allocation of health resources in harmony with economic development


3.3.1 Model building result

To avoid the pseudo regression problem, the study first adopted the LLC test, IPS test, and Fisher-PP test to carry out the unit root test on the time series. The test results are shown in Table 4. From the test results, we found that the p value of each variable series after first-order differencing is less than 0.05 at the 5% significance level. Therefore, the variable series passes the unit root test. This indicates that the stability of the time series after first-order differencing is good and meets the needs of the model.



TABLE 4 Results of the LLC test, IPS test, and Fisher-PP test.
[image: Table displaying results for stationarity tests on different variables. For each variable, three test methods (LLC, IPS, Fisher-PP) are shown with corresponding P values and stationarity status. A first-order difference variable is also analyzed with the same methods. All results are categorized as stationary or nonstationary.]

The Pedroni test and Westerlund test were applied to test the cointegration of the variable series, and the results are shown in Table 5. We found that the p value is less than 0.05 at the 5% level of significance, and the test results indicate that there is a long-term and stable relationship between the selected variables.



TABLE 5 Results of Pedroni test and Westerlund test.
[image: Table displaying test methods and their corresponding statistics, statistical values, and P values. For the Pedroni test: Modified Phillips-Perron t is 4.0347, Phillips-Perron t is -12.4263, Augmented Dickey-Fuller t is -9.4306, all with P values <0.001. For the Westerlund test: Variance ratio is 4.2091, with P value <0.001.]

Finally, we determined the specific model category through the F test, LM test, and modified Hausman test, as shown in Table 6. The p value of the F test is less than 0.05 at the 5% significance level. The p value of the LM test is greater than 0.05 at the 5% significance level. The p value of the modified Hausman test is also less than 0.05 at the 5% significance level. The results of the above tests rejected the original hypotheses of the Mixed Effects Model and the Random Effects Model, so we chose the FEM for regression analysis of panel data.



TABLE 6 Results of the F test, LM test, and modified Hausman test.
[image: Table displaying test method results. The F test shows a statistic F of 59.36 and a P value less than 0.001. The LM test has a chibar2 of 0.00 and a P value of 1.000. The Modified Hausman test exhibits a chi2 value of 36.93 with a P value less than 0.001.]



3.3.2 Analysis of regression results

The regression results of the FEM (Table 7) show that the coordinated development of health resource allocation and economy in the five eastern provinces is significantly affected positively by the level of economic development, industrial structure, scientific and technological investment, and health human resources and health facility staffing. In terms of the specific degree of influence, the regression coefficient of per capita GDP is 0.247 8, with the greatest influence on the coordinated development of the systems in the five eastern provinces, which indicates that the level of economic development is the primary driving force for coordinated development and plays a supportive role in promoting coordinated development between health resource allocation and economic development. The regression coefficients of health human resources and health facility resource investment are 0.183 8 and 0.122 3, both of which have an important influence on the coordinated development of the systems. This influence is specifically explained by the fact that the inputs of health human resources and health material resources are transformed into factors promoting economic development, which have a simultaneous driving effect on the high-quality development of the economy and the progress of the health industry, which further promotes the system to achieve higher coordination. The regression coefficient of the relevant index of industrial structure is 0.072. This demonstrates that the rational optimization of industrial structure can generate the internal driving force for the coordinated development of health resource allocation and economy, and with the expansion of the proportion of the service industry in the economic structure, as a specific form of the service industry, medical and health services also have an important impact on the coordinated development of health resource allocation and economy. Scientific and technological investment, as the most promising driver of economic development, is increasingly integrated into health care services. The regression results show that the degree of influence of scientific and technological investment on the coordinated development of health resource allocation and economic development is 0.021.



TABLE 7 The regression results of FEM.
[image: Statistical table showing variables with corresponding coefficients, t values, and p values. Variables \( \text{Ln}x_1 \) through \( \text{Ln}x_6 \) have coefficients ranging from 0.021 to 0.247, t values from 0.55 to 7.07, and p values mostly below 0.05. The constant has a coefficient of \(-6.578\) with a t value of \(-7.96\) and a p value less than 0.001. Significance levels are denoted by asterisks.]





4 Discussion


4.1 Strengthening the spillover effect of the coordinated development of the eastern provinces and giving full play to the effect of radiation and demonstration

China’s allocation of health resources and economic development exhibit significant regional disparities (40). The coupling coordination relationship of the eastern provinces is better than that of the central and western provinces. In this regard, it is crucial to fully utilize the planning and guiding capabilities of policy tools. It is necessary to enhance the spatial spillover effect of the eastern provinces and form a situation in which the high-value areas of coupling coordination degree radiate and drive the development of the low-value areas. In terms of health resource allocation, it is imperative to break down local administrative barriers, strengthen central coordination and horizontal fiscal transfers, encourage resource linkages and sharing between eastern provinces and central and western provinces, actively promote pilot demonstration experiences, and give full play to the ability of eastern provinces to radiate across municipalities, provinces, and regions to push forward the process of equalization of healthcare (41, 42). In terms of economic development, on the one hand, it is necessary to strengthen the complementarity of production factors and industrial structure in the eastern, central, and western regions and to develop complementary regional economies to promote the vertical extension of the economy (43). On the other hand, due to differences in natural conditions, socioeconomic conditions, and economic policies, each region should develop regional economies of different types to promote horizontal integration of regional economies. The horizontal and vertical integration of the regional economy can achieve high-level coordination between the regional economy and the allocation of health resources (44).



4.2 Completing the shortcomings in the allocation of grassroots health resources and promoting the overall progress of provincial healthcare

The inefficient allocation of grassroots healthcare resources is an important factor that hinders the coordinated development of health resource allocation and the economy in eastern provinces (45, 46). There are some problems in the allocation of grassroots healthcare resources, such as redundancy, mismatch, and waste (47). In recent years, China’s medical reform policy has focused on building a grassroots healthcare service system, and the development of grassroots healthcare has good supporting conditions (48). To further optimize the allocation of health resources in provinces and promote higher-level coordination among systems, we put forward the following suggestions. First, we must make it clear that the development of grassroots healthcare has always been a weak link in the overall construction of the medical and health system (49). Second, at the grassroots level, the allocation of health resources should be based on the actual demand. Taking into account factors such as population, economy, and policies, adjusting the development scale according to local conditions, focusing on promoting the sinking of high-quality medical and health resources, strengthening the construction of a hierarchical diagnosis and treatment system, and improving the efficiency of health resource utilization are all effective measures (50, 51). Finally, the comprehensive evaluation system of grassroots healthcare resource allocation needs to be improved. The financing and distribution of health resources lack flexibility and standardization (52). Therefore, it is necessary to incorporate grassroots health resource allocation into “medical big data” for unified evaluation and standardized management. In addition, we need to strengthen information construction and digital management to fill the gaps in grassroots healthcare and to promote the overall progress of provincial healthcare.



4.3 Cultivating the kinetic energy of economic development and strengthening economic support capacity

The balance between supply and demand is the inherent requirement of high-quality development, and economic development originates from supply-push and demand-pull (53). From the perspective of supply and demand, the kinetic energy of economic development mainly includes consumption kinetic energy, investment kinetic energy, trade kinetic energy, institutional kinetic energy, structural kinetic energy, and factor kinetic energy (54). The current situation and driving factors of the coupling coordination relationship between health resource allocation and economic development have higher requirements for economic development momentum. In response, we provide the following suggestions to cultivate economic development momentum and strengthen economic support capacity. First, both the supply and demand sides should make efforts to adjust the regional macro economy to improve the system design of health resource allocation and economic development to inject institutional impetus into the optimal allocation of regional health resources and economic high-quality development (55). Second, we can guide and create new demand guided by structural adjustment and factor supply to promote the adjustment of industrial structure. By promoting resource flow to the health service industry, we will vigorously develop the health service industry to cultivate structural kinetic energy and factor kinetic energy to promote the coordinated development of the system (56). For example, exploring medical device product innovation can enrich factor supply. It is a two-way driver for achieving health resource allocation and economic development (57). Third, in terms of demand-driven economic development, China is making great efforts to build a long-term mechanism by capturing market demand to expand domestic demand and external demand to cultivate consumption, investment, and trade kinetic energy (58).




5 Conclusion

Based on the analysis above, we found that the allocation of health resources and the level of economic development in the eastern region of China had been improving year by year, and the system coupling coordination relationship had transitioned from low-level coordination to high-level coordination. We also concluded that health resource allocation and economic development are highly symbiotic, and industrial structure, investment in science and technology, and investment in health manpower and health material resources had significantly positive effects on the coordinated development of the system. Consequently, to achieve high-level coordination between health resource allocation and economic development in China, we propose to enhance the spillover effect of system coordination in the eastern provinces and fully compensate for the effect of radiation and demonstration to compensate for the shortcomings in the allocation of health resources at the grassroots level, boost the overall progress of provincial healthcare, cultivate the kinetic energy of economic development and strengthen the ability to support the economy.

Inevitably, our study has certain limitations. Firstly, in order to gain insight into high-quality development and high-level coordination in China, our study focused on the eastern provinces, which are characterized by a high level of economic development. As a result of this, our study failed to consider other regions and to make a comparison between the East and the Midwest. Secondly, the indicators included in our study were determined by reference to existing literature and expert recommendations, and the selection of indicators was limited by the database, which may have resulted in the omission of indicators. In future research, we will consider China’s systemic coordination and high-quality development from both national and international perspectives, and explore paths to enhance China’s systemic coordination and high-quality development through comparative analyses across regions and countries.
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Life expectancy provides insights into population health and the socio-economic development level of a country. However, there has been a significant gap in life expectancy between developed and underdeveloped countries, although these countries and international institutions have focused on reducing these inequalities. This article explores the long-term effects of social, educational, and health expenditures together with GDP per capita on indicators of life expectancy in the OECD states over the period of 2005–2021 through second-generation cointegration analysis. The results of the cointegration analysis demonstrate that public social and educational expenditures, health expenditures, and real GDP per capita have a positive effect on indicators of life expectancy in the OECD states over the long term, but the effect of real GDP per capita and health expenditures on indicators of life expectancy is relatively higher than effect of public social and educational expenditures on indicators of life expectancy. In conclusion, the effective use of governmental resources in terms of social, educational, and health expenditures can be beneficial in improving population health directly and indirectly through economic growth and development.
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1 Introduction

Life expectancy indicates the average lifespan of a society and increases in life expectancy generally reflect progress in living standards, medicine, education, and lifestyle (1). Therefore, life expectancy is generally accepted as one of the key indicators of a country’s socioeconomic development (2). On the other hand, healthy human capital is one of the main factors behind economic growth and development (3). In conclusion, every country tries to improve life expectancy by implementing economic, social, educational, and health policies that address the aforementioned implications for society.

All parts of the world have experienced improvements in life expectancy, and inter-country differences in life expectancy have also decreased during the period of 1990–2022. In this context, Chad (52.997 years), Lesotho (53.036 years), and Nigeria (53.633 years) had the lowest life expectancy at birth (LEB) in 2022, while Japan (84.82 years), Liechtenstein (84.656 years), and Switzerland (84.255 years) recorded the highest LEB in 2022 (4). The gap between the highest and the lowest LEB of the countries (Japan and South Sudan) in 1990 was 49.049 years, but this gap decreased to 31.823 years in 2022 between Japan and Chad (4). Although there has been a partial improvement in the life expectancy gap between countries, the gap remains significant. This underlines the importance of emphasizing the Sustainable Development Goals (SDGs) outlined in the 2030 Agenda for Sustainable Development (5). Aksan and Chakraborty (6) also noted a convergence in LEB, but a divergence in life expectancy at age 65 between 1960 and 2015 worldwide.

Researchers have also conducted a wide range of empirical studies on economic, social, and environmental factors behind inter-country differences in life expectancy. The factors listed in Table 1 have been identified as the major drivers of various life expectancy indicators. In this context, researchers have primarily focused on the impact of factors related to national and personal income, health expenditures, and infrastructure on life expectancy. However, the effects of other social, economic, environmental, and demographic factors, such as institutional quality, financial sector development, government effectiveness, poverty, income inequality, lifestyle, demographic indicators, the environment, information and communication technologies, unemployment and employment, education, population, urbanization, and political regimes on life expectancy have also been explored, albeit to a relatively lesser extent.



TABLE 1 Economic, institutional, social, and environmental drivers of life expectancy.
[image: Table listing drivers of life expectancy alongside corresponding empirical studies. Drivers include national income, income inequality, poverty, health expenditures, social expenditures, lifestyle, government effectiveness, food production, education, unemployment, inflation, population size, marital status, gender inequality, infant mortality rate, fertility rate, chronic respiratory diseases, environment, urbanization, political regime, information technology, financial development, and institutional quality. Each driver references multiple studies, such as Tarca et al., Lin et al., Ali and Ahmad, among others, with numbered citations.]

This research surveys the long-term effects of social, educational, and health expenditures together with real GDP per capita on indicators of life expectancy, as these variables have the ability to impact life expectancy through multiple channels. Social expenditures include cash benefits, delivery of goods and services, and tax reductions for low-income households, the unemployed, the disabled, the sick, the older adults, or young individuals (7). Therefore, social expenditures can positively impact life expectancy by increasing the disposable income or consumption levels of individuals (8). Furthermore, increases in household disposable income can also improve life expectancy through higher living standards, better education opportunities, improved medical care, healthier lifestyles, and reduced stress levels (8, 9).

Public education investments can also impact life expectancy by improving education, which enables individuals to attain better living standards, healthy lifestyles, and healthcare opportunities. This effect arises because individuals with higher education levels generally earn higher wages (10, 11). On the other hand, increases in health expenditures can positively affect the life expectancy through improvements in health infrastructure and care, healthy nutrition and immunization (12). Lastly, social, educational, and health expenditures can foster economic growth and development via increased productivity mainly resulting from improvements in human capital and, in turn, improve life expectancy through enhancements in income and health facilities (11–14).

A person with relatively higher income is expected to live longer due to easier access to healthy life style and appropriate healthcare. Preston (15) also suggested that the persons in higher-income countries generally have higher lifetime than persons in the lower-income countries. However, increases in income cause higher increases in lifetime at low GDP per capita values, but relatively lower increases in lifetime emerge at higher GDP per capita values (15). In conclusion, a positive association between real GDP per capita and indicators of life expectancy is anticipated.

This research investigates the long-term effects of social, educational, and health expenditures and real GDP per capita on indicators of life expectancy in OECD countries, because OECD includes countries with different economic, social, and institutional characteristics. This article intends to contribute to the associated empirical literature from three perspectives. First, the empirical studies have usually investigated the effect of various economic, social, and institutional factors on life expectancy at birth. Our article is also utilized healthy life expectancy at birth and 60 and life expectancy at 60 together with life expectancy at birth. Secondly, in the associated empirical literature, only Roffia et al. (8), van den Heuvel and Olaroiu (16), Reynolds and Avendano (9), Dutton et al. (17), Aydan et al. (18), Cardona et al. (19), and Aydan et al. (20) have been explored the effect of social expenditures on life expectancy in the short term. But this research investigates the long-term effects of social expenditures on indicators of life expectancy at birth and 60 differently from the empirical literature by means of second-generation cointegration test which enables us to determine whether the variables under consideration have a stable long-run relationship (21). Thirdly, this research examines the effect of public educational investment on indicators of life expectancy distinguishing it from the literature on the nexus between education indicators and population health. In the remainder of the article, the associated empirical literature is reviewed in Section 2, data, data sources, and econometric tests are explained in Section 3. Econometric tests and discussions about the empirical findings are presented in Section 4, while the conclusions and policy suggestions are outlined in Section 5.



2 Literature review

Life expectancy is one of the essential proxies for population health and socio-economic development. The gap in life expectancy at the global level has partially narrowed in recent years, but a significant gap between developed and underdeveloped countries persists (4). Therefore, economic, environmental, social, and health-related factors contributing to the heterogeneity in life expectancy among countries have been widely explored. In this research, the long-term effects of social, educational, and health expenditures on life expectancy in OECD states have been investigated because only a few academicians have empirically studied the short-term effects of these expenditures. Furthermore, the impacts of governmental social and educational expenditures on life expectancy are more discernible over the long term.

Empirical studies analyzing the interplay between social expenditures and life expectancy across various countries and panels have generally utilized the regression approach, revealing an increasing effect of both public and private social spending on life expectancy in compatible with the theoretical considerations (8, 9, 16–20).

Roffia et al. (8) investigated the effects of health-related indicators, as well as social, economic, and environmental factors, on life expectancy at birth in OECD countries between 1999 and 2018 using a regression approach. They identified a positive effect of social expenditures on life expectancy. On the other hand, van den Heuvel and Olaroiu (16) explored the effects of health-related indicators, education, and social protection expenditures on life expectancy in 31 European countries using a regression approach and found a positive effect of social protection expenditures on life expectancy.

Reynolds and Avendano (9) investigated the influence of socio-economic factors on life expectancy in 20 high-income countries from 1980 to 2010 using a regression approach and discovered a positive influence of incapacity benefits on life expectancy. Dutton et al. (17) analyzed the effect of provincial social expenditures on life expectancy in Canada from 1981 to 2011 using a regression approach and unveiled a positive influence of social spending on life expectancy.

Aydan et al. (18) explored the effect of health and social expenditures on life expectancy among OECD members from 2006 to 2017 using regression analysis and disclosed an increasing influence of social expenditures on life expectancy. Cardona et al. (19) investigated the nexus between spending on social services and life expectancy in the United States from 2005 to 2010 using structural equation modeling and revealed a positive effect of social expenditures on life expectancy. Lastly, Aydan et al. (20) analyzed the effect of social expenditures, economic freedom, and health expenditures on well-being proxied by better life index among OECD members from 2013 to 2017 using regression analysis and discovered a positive influence of social expenditures on well-being.

The interaction between educational indicators, including literacy rate, schooling years, and education index of United Nations Development Program, and life expectancy has been studied in relatively more research papers, as summarized in Table 2. These research papers typically utilized a panel-level regression approach and uncovered a positive influence of various education indicators on life expectancy (11, 22–34). However, Hazan (35) suggested that the influence of education on life expectancy can vary based on the proxies of life expectancy used. Bilas et al. (36) disclosed a decreasing influence of education on life expectancy in European countries. Last, Craigwell et al. (37) unveiled an insignificant effect of public education spendings on primary and secondary school enrolments. This article investigates the effect of public education investments, proxied by public educational expenditures, on life expectancy, differing from most of the studies presented in Table 2.



TABLE 2 Literature summary on the interplay between life expectancy and education proxies.
[image: A table summarizing research articles with columns for Research Article, Sample; Duration, Methods, and Results. Studies cover various countries and time periods, using methods like regression and co-integration. Most results are positive, with exceptions noted.]

The relationship between health expenditures and life expectancy have been widely investigated and the empirical studies in Table 3 have unveiled a positive effect of health expenditures on life expectancy. However, van den Heuvel and Olaroiu (16) found that healthcare expenditures are not one of the main drivers of life expectancy. Last, Tarcă et al. (2), Lin et al. (38), Ali and Ahmad (39), Monsef and Mehrjardi (40), OECD (41), Aydin (42), Păunică et al. (43), Wirayuda and Chan (44), Aanegola et al. (45), Karma (46), Anwar et al. (47), Roffia et al. (8) also suggested the income as one of the main drivers of life expectancy.



TABLE 3 Literature summary on the interplay between life expectancy and health expenditures.
[image: Table listing research articles with details on sample, duration, methods, and results. Studies cover various countries and periods, employing methods like regression and cointegration analysis. Most results are positive, with one highlighting an insignificant relationship between health expenditures and life expectancy.]

Based on the explored literature, the research hypotheses of our research article are established as follows:


HP1: Public social expenditures have a positive effect on indicators of life expectancy in the long-term.
HP2: Public education expenditures have a positive effect on indicators of life expectancy in the long-term.
HP3: Health expenditures have a positive effect on indicators of life expectancy in the long-term.
HP4: Real GDP per capita has a positive effect on indicators of life expectancy in the long-term.





3 Data and methods

The article examines the long-term effects of social, educational, and health expenditures together with real GDP per capita on indicators of life expectancy using the Westerlund and Edgerton (48) bootstrap cointegration test. The variables considered in the econometric applications are listed in Table 4. Population health is proxied by healthy life expectancy at birth and 60, life expectancy at birth and 60 and these variables are sourced from World Health Organization (49, 50). Public social and educational expenditures are represented by total public social expenditures and government expenditure on education as a percentage of GDP, respectively. Public social expenditures are sourced from the OECD (51), and government education expenditures are obtained from the World Bank (36). Health expenditures are proxied by current health expenditure as a percent of GDP and income is represented by GDP per capita based on constant 2015 US$. Both variables are, respectively, provided from World Bank (52, 53). The variables of social, educational, and health expenditures are available as a percent of GDP in databases of OECD and World Bank. This form of data enables us to compare the variables among countries and/or over time in connection with the overall size of the economy (36).



TABLE 4 Description of variables.
[image: Table showing variable proxies, data identification, and data sources. Proxies include HLEB, HLE60, LEB, LE60, SOCEX, EDEX, HEX, INCOME. Data identification covers health and expenditure metrics. Sources include WHO, OECD, and World Bank.]

The sample of the research includes 32 OECD members (Austria, Belgium, Canada, Chile, Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Latvia, Lithuania, Luxembourg, Netherlands, Norway, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden, Switzerland, the United Kingdom, and the United States), selected due to the availability of public social and educational expenditures. The dataset spans from 2005 to 2021, as government expenditure on education is available starting in 2005 for most OECD states and continues until 2021.

The econometric analyses are conducted using statistical packages Gauss 12.0, EViews 10.0, and Stata 17.0. According to the summary indicators in Table 5, the average of healthy life expectancy and life expectancy at birth are, respectively, 68.970 years and 78.863 years while the average of healthy life expectancy and life expectancy at 60 are 17.441 years and 22.491 years. On the other hand, the average values of total public social and educational expenditures and health expenditures as a percentage of GDP are 21.106 and 5.185%, and 8.654% of GDP, respectively. Lastly, the average of real GDP per capita is USD 37033.040 While real GDP per capita and public social expenditures show a remarkable variation among OECD states, indicators of life expectancy, public educational expenditures, and health expenditures have been relatively more stable during the period from 2005 to 2021.



TABLE 5 Summary indicators of the variables.
[image: Table displaying statistical characteristics such as mean, median, maximum, minimum, standard deviation, skewness, and kurtosis for various columns: HLEB, HLE60, LEB, LE60, SOCEX, EDEX, HEX, and INCOME. Values are numerical and range across different scales for each characteristic.]

The correlation matxrix among the explanatory variables is displayed in Table 6. The correlation matrix shows us that a positive correlation among social expenditures, educational expenditures, health expenditures, and income proxied by real GDP per capita. Furthermore, relatively low correlation coefficients demonstrate the non-existence of multicollinearity problem.



TABLE 6 Correlation matrix.
[image: Correlation matrix table showing relationships between SOCEX, EDEX, HEX, and INCOME. SOCEX correlates with EDEX at 0.330, HEX at 0.313, and INCOME at 0.155. EDEX correlates with HEX at 0.308 and INCOME at 0.286. HEX correlates with INCOME at 0.271. All correlations marked with ** are significant at 5%.]

The effect of total public social and educational expenditures, health expenditures, and income on healthy life expectancy at birth and 60 and life expectancy at birth and 60 among OECD members is investigated using four models presented in Equations 1–4. The dependent variables are healthy life expectancy at birth (HLEB), healthy life expectancy at 60 (HLE60), life expectancy at birth (LEB) and life expectancy at 60 (LE60). On the other hand, the independent variables are public social expenditures (SOCEX), government expenditure on education (EDEX), health expenditures (HEXP), and real GDP per capita (INCOME).

[image: Equation representing a model: HLEB_it = α_i + β1SOCEX_it + β2EDEX_it + β3HEX_it + β4INCOME_it + ε_it, labeled as equation (1).]

[image: Equation labeled (2) showing a regression model: HLE60 subscript it equals alpha subscript i plus beta subscript 1 times SOCEX subscript it plus beta subscript 2 times EDEX subscript it plus beta subscript 3 times HEX subscript it plus beta subscript 4 times INCOME subscript it plus epsilon subscript it.]

[image: Equation representing a model where life expectancy (LEB) is determined by a constant (α), social expenditures (SOCEX), education expenditures (EDEX), health expenditures (HEX), and income (INCOME), with a random error term (ε).]

[image: Mathematical equation representing a linear regression model: \( LE60_{it} = \alpha_i + \beta_1 SOCEX_{it} + \beta_2 EDEX_{it} + \beta_3 HEX_{it} + \beta_4 INCOME_{it} + \varepsilon_{it} \). Equation number four.]

where i and t demonstrate the OECD members and years, respectively.

In the econometric application of this article, cross-sectional dependency (CD) tests and homogeneity tests are initially performed to select appropriate cointegration and unit root tests. In this context, the stationarity of the series under consideration is analyzed using the Pesaran (54) CIPS test due to CD among the variables described in four models.

Subsequently, the cointegration relationship among the variables is examined using Westerlund and Edgerton’s (48) LM cointegration test to see the long-term relationship among social, educational, and health expenditures, real GDP per capita, and indicators of life expectancy. This test produces robust long-term coefficients in case of CD through bootstrapping (48) unlike the traditional cointegration tests. Otherwise, asymptotic approach is used. Furthermore, Westerlund and Edgerton’s (48) LM cointegration test allows for dependence both between and within the cross-sections in the cointegration equation. Last, the test is is proven to be efficient in small datasets (48). In conclusion, Westerlund and Edgerton’s (48) LM cointegration test is selected considering the presence of CD and our dataset size. The test is derived from Equations 5–7.

[image: Mathematical equation labeled as equation five: y sub it equals alpha sub i plus x sub it beta sub it plus Z sub it.]

[image: Mathematical equation showing \( Z_{it} = \mu_{it} + V_{it} = \sum_{J=1}^{t} Q_{ij} \) labeled as equation six.]

i and t demonstrate the OECD countries and the years of the panel. [image: Italicized uppercase letter "Z" followed by the subscript letters "i" and "t".] is the disturbance term. LM statistic of the cointegration test is figured out as following:

[image: Statistical formula labeled as equation seven. The formula is LM subscript N plus equals one over NT squared, times the double summation from i equals one to N and t equals one to T of w hat subscript i squared inverse times s subscript i t squared.]

In Equation 7, [image: Mathematical expression showing "s" with a subscript "it" and a superscript "2".] is partial total of [image: Mathematical symbol \( Z_{it} \) in italic font, often used to represent a variable or function with subscript indices \( i \) and \( t \).] and [image: Mathematical notation showing the variable \( \hat{w}_i^{-2} \), which represents the inverse square of the estimated weight \( w_i \).] is long-term variance of [image: Greek letter mu with subscript "it".]. Both are derived from a cointegration model using fully modified ordinary least squares. The null hypothesis proposes the presence of a cointegration relationship among the variables under consideration. Asymptotic and bootstrap critical values are generated from normal distributions and bootstrapping, respectively, to test the hypotheses. Bootstrap p values are used if CD exists among the variables; otherwise, asymptotic p values are applied.

Finally, the AMG (Augmented Mean Group) estimator, introduced by Eberhardt and Bond (55), is employed to estimate the panel and cross-sections’ cointegration coefficients. This estimator accounts for CD and heterogeneity and provides coefficients for both the panel and individual OECD countries. The estimation by the AMG is implemented at two stages. At the first stage, model is estimated through the first differences of the variables as in Equation 8 because non-stationary variables and unobservable factors produce biased results in the regression with the level values of the variables. Thus, time dummy variables of [image: Mathematical notation showing the symbol "mu" with a caret and an asterisk above it, followed by the subscript "t".] are obtained (55).

[image: Equation showing \(\Delta y_{it} = b' \Delta X_{it} + \sum_{t=2}^{T} c_{t} \Delta D_{t} + e_{it}\), representing a statistical model with changes in variables and error term.]

[image: Equation with a rightward arrow pointing to \( \hat{c}_\ell \equiv \hat{\mu}_\ell^* \), labeled as equation 8.]

At the second stage, the model in Equation 9 is estimated. The time dummy variable is included in the regression of each cross-section. AMG estimations are calculated as the average of each cross-section coefficient (55).

[image: Equation displaying \( y_{it} = \alpha_i + b_i' x_{it} + c_i t + d_i \hat{\mu}_t^* + e_{it} \).]

[image: Equation displaying \( \hat{b}_{AMG} = N^{-1} \sum_{i} \hat{b}_i \) with equation number (9) on the right.]



4 Results and discussion

In the application section of our research paper, cross-sectional dependency (CD) and heterogeneity are initially examined using CD and delta tilde tests, respectively. The CD among the series is analyzed using LM, LM CD, and LMadj. tests, and the results of these tests are presented in Table 7. The null hypothesis favoring CD independence is rejected because the p-values of the LM, LM CD, and LMadj. tests are below 5%. Consequently, the CD among the variables is confirmed.



TABLE 7 Results of LM, LM CD, and LMadj. tests.
[image: Table displaying CD test statistics for four models. For LM: Model-1 is 974.8, Model-2 is 983, Model-3 is 938.9, Model-4 is 1024. For LM CD: Model-1 is 21.34, Model-2 is 21.39, Model-3 is 15.41, Model-4 is 19.56. For LM adj.: Model-1 is 21.01, Model-2 is 21.48, Model-3 is 18.96, Model-4 is 23.78. All values are significant at 1%.]

The presence of heterogeneity is also explored using delta tilde tests, and the findings are presented in Table 8. The null hypothesis of homogeneity for both delta and adjusted delta tests is rejected, confirming the presence of heterogeneity. Based on the results of the CD and heterogeneity tests, it is recommended that tests of cointegration and unit roots that consider CD and heterogeneity are preferred due to their relatively more robust outcomes.



TABLE 8 Consequences of delta tilde tests.
[image: Table of homogeneity test statistics showing results for four models. Model-1: 14.414 (Δ), 17.920 (Δadj). Model-2: 14.354 (Δ), 17.844 (Δadj). Model-3: 13.304 (Δ), 16.539 (Δadj). Model-4: 15.140 (Δ), 18.822 (Δadj). All results are significant at 1%.]

The presence of unit roots in the series employed in the cointegration analysis is examined using the panel CIPS test, due to the presence of cross-sectional dependency. The CIPS test statistics are presented in Table 9. The results of the unit root tests reveal that the series include unit roots at level values. However, the first differences of the variables do not exhibit unit roots and become stationary.



TABLE 9 Consequences of CIPS test.
[image: Table displaying variables HLEB, HLE60, LEB, LE60, SOCEX, EDEX, HEX, and INCOME under categories "Level" and "1. Level" with columns for "Constant" and "Constant + Trend". Values are listed with significance indicated by asterisks: single for significant at five percent and double for one percent.]

The cointegration relationship among indicators of life expectancy, social and educational spending, health expenditures and real GDP per capita is investigated using the Westerlund and Edgerton (48) LM cointegration test. The LM test statistics, along with bootstrap and asymptotic p-values, are presented in Table 10. Due to the bootstrap p-values and the presence of cross-sectional dependency, the null hypothesis, which posits the existence of a long-term relationship among the indicators of life expectancy, social, educational, and health expenditures, and real GDP per capita, is accepted.



TABLE 10 Consequences of Westerlund and Edgerton Cointegration test.
[image: Table listing statistical results for four models under two conditions: Constant, and Constant and trend. Columns include LM Statistic, Asymptotic p value, and Bootstrap p value. Values vary across models.]

The AMG estimator is used to estimate the long-term cointegration coefficients at both panel and cross-sectional levels, and these coefficients are presented in Tables 11, 12. Table 11 demonstrates that social expenditures positively impact healthy life expectancy at birth and 60 in nearly all OECD countries except Estonia, Latvia, Lithuania, and Slovakia, but educational and health expenditures and real GDP per capita positively affect healthy life expectancy at birth and 60 in all OECD members. Impact of income proxied by real GDP per capita and health expenditures on healthy life expectancy at birth and 60 is found to be relatively much higher than impact of public social and educational expenditures on healthy life expectancy at birth and 60. Furthermore, the long-term coefficients indicate that impact of all variables on healthy life expectancy at birth are generally higher than the impact of all variables on healthy life expectancy at 60.



TABLE 11 Long-term coefficients (Model 1 and 2).
[image: Table listing coefficients for OECD countries across different models. Model 1 includes columns for SOCEX, EDEX, HEX, and INCOME, while Model 2 includes SOCEX, EDEX, HEX, and INCOME. Values are in decimals, with asterisks indicating significance at 5%. Countries range from Austria to the United States.]



TABLE 12 Long-term coefficients (Model 3 and 4).
[image: Table displaying coefficients from Model 3 and Model 4 for various OECD countries, with columns for SOEX, EDEX, HEX, and INCOME. Asterisks indicate significance: one asterisk for ten percent, two for five percent, and three for one percent significance levels.]

Table 12 presents that social expenditures positively impact life expectancy at birth and 60 in nearly all OECD countries except Estonia, Lithuania, and Slovakia, but educational and health expenditures and real GDP per capita positively affect life expectancy at birth and 60 in all OECD members. Similarly, effect of income and health expenditures are relatively greater than impact of public social and educational expenditures. Furthermore, the long-term coefficients indicate impact of all variables on life expectancy at birth are generally higher than the impact of all variables on life expectancy at 60.

Social expenditures, including cash benefits, tax reductions, and the delivery of goods and services, can positively affect indicators of life expectancy in various ways. Firstly, cash benefits and tax reductions can increase the disposable income of individuals. This increase in personal income can support improvements in life expectancy through higher living standards, better education opportunities, improved medical care, healthier lifestyles, and reduced stress levels. Furthermore, the provision of goods and services can also contribute to life expectancy through enhanced nourishment and lifestyles. Therefore, the positive effect of public social expenditures on life expectancy across all OECD members aligns with associated theoretical views. Additionally, the results of studies by Roffia et al. (8), Dutton et al. (17), Aydan et al. (18), Cardona et al. (19), and Aydan et al. (20) on the influence of social expenditures on life expectancy in OECD countries have support our findings. Our findings also indicate that social expenditures affect not only life expectancy at birth but also healthy life expectancy at birth and 60 and life expectancy at 60 unlike these empirical studies. Furthermore, the effect of social expenditures on healthy life expectancy at birth and life expectancy at birth is usually a little higher than effect of social expenditures on healthy life expectancy at 60 and life expectancy at 60.

Education is one of the most substantial drivers of human capital, which is a key input to economic growth and development. Therefore, education can impact life expectancy through higher living standards and better health facilities. Furthermore, individuals with higher levels of education generally have greater awareness of healthy lifestyles, earn higher wages, and have better access to healthcare facilities. In conclusion, education can enhance life expectancy through these channels. This research investigates the effect of public education expenditures on life expectancy. Public education expenditures can increase life expectancy if they improve educational attainment (37). Our findings demonstrate that public educational investments enhance education and, in turn, life expectancy. However, Craigwell et al. (37) found an insignificant effect of public education spending on education. The existing empirical literature has also revealed a positive effect of various educational indicators on life expectancy (11, 22–33), and our findings largely align with the related literature and also indicate that education fosters healthy life expectancy at birth and 60 and life expectancy at 60 differently from the results of these empirical studies.

Income and health expenditures have been revealed to be the main drivers of life expectancy because health expenditures can positively affect life expectancy through improvements in health care and income can affect life expectancy through easier access to healthy life style and appropriate healthcare. Our results also reveal that income and health expenditures have relatively more effective on indicators of life expectancy. Similarly, Tarcă et al. (2), Lin et al. (38), Ali and Ahmad (39), Monsef and Mehrjardi (40), OECD (41), Aydin (42), Păunică et al. (43), Wirayuda and Chan (44), Aanegola et al. (45), Karma (46), Anwar et al. (47), Roffia et al. (8) also discovered a positive influence of income on life expectancy. On the other hand, Tarcă et al. (2), OECD (41), Aydin (42), Wirayuda and Chan (44), Aanegola et al. (45), Anwar et al. (47), Roffia et al. (8), Ahmad et al. (56), Sango-Coker and Bein (57), Gedikli et al. (58), and Khan et al. (59) also found that health expenditures fostered the life expectancy. Our study also indicates that both income and health expenditures also fostered the healthy life expectancy at birth and 60 and life expectancy at 60 unlike these empirical studies.



5 Conclusion, limitations, and policy recommendations

Life expectancy is one of the key indicators of a population’s health, living standards, and lifestyle. Therefore, one of the ultimate goals is to improve life expectancy in good health. In this regard, a remarkable improvement in life expectancy has been achieved globally, and the gap in life expectancy levels between countries has also partially decreased. However, a significant difference in life expectancy persists between developed and underdeveloped countries. These inequalities in life expectancy have motivated researchers to explore the economic, social, institutional, and environmental factors driving these disparities. This article investigates the long-term effect of public social and educational expenditures, health expenditures, and real GDP per capita on life expectancy in OECD member countries using a second-generation cointegration test.

The study includes the following limitations: First, availability of social and educational expenditures data limits our ability to perform econometric analyses for the 2005–2021 period and 32 OECD countries. Secondly, the main focus of the research is to examine the long-term effect of social, educational, and health expenditures together with real GDP per capita on indicators of life expectancy. Therefore, it disregards the delayed effects of the explanatory variables.

The results of the cointegration test show that public social and educational expenditures, health expenditures, and real GDP per capita have a positive long-term effect on indicators of life expectancy in OECD members, but real GDP per capita and health expenditures income are found to be more effective on indicators of life expectancy than that of public social and educational expenditures. Furthermore, the long-term coefficients also indicate that impact of all variables on healthy life expectancy at birth and life expectancy at birth are generally higher than the impact of all variables on healthy life expectancy at 60 and life expectancy at 60. Our results are largely consistent with associated theoretical views and empirical literature, but they also indicate that public social and educational expenditures, health expenditures, and real GDP per capita impact not only life expectancy but also healthy life expectancy.

Based on our empirical findings, social, educational, and health expenditures, and real GDP per capita are significant drivers of life expectancy and healthy life expectancy. Therefore, efficiently utilization of public social and educational expenditures and health expenditures can be used to improve life expectancy. Furthermore, improvements in social, educational, and health expenditures can also foster life expectancy through economic growth and development. Future studies could explore the decomposition of social, educational, and health expenditures’ effects on indicators of life expectancy.
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Background: With the increasing global focus on health and the growing popularity of natural therapies, Traditional Chinese Medicine (TCM) products, including extracts, crude drugs, and herbal preparations, are widely utilized as both primary and complementary medicines worldwide. The Regional Comprehensive Economic Partnership (RCEP), spanning 15 countries across East Asia, Southeast Asia, and Oceania, offers a vast market for TCM. However, limited research has been conducted on the complex trade relations among RCEP members.
Methods: The structural features and nodes attributes are analyzed using Social Network Analysis (SNA). Influencing factors are studied through the Quadratic Assignment Procedure (QAP) model. We also compiled a list of medicinal plants among RCEP member countries and the main TCM export products.
Results: The scale of TCM trade among RCEP members has fluctuated over time, with a temporary spike during the COVID-19 pandemic, followed by a gradual normalization. The trade network does not exhibit small-world properties, indicating a relatively balanced trade relationship. Due to its resource advantages, China occupies a central role acting as a dominant producer and leading exporter. Vietnam’s export performance has been excellent in recent years, with the highest annual growth rate. Emerging markets, such as Myanmar, warrant closer attention. Economic size and population significantly positively affect trade value, while geographic distance and land adjacency have no significant impact. Trade activity is positively influenced by cultural and linguistic similarities, and countries with higher levels of economic freedom tend to engage in more trade. Tonifying TCM products with antioxidant and immune-boosting properties are more widely recognized in international markets.
Conclusion: RCEP has established an excellent trade platform for the export of TCM. The factors influencing TCM trade are predominantly long-term and structural, rather than being driven by the occurrence of any single, isolated event. Member states should strengthen collaboration in standardization, technology coordination, and knowledge sharing to establish a mutually beneficial trade ecosystem for TCM.
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1 Introduction

Traditional Chinese medicine (TCM) is not only an effective solution for primary health care, but also a great resource for drug innovation and discovery. TCM encompass a wide range of natural substances such as plants, animals, minerals, and their processed forms. TCM products include extracts, crude drug, herbal pieces, TCM preparations, health foods, and cosmetics (1). The efficacy of TCM has been observed in preventing and treating various ailments such as autoimmune disorders (2, 3), cardiovascular diseases (4) and cancers (5). The history of TCM trade dates back thousands of years. From the 2nd century BCE to the 14th century CE, China disseminated numerous medicinal herbs along the Silk Road to Central Asia, West Asia, Europe, and other regions. Tea, ginseng, ephedra, and goji berries became significant commodities along the Silk Road. Through this route, East Asian TCM culture began to interact and exchange with Western medical knowledge. From the 7th to the 13th century, during the Tang and Song dynasties, TCM spread to Japan, Korea, and Southeast Asia, where it had a profound impact on local medical practices. Between the 14th and 19th centuries, during the Ming and Qing dynasties, China expanded its trade of medicinal herbs such as ginseng, astragalus, and salvia through maritime routes, exporting them to Asia, the Americas, and Europe. Today, TCM has become a significant alternative or complementary treatment to Western medicine, with increasing international recognition and application. The recognition of Tu Youyou’s work and her Nobel Prize win in 2015 brought significant attention to the rich pharmacological effects of TCM on the global stage. Tu Youyou discovered artemisinin, derived from the plant Artemisia annua, which revolutionized malaria treatment (6). Artemisinin’s discovery highlighted the potential of TCM in modern medicine and fueled growing global interest in complementary and alternative medicine. While its primary use is in China, TCM also widely used in East Asia (e.g., Japan, Korea) and Southeast Asia (e.g., Vietnam, Thailand). Some European countries, such as Germany, France, and the United Kingdom, have incorporated aspects of Chinese medicine into their healthcare systems (7, 8). In Germany, for example, Chinese medicine practices such as acupuncture and herbal medicine are recognized and practiced alongside conventional medicine (9).

China boasts nearly 13,000 varieties of wild medicinal resources, with 163 new species discovered during the 4th National Survey of TCM resources (10). As a unique health and economic resource in China, TCM holds significant importance for the nation’s overall economic and social development and has received considerable attention from the government (11). In October 2016, the State Council issued the “Healthy China 2030” Plan, which comprehensively integrated TCM into the national health strategy. Subsequently, in February 2021, the State Council released a notice outlining several policy measures aimed at accelerating the trade of TCM. These measures include drafting the “14th Five-Year Plan” for TCM under the “Belt and Road” initiative and promoting the “Internet plus TCM trade” (12, 13). According to China Customs statistics, in 2023, the import and export value of pharmaceutical products in China reached 195.36 billion US dollars, representing 23% of the global pharmaceutical trade market. However, the TCM sector accounted for only 4% of China’s total pharmaceutical trade value, reflecting a year-on-year decline of 1.9%. Coincidentally, from January to May 2024, the trade value of TCM reached 3.461 billion US dollars, accounting for 4.3% of China’s total pharmaceutical trade value, representing a year-on-year decline of 3.65%. Although the Chinese government attaches great importance to and vigorously promotes the TCM trade, it has not achieved the desired effect in the actual trade performance.

The COVID-19 pandemic has introduced significant fluctuations in demand for medical supplies and medicine. Initial surges in demand were followed by subsequent declines, resulting in an overall impact on market stability (14, 15). The complex and volatile international political and economic landscape has further complicated matters. Developing a more open regional trade framework has become a key focus for many countries. The Regional Comprehensive Economic Partnership (RCEP) is a significant regional trade agreement led by Association of Southeast Asian Nations (ASEAN), characterized by a relatively high level of openness. First proposed at the East Asia Summit in November 2011, RCEP saw significant progress on November 15, 2020, when the ten ASEAN countries, along with China, Japan, New Zealand, South Korea, and Australia, signed the agreement. On January 1, 2022, RCEP came into effect, marking the development of the most free and open trade agreement to date (16). As a free trade agreement encompassing around 3.5 billion people and one-third of the global GDP, RCEP aims to establish a unified market across 15 countries (Indonesia, Malaysia, Philippines, Singapore, Thailand, Brunei, Vietnam, Laos, Myanmar, Cambodia, China, Japan, New Zealand, South Korea, and Australia) by reducing tariffs and non-tariff barriers. Some scholars posit that the signing of RCEP will foster a frequent regional trade. For example, since 2019, Vietnam’s TCM exports to China have shown consistent high growth. The export value has surged from millions to tens of millions of dollars, reaching $35.93 million in 2023. The main exported varieties include Areca nut, Sterculia lychnophora (Malva nut), Poria, and Cinnamon (17). Current trade data indicates that RCEP has contributed to promoting the TCM trade for some specific countries.

However, a comprehensive understanding of the scale, network characteristics, and determinants of TCM trade among RCEP members remains limited. Our research aims to answer the following questions: What is the scale and characteristics of TCM trade among RCEP member countries? Which countries play a pivotal role, and what factors enable them to influence trade? What are the main TCM export products with high recognition in international markets? The remainder of this paper is organized as follows: Section 2 elaborates the theoretical basis. Section 3 introduces the method and data sources. Section 4 focuses on empirical analysis and provides a reasonable explanation of the results. Section 5, 6 concludes discussion and conclusion, respectively.



2 Theoretical basis

The trade of TCM among RCEP member states are intricate and intertwined, forming a complex trade system. The characteristics and influencing factors of TCM trade networks among RCEP participating countries remain under-explored. Social Network Analysis (SNA) offers a robust framework for dissecting these complex trade relationships by constructing trade networks, extracting core subnets based on trade weights, and analyzing the structure and attributes of the interconnected nodes. Based on the literature review, Serrano and Boguná first applied SNA to international trade relations, and identified typical characteristics including scale-free distribution, small-world characteristics and high clustering coefficients (18, 19). Newman and Park discovered the topological characteristics of trade network, such as network density, clustering coefficients, and average path length (20). A further investigation carried by Fagiolo revealed a core-periphery structure that helps in determining the status of participating countries in trade networks (21).

The classical gravity mode have used to explore the factors affecting trade cooperation in previous studies. Hasson and Tinbergen were the first to apply the gravity model to international trade research (22). Subsequently, factor endowments (23), economic size (24), common borders (25) and regional trade agreements (26) have been incorporated into the gravity model. However, these studies only partially explain the influencing factors, and do not consider the interrelationships between these factors. Standard statistical procedures are inadequate for parameter estimation and statistical tests, due to the risk of calculating incorrect standard deviations. To address this issue, scholars employ randomized detection methods to test, and quadratic assignment procedure (QAP) is one such approach. QAP compares the similarity of each element in the two matrices, calculates the correlation coefficient between the matrices, and conducts non-parametric test on the coefficient (27, 28). QAP mitigates problems related to multi-collinearity and structural autocorrelation.

Spatial proximity, includes geographic distance and shared border, are considered the primary determinants affecting trade. The geographic proximity between economic entities significantly influences the formation of trade linkages by reducing transaction costs. Studies conducted by Anderson and Wincoop have demonstrated that closer physical distance often facilitates more efficient exchanges, thereby strengthening economic ties (29). Additionally, a shared land border is considered as a crucial factor in measuring trade cost, often serving as a proxy variable for geographical distance. The second factor is linguistic differences. Language can directly impact the way and cost of communication in international trade. Unimpeded communication facilitate a reduction in information acquisition costs and cognitive blind spots on both sides, leading to improved credit enhancement and increased international trade (30). The third factor is economy and population scale. Countries with larger economies and populations exhibit greater market demand and possess stronger production and export capacities, which in turn influence the flow and scale of trade (31). The fourth factor is Fixed Trade Costs (FTC). FTC refer to the non-variable expenses incurred by firms when entering and maintaining participation in international trade, regardless of the trade volume. These costs encompass expenses related to regulatory compliance, establishing distribution networks, and overcoming market entry barriers. Market access and regulatory systems vary across countries, influenced by distinct economic structures, non-tariff barriers, and levels of government intervention (32). Generally, countries with higher levels of economic freedom are associated with lower FTC.

Based on the above analysis, we propose the following hypotheses on the factors influencing TCM trade among RCEP members:


Hypothesis 1 (H1). Countries that are geographically closer or with shared boundaries are more likely to trade with each other.
Hypothesis 2 (H2). Countries with same language are more likely to trade with each other.
Hypothesis 3 (H3). Countries with large economies and population scale have greater demand for TCM.
Hypothesis 4 (H4). Countries with high economic freedom index are more likely to establish trade relations.



Over the past decade, researches combined SNA with QAP have accumulated substantial research experiences and cases, such as crude oil (33, 34), fossil energy (35, 36), electricity (37), etc. However, there is no relevant application of TCM trade. This paper aims to use SNA to establish TCM trade networks among RCEP members and study the network structures and node attributes. We also adopt QAP to explore the determinants of TCM trade networks among RCEP members.



3 Materials and methods


3.1 Research methodology


3.1.1 Network construction

In this study, we utilize UCINET 6.504 software to construct a weighted network of TCM trade among RCEP members. Each node represents a country, the edge Eij denotes the trade relation between country i and j. If there is no trade relationship between country i and j, then Eij = 0, otherwise, Eij = 1.The trade value from country i to j denoted as Wij (38). Considering the asymmetries in the trade data, we adopt the maximum value as the weight of the edge between country i and j.



3.1.2 Statistic indicators

To characterize the structural properties of the network, this paper sets up two levels of indicators. The first tier outlines the overall structural features. Network density (D) quantifies the extent to which nodes are interconnected, with higher density signifying a greater intensity of commercial activity. Average path length (L) represents the mean number of intermediary nodes traversed within the network when moving from one node to another. It is a critical metric for evaluating the efficiency of information or resource flow within a network, reflecting the overall connectivity and potential bottlenecks in the system. The clustering coefficient (C) reflects the extent to which a node’s connections are tightly knit with its neighboring nodes. If the network has a shorter L and a larger C, the network exhibits small world property, indicating efficient connectivity with localized clusters (39). The second tier of indicators describes the structural attributes of individual nodes, focusing on node degree and betweenness centrality. Node degree (K) refers to the number of direct connections a specific node has within the network. In a directed network, this can be further categorized into out-degree and in-degree. The node degrees for 2013, 2018, and 2023 were ranked from smallest to largest in this study. Betweenness centrality (BC) measures the likelihood that the shortest paths between nodes pass through a particular node, reflecting its control capability within the network (Table 1).



TABLE 1 Indicators of the network structure.
[image: A table with three columns: Indicators, Equation, and Description. Indicators include Density, Average Path Length, Clustering Coefficient, Node-Degree, and Betweenness Centrality. Equations are provided for each indicator, explaining mathematical relationships. Descriptions clarify variables such as the number of edges, total nodes, minimum path length, connections among neighbors, and shortcuts between paths.]



3.1.3 Core-peripheral analysis

Core-peripheral analysis is used to study the contribution and status of participating countries in the networks. This approach facilitates to identify closely connected centers as well as scattered peripheries. Core regions typically consist of member countries with high trade activity and strong interconnections, whereas peripheral regions are characterized by fewer and more scattered trade linkages. The algorithm for core-peripheral analysis was first proposed by Borgatti and Everett and can be categorized into discrete and continuous model (40, 41). In this study, we adopt a continuous core-peripheral model by calculating the cores of each node. The specific calculation formula is as follows:

[image: Mathematical equation showing: ρ equals the sum over indices i and j of a sub ij times δ sub ij, where δ sub ij equals c sub i times c sub j.]

In calculation formula, Ci and Cj represent the cores of nodes i and j, respectively. δij represents the element of the pattern matrix δ corresponding to the ideal core-edge model, while aij represents the element of the actual adjacency weight relation matrix. The correlation index ρ measures the correlation between the pattern matrix and the actual adjacency matrix. When ρ reaches the maximum value, δ represents the edge-core structure matrix that closely approximates the actual situation and corresponds to the nearest quasi-ideal model (42).



3.1.4 QAP analysis and factor selection

QAP analysis is a randomized detection method that consists of correlation analysis and regression analysis. The correlation analysis examines the relationship between each influencing factor and the trade network, while the regression analysis investigates the statistical significance and magnitude of the influencing factors (43). The QAP algorithm proceeds in three steps. Firstly, it calculates the Pearson correlation coefficient between corresponding cells of the two data matrices. Secondly, it randomly permutes rows and columns of one matrix and recalculates the correlation and other measures. Lastly, step 2 is repeated thousands of times to determine the proportion of times that the randomly generated measure is equal to or greater than the observed measure calculated in step 1.

Based on the QAP model, this paper selects four primary variables to analyze the factors influencing the export flow of TCM products among RCEP members. The model constructed in this study is as follows:

[image: Equation representing a function T, determined by variables: Diff_distance, Binary_border, Binary_language, Diff_GDP, Diff_population, and Diff_economic freedom index.]

where the dependent variable T represents the matrix of TCM trade network, Diff_distance, Diff_GDP, Diff_population and Diff_economic freedom index are matrices that represent the absolute differences in the corresponding indexes. These four variables are standardized by the columns of the matrix. Binary_border and Binary_language are binary matrices. If two countries are the same, the value takes 1, otherwise it takes 0.




3.2 Data resource

The TCM trade data of RCEP members were extracted from the UN-Comtrade database spanning from 2013 to 2023. The specific trade data is identified by the HS code. HS121190, which representing plants and parts of plants, used primarily in pharmacy, fresh or dried, whether or not cut, crushed or powdered. HS1302.19, which typically referring to plant extracts not specified for a particular use, including but not limited to natural gums, resins, and other plant extracts. HS 3301.90, which pertains to extracts and derivatives of aromatic plants, commonly used in perfumes, cosmetics, and food additives. Re-export and re-import quantities were not considered, because of their tiny proportion in the overall trade. Table 2 presents the variables used in QAP analysis. Data on GDP and total population were acquired from the World Bank database. Geographical distance, land boundary, and language were obtained from the Cep II database. The economic freedom index, published by the American Heritage Foundation, provides a comprehensive assessment of FTC by evaluating trade policies, government intervention, monetary policy, and the financial sector in 155 countries.



TABLE 2 Variables, description, and data source of QAP model.
[image: A table outlining variables, descriptions, and sources for various socio-economic determinants: Geographical Distance, Land adjacency, GDP, Population, Language, and Fixed Trade Costs. Sources include CEPII and World Bank Open Data.]




4 Results


4.1 An overview of TCM trade

The TCM trade value among RCEP members has undergone three notable phases. From 2013 to 2015, TCM exports experienced a rapid growth period, surging from $1.856 billion to a peak of $3.397 billion. This was followed by an adjustment phase from 2016 to 2020, during which the export value decreased to around $1.5 billion. Despite the positive global impact of Tu youyou’s discovery of artemisinin, which earned her Nobel Prize in 2015, TCM trade did not show significant growth between 2016 and 2018. This could be attributed to the complexity and diversity of TCM, which poses substantial challenges to its standardization and normalization during the process of internationalization. Although Tu Youyou’s discovery highlighted the substantial potential of TCM in modern medical applications, its use remains primarily limited to specific fields, such as malaria treatment. Overall, TCM still lacks sufficient clinical trials and contemporary scientific evidence to substantiate its efficacy, leading to its limited acceptance in global markets, particularly in Europe and the United States. Starting in 2020, the COVID-19 pandemic led to a significant increase in demand for TCM, driving export values up to $2.612 billion. The export value of plant extracts, the main subcategory of TCM, has consistently increased, culminating in a peak of $870 million in 2022. However, in 2023, the first year of normalized post-pandemic conditions, the global market has exhibited a general decline in demand coupled with a trend towards inventory reduction. As a result, the plant extract industry has experienced the dissipation of the “pandemic dividend,” leading to a substantial year-on-year decrease in export volumes (Figure 1).

[image: Line graph on the left shows values of TCM exports and China's TCM product exports from 2013 to 2023. Both lines fluctuate, peaking around 2015. Bar graph on the right illustrates export values of plant extracts from 2013 to 2023, with noticeable peaks in 2016 and 2018.]

FIGURE 1
 Changes in the value of TCM exports among RCEP members, variation in China’s exports of TCM products, and fluctuations in the export value of plant extract.


To gain a comprehensive understanding of the trade relationships among RCEP members, we constructed a visualized TCM trade network, and analyzed several key indicators. Figure 2 shows the network of TCM trade among RCEP member countries in 2023. The network density remained relatively stable, with a maximum value of 0.811 in 2022 and a minimum of 0.762 in 2014, indicating close trade relationships among RCEP members. Additionally, the L value ranged from 1.19 to 1.25, while the C value varied between 0.873 and 0.897 (Figure 3). Notably, the maximum L value was only marginally higher than the minimum C value, suggesting that the TCM trade network does not exhibit small-world characteristics, thereby reflecting a well-balanced trade relationship among the RCEP member states.

[image: Network diagram showing connections between countries in the Asia-Pacific region in 2023. Lines indicate relationships, with China, South Korea, and Japan as prominent nodes due to larger circles. Countries include Thailand, Indonesia, the Philippines, and others.]

FIGURE 2
 The network of TCM trade among RCEP members in 2023.


[image: Two line graphs depict network analysis from 2013 to 2023. The first graph shows average path length and clustering coefficient fluctuating with peaks in different years. The second graph illustrates a density trend, initially dropping, then rising until 2020, followed by a decline.]

FIGURE 3
 Network density (D), average path length (APL) and Clustering coefficient (C) from 2013 to 2023.




4.2 Nodes attribution

In this study, the node degree was ranked from small to large, and the top 5 nodes in 2013, 2018 and 2023 were identified and shown in Table 3. Although the node degree ranking varies in different times, some key countries, for example, China, South Korea, Japan, Singapore and Thailand remained at the forefront of ranking. The results indicate their relatively large market demand, great export advantage and strong market control ability. Among the RCEP members, China plays a central role in the TCM trade network, given its position as both a leading producer and exporter of TCM products. China’s extensive production capabilities, coupled with its established trade relations, enable it to influence trade patterns significantly. From 2013 to 2023, the export value of TCM, encompassing both medicinal materials and plant extracts, increased from $1.4424 billion to $1.933 billion, reflecting a compound annual growth rate (CAGR) of 3.4% (Figure 1). Notably, during the COVID-19 pandemic (2020–2023), TCM exports exhibited a marked acceleration, with an average annual growth rate of 25.2%. The principal export destinations are always in Japan, South Korea, and Australia. In 2023, South Korea for 8.18% of the total export value, followed by Japan (5.18%), Vietnam (3.67%), Thailand (3.38%). On the import front, Indonesia and Vietnam emerged as significant contributors. Imports from Indonesia reached a peak value of $1.43 billion. In comparison, imports from Vietnam amounted to $0.36 billion, demonstrating the highest year-on-year growth rate of 78% (see Table 4).



TABLE 3 The top 5 nodes in 2013, 2018, and 2023.
[image: Table showing in-degree, out-degree, and betweenness data for countries in the years 2013, 2018, and 2023. Each column lists countries with corresponding degree values. In 2013, Indonesia and Malaysia have an out-degree of 14. In 2018, Singapore and South Korea have an out-degree of 14. In 2023, Thailand has the highest in-degree and out-degree with 14. Singapore and Thailand have the highest betweenness in 2023 with a value of 4.294.]



TABLE 4 Distribution of China’s top three export markets.
[image: Table showing export markets and proportions from 2013 to 2023. The leading export markets are Australia and South Korea, with varying proportions. In 2013, Australia held 21.44%, while South Korea led in 2015 with 13.59% and in 2023 with 8.18%. Japan frequently appears as No 3, and Vietnam and Thailand also appear in the list with smaller proportions over the years.]



4.3 Core-periphery structure analysis

The RCEP member countries were divided into three categories through the core value (Table 5). The countries with core value greater than 0.3 were considered as core, those between 0.2 and 0.3 were considered as semi-periphery, and those less than 0.2 were considered as periphery. By calculating the core values of RCEP member countries from 2013 to 2023, we found that nations with core values exceeding 0.3 are predominantly clustered in Singapore, Thailand, South Korea, and China. Conversely, those with core values below 0.2 are primarily found in Laos, Myanmar, Brunei, and Cambodia. Additionally, the two Oceania members, Australia and New Zealand, are positioned within the semi-core region, with New Zealand exhibiting marginally lower levels of activity. These findings indicate that, while it is crucial to maintain stable trade relations with core nations, there is significant strategic potential in expanding market engagement with countries such as Laos, Myanmar, Brunei, Cambodia, and New Zealand.



TABLE 5 The RCEP member countries in core value.
[image: Table showing a ranking of countries by core index for the years 2013, 2018, and 2023. In 2013, China, Singapore, and Thailand led with a score of 0.299 each. In 2018, South Korea, China, and Thailand had a score of 0.301 each. By 2023, Singapore and Thailand had the highest scores at 0.304 each, followed by Japan and Myanmar at 0.293.]



4.4 Analysis of influencing factors


4.4.1 QAP correlation analysis

In this paper, 5,000 random permutations were conducted and TCM trade matrix among RCEP members and its impact factors in 2013, 2018 and 2023 were selected for correlation analysis.

Analysis reveals that land borders, GDP, population, and language significantly impacted TCM trade in 2013, 2018, and 2023, with these variables showing statistical significance at the 1% level (Table 6). Geographic distance were the factors negatively correlated with the trade network, indicating that greater distances correspond to lower trade volumes. The economic freedom index exhibited a positive correlation, indicating FTC were also negatively correlated with trade.



TABLE 6 QAP correlation analysis results.
[image: Table showing variables and their differences from 2013 to 2023. Variables include Diff_Geographic distance, Diff_Land borders, Diff_GDP, Diff_Population, and Diff_Language. Diff_Geographic distance reduces from -0.101 to -0.081. Diff_Land borders decrease from 0.235 to 0.079. Diff_GDP shows a reduction from 0.280 to 0.207. Diff_Population rises from 0.188 to 0.238. Diff_Language declines from 0.301 to 0.196. Diff_economic freedom index is only present in 2013 (0.126), 2018 (0.191), and 2023 (0.155). Asterisks indicate statistical significance (*p<0.1, **p<0.05, ***p<0.01).]



4.4.2 QAP regression analysis

Considering correlation analysis only provided preliminary results, QAP regression analysis was then applied to further investigate the statistical significance of the six explanatory variables. The regression results in 2013, 2018 and 2023 are shown in Table 7.



TABLE 7 Results of QAP regression.
[image: Table showing the differences in variables over the years 2013, 2018, and 2023. Variables include geographic distance, land borders, GDP, population, language, and economic freedom index. Significant changes are marked with asterisks indicating levels of statistical significance: one asterisk for p < 0.1, two for p < 0.05, and three for p < 0.01.]

Firstly, geographic distance and land adjacency did not show significant effects on TCM trade. Since most RCEP members are located in Asia, with major regions such as some ASEAN countries sharing borders, the impact of spatial distance on trade is minimal. In addition, transportation, such as marine and air freight also reduce the restrictions of space distance on trade. Secondly, the coefficient of economy and population scale were positive and statistically significant. TCM products are both resource-intensive and labor-intensive. A developed economy often reflects advanced technical processing capabilities and consumption power, while a large population not only signifies greater demand but also provides a substantial labor force engaged in TCM processing. These factors collectively enhance the flow of trade in TCM products. Thirdly, language were the positive elements and statistically significance. This finding implied that TCM trade benefited from a similar culture background, with the countries with same language are more likely to trade with each other. Finally, economic freedom index show positive effect on trade, which means countries with higher levels of economic freedom have higher trade activity.

In addition to considering the above-mentioned factors, we also explored whether there is a connection between medicinal resources and TCM trade. The RCEP member countries are rich in medicinal plant resources. We obtained a list of plant species and their geographic distribution records for RCEP member countries from Plants of the World Online (POWO, https://powo.science.kew.org). The scientific names of the medicinal plants from the RCEP member countries were cross-referenced with the Medicinal Plant Names Services system (MPNS, https://www.kew.org/science/our-science/science-services/medicinal-plant-names-services), which allowed us to estimate the approximate number of medicinal plant species in these countries. Table 8 demonstrates that China possesses a relatively abundant supply of medicinal plant resources, which confers a natural advantage in the provision of raw materials for TCM trade. These resource advantages may be another factor contributing to China’s leadership in the TCM trade within the RCEP member countries.



TABLE 8 The approximate number of plant species and medicinal plants, and the representative herbs in RCEP countries.
[image: A table listing various countries with corresponding numbers of plant species, medicinal plant species, and representative herbs. For example, China has 34,180 plant species and 11,146 medicinal plant species with herbs like Panax ginseng and Lycium barbarum. The table includes additional countries such as Singapore, Thailand, Vietnam, and others, each with their own data on plant species and representative herbs.]




4.5 Major export products

Taking China as an example, we summarize the main TCM products exported in recent years. These exported TCM products include plant extracts, medicinal herbs, Chinese patent medicines, including compound formulations and Chinese Medicine Granules and Oral Liquids. As shown in Table 9, among the RCEP member countries, TCM products containing ginseng, goji berries, astragalus, and Salvia miltiorrhiza, are widely accepted in foreign markets due to their antioxidant properties and immune-enhancing effects.



TABLE 9 The main exported TCM products.
[image: A table listing exported Traditional Chinese Medicine (TCM) products, representative drugs, and their pharmacological actions. Categories include plant extracts and medicinal herbs, compound formulations, and Chinese medicine granules with oral liquids. Examples are Ginseng for immunity and anti-aging, Goji Berry as an antioxidant, and Compound Danshen Dripping Pills for cardiovascular diseases. Other items include Reishi Mushroom for immune regulation, Astragalus for its antioxidant properties, and Dandelion Oral Liquid for detoxifying. Each item includes detailed pharmacological actions relevant to its use.]




5 Conclusion and discussion


5.1 Conclusion

The TCM trade among RCEP member countries exhibits distinct characteristics compared to other commodity trade. Firstly, TCM trade did not experience a substantial surge following Tu Youyou’s Nobel Prize award. However, the COVID-19 pandemic induced a temporary spike in exports, which later returned to pre-pandemic levels. This trend indicates that the factors influencing TCM trade are primarily long-term and structural in nature, rather than being driven by the occurrence of any single, isolated event. Secondly, the trade network of TCM does not exhibit small-world characteristics, indicating a relatively balanced trade relationship among member states. Thanks to its resource advantages, China occupies a pivotal position in the TCM trade network, being both a dominant producer and a leading exporter of TCM products. Vietnam’s export performance in recent years has been exceptional, with the highest year-on-year growth rate among member nations. Countries such as Laos, Myanmar, Cambodia, and New Zealand possess substantial untapped market potential. Thirdly, economic size and population scale exert a significant positive influence on trade value, whereas geographic distance and land adjacency appear to have no statistically significant effects. Trade activity is enhanced by cultural and linguistic similarities, and countries with higher levels of economic freedom tend to exhibit greater trade activity. Tonifying TCM products with antioxidant and immune-boosting properties are more widely recognized in international markets.



5.2 Discussion


5.2.1 Commerce and conservation

The interplay between resource sustainability and trade requires careful consideration. The prudent management of resources is essential for the long-term sustainability of the economy, while patterns of economic development influence the dynamics of resource utilization (44). Trade should not advance at the expense of species extinction. It is recommended to enhance the protection of TCM resources by adopting environmentally friendly cultivation and harvesting practices. This approach will ensure a sustainable supply of raw materials and minimize negative environmental impacts.



5.2.2 Dominant markets and emerging markets

While TCM dominates the Asian market, its potential in emerging markets such as Europe, the Americas, and Africa is growing with the rising global awareness of health and the popularity of natural therapies. RCEP offers opportunities for TCM to enter emerging markets, such as Southeast Asia and Oceania. In these markets, conducting cross-border marketing campaigns and strengthening collaborations with local distributors can help TCM companies establish stable sales channels. Additionally, trade exhibitions and seminars among RCEP member countries can serve as platforms to showcase the uniqueness and efficacy of TCM, thereby enhancing global consumer recognition and acceptance of these products.



5.2.3 Regional cooperation and policy coordination

RCEP encompasses 15 countries across East Asia, Southeast Asia, and Oceania, offering a vast market. By leveraging the trade agreements and tariff concessions among RCEP member states, TCM enterprises can reduce tariff barriers, streamline approval processes, and enhance market access for their products. It is also important to note that due to varying perceptions and quality standards of TCM across different countries, market entry barriers for TCM remain relatively high. Promoting coordination among RCEP member countries in TCM production, testing, and regulatory standards to establish regionally or internationally recognized TCM standards (45). Governments should strengthen policy coordination, simplify the import and export procedures for TCM products, and facilitate smoother trade flows among member countries.
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Digital governance is an important goal of government digital transformation, and the policy of “pilot cities regarding information for public well-being” in China is an important initiative to promote the reform of government governance system and realize green development. Based on the panel data of 282 cities in China from 2007 to 2020, this paper analyzes the mechanism and path of the impact of digital governance on green development using the program of “pilot cities regarding information for public well-being” as a quasi-natural experiment. The double-difference model and mediation effect model are utilized. The results show that digital governance can significantly promote green development, and the path of influence is the supererogation and the rationalization of industrial structure, i.e., digital governance can promote the green development of the cities by enhancing the supererogation and the rationalization of industrial structure. In addition, there is obvious heterogeneity in the impact of digital governance on green development. The policy exerts a stronger effect on economically developed cities than on economically backward cities, and a stronger effect on large cities than on small- and medium-sized cities. Therefore, the relevant departments should continue to optimize the pilot policy regarding information for public well-being, strive to improve the government’s digital governance, focus on economically backward cities and small-sized cities, actively cultivate the green development, promote the optimization and upgrading of industrial structure, and vigorously support cross-regional exchanges and cooperation, so as to jointly achieve green and high-quality development.
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1 Introduction

Green development refers to promoting economic growth while minimizing resource consumption and environmental pollution in order to achieve sustainable development of the economy, society and the ecosystem. It emphasizes the realization of harmonious coexistence between human beings and nature through the adoption of clean energy, energy-saving technologies and ecological protection measures (1). With the increasingly serious conditions of global climate change, green development has progressively attracted extensive attention from governments and all sectors of society. The United States government has enacted the Clean Power Plan, which aims to gradually reduce the proportion of coal-fired power generation by encouraging the use of natural gas and renewable energy, and to promote cleaner ways of producing electricity; the European Union has issued the European Green Deal, which plans to promote the development of clean energy, improve energy efficiency, and reduce greenhouse gas emissions in a number of areas, such as energy, buildings, agriculture and transportation.

As for developing countries, India has issued a National Action Plan to Combat Climate Change, which proposes to develop solar energy, improve energy efficiency, develop sustainable agriculture, etc., aiming at reducing the impact of climate change and promoting green development; and Brazil has adopted a National Climate Change Policy focusing on the protection of the Amazon rainforest, reduction of deforestation activities, and sustained reduction of greenhouse gas emissions. As the world’s largest developing country, China has also been actively promoting green development in recent years, and has made it a key objective of its ongoing reform of its governmental governance system. The wave of green innovation has led to the development of energy-saving and clean technologies, which use less energy than traditional products. Similarly, green technologies in transportation reduce the consumption of fossil fuels. This reduction in energy consumption helps to reverse the process of environmental degradation. Therefore, this reduction in carbon emissions has had a positive impact on public health (2).

Theoretically, reform of the government governance system can prompt the government to more effectively use policy tools, such as tax incentives, subsidies, and green finance, to incentive enterprises and industries to transition to green and further realize green development. Moreover, digital governance can enable governments to shorten the approval time for green patents and simplify the approval process, which can help increase the willingness of enterprises to undergo green transformation and green innovation, thereby reducing environmental pollution and promoting good public health (3). In reality, then, does the reform of government governance structure truly promote green development? What are the mechanisms and paths of this process? Addressing these questions is of great theoretical and practical significance for further deepening the reform of the government governance system and promoting high-quality development.

With the development of digital technology, the digital transformation of the government has become an important aspect of the reform of the government governance system. In this context, the Central Committee of the Communist Party of China and the State Council of China have successively formulated and issued a series of documents to guide the government’s digital transformation work in order to improve the government’s digital governance capabilities, such as the “State Council’s Guiding Opinions on Strengthening the Construction of Digital Government” “Guidelines for the Construction of a National Integrated Government’s Big Data System” among others. It should be noted that, in the first half of 2014, the National Development and Reform Commission and other 12 departments jointly issued the “Notice on Accelerating Implementation of the Program regarding Information for Public Well-being” and “Notice on Agreeing to the Construction of National Pilot Cities regarding Information for Public Well-being in 80 Cities such as Shenzhen.” This is an important measure for deepening the reform of the government governance system and promoting digital transformation of the government. It is proposed that through the implementation of this program, each pilot city should be promoted to break the “information island,” strengthened the interconnection of resources and information among various departments, and realized the deep integration of information technology with the application of people’s livelihood, then continuously improving the digital level of government governance, and finally achieving the goal of assisting people and enterprises.

Furthermore, on the basis of summarizing the experience of these pilot cities, the General Office of the State Council of China forwarded the “Implementation Plan of Pilot Cities regarding Information for Public Well-being by ‘Internet + Government Services’ “, which is formulated by the National Development and Reform Commission and other 10 departments in April 2016. This plan proposed to cover 80 national pilot cities in various provinces (districts and cities) and establish a unified comprehensive government service window, data sharing platform, and government service information system, realizing the “one application, one window, one network” of various government service matters, and forming replicable experiences that are gradually implemented throughout the country. In other words, implementation of this policy will improve the level of government digital governance and make it easier for people to benefit from better public services and obtain social information. Additionally, pilot projects were selected from 80 cities to accumulate experience and reduce costs. After nearly 10-years of in-depth reform, China’s digital governance capacity has attained leapfrog development. According to the e-government survey report released by the United Nations, the rank of e-government in China has improved from 78th in 2012 to 43rd in 2022. China has become one of the countries with the highest growth in the world and took the first level in the e-government development index (EGDI).

As the government’s digital transformation is advancing swiftly, scholars have also conducted substantial studies on digital governance. First, there have been many studies on the definition of a concept. Digital governance, also called electronic governance, is a new governance model in the digital age (4). The concept of digital governance is divided into two levels: broad and narrow. From a broad perspective, digital governance refers to the organization and operation of society with the support of digital technology, including the comprehensive management of economic and social resources (5); from a narrow perspective, digital governance refers to a governance model that simplifies the process of government administration and public affairs and improves the degree of democratization by using digital information technology in the government’s interaction with civil or economic society and the government’s internal operation (6).

The current study of digital governance largely focuses on the description of characteristics and practical experience (7). Although some studies have employed case analysis (8), comparative analysis (9), and other approaches, theoretical research and practice of digital governance remain out of touch because of the lack of actual data and causal inference methods. In the healthcare sector, digital governance should use user-centered design (10). This approach prioritizes the needs and preferences of patients and healthcare providers, ensuring that digital tools are intuitive and accessible. By involving users in the design process, healthcare systems can enhance engagement, improve usability, and ultimately lead to better health outcomes.

Additionally, user-centered design fosters trust and satisfaction, encouraging more effective communication and collaboration between patients and providers. In the field of environmental governance, digital governance can establish collaborative platforms and formulate relevant policies tailored to local conditions (11). Digital governance can also help the government establish smart digital platforms and monitoring and management systems through big data, cloud computing and other technologies to predict the trend of epidemic diseases and achieve disease early warning.

Moreover, research on digital governance is largely concentrated on the subject of public management, including the impact of digital governance on political trust (12), anti-corruption (13), and other elements. Particularly in developing countries, a significant number of scholars have studied the role of digital governance in public administration. For example, Kumar et al. (14) find that digital governance reduces government corruption in the delivery of public services by studying the Rural Internet Project in Tamil Nadu, India; Rotta et al. (15) find that digital governance contributes to a sustainable developmental relationship between authorities and citizens by studying 903 municipal websites across Brazil; Mutula et al. (16) find, using the South African government as the subject of their study, that digital governance improves openness and transparency in government bidding processes. In addition, digital governance can help to promote free and fair elections.

In addition to the field of public administration, some scholars have focused their research on regional development and economic growth, such as Duan et al. (17). Through theoretical research, they argue that digital technology is favorable to urban governance innovation, which guides the urban governance system toward modernization and fosters high-quality urban growth. Kwilinski et al. (18) used panel data from 25 countries to verify that the digitalization of government has a U-shaped impact on inclusive economic growth by creating a canonical cointegrating regression model. Lv et al. (19) integrated the rural grassroots comprehensive information management system, incorporating the concept of green ecology into the rural governance process. This allows rural areas to better enjoy the benefits brought by the new management model, thereby promoting prosperity in these regions.

In conclusion, there is a large amount of research on digital governance in the existing literature, but most of it stays at the stage of theoretical analysis and lacks research on the relationship between digital governance and green development. In fact, from the perspective of the theory of planned behavior, digital governance can influence public and corporate attitudes toward green development through data transparency and information disclosure, e.g., opening up environmental data and disseminating successful cases of green development can enhance people’s positive perceptions of environmental protection behaviors, which in turn prompts them to adopt green behaviors; whereas, at the level of institutional theory, enterprise green transformation is the key to achieve green development and do a good job in public health (20), digital governance can be digitally enforced through the implementation of laws and regulations, such as the online environmental monitoring, electronic regulatory platform, from the aspect of external institutional environment to force enterprises to comply with the requirements of green development, thus promoting the realization of green development. In addition, in terms of empirical testing. Although some researchers have empirically analyzed the impact of digital governance on economic and social development, they have mainly focused on individual areas such as economic growth or residents’ income, and have not carried out in-depth studies on green development.

In view of this, this paper’s marginal contributions are mainly in three aspects. First, this study takes the “pilot cities regarding information for public well-being” project as a quasi-experiment, analyzes the panel data of 282 cities in China from 2007 to 2020, and empirically evaluates the mechanisms and paths of digital governance’s impact on green growth based on theoretical analyses, so as to fill in the gaps existing in existing researches in this regard. Second, The DID model is particularly effective in this context as it controls for unobserved factors that may influence the results. By examining the changes in outcomes before and after the policy implementation in both groups, we can isolate the causal effect of the policies. This approach helps to account for any pre-existing trends and provides a clearer understanding of the policies’ impact on the targeted outcomes. By designating pilot cities as the experimental group, we can effectively assess the impact of the implemented policies. Third, this paper studies the impact of digital governance on green development from the perspective of digital governance. Compared with the existing literature that only broadly explores the impact of digital economy on green development, the perspective is more specific, and the conclusions drawn follow more closely to the actual situation, and can directly provide opinions and suggestions for improving the relevant policies.



2 Research hypotheses


2.1 The direct impact of digital governance on green development

The program of “pilot cities regarding information for public well-being” aims to deeply integrate information technology and government governance, and enhance the government’s digital governance capabilities, thereby improving government service efficiency, optimizing resource allocation, reducing market failure, and promoting economic and social development. This program plays a vital role in fostering the green growth of the city, which can be seen in the following three areas.

First, the program has changed the situation of information asymmetry. Information asymmetry is a prevalent problem in the market, that is, the information received by buyers and sellers is different in the transaction. In the sphere of environmental protection, citizens may not have enough information on green products or services, so they may not have enough choice of environmental protection. This program aims to integrate all kinds of isolated and scattered public service resources by using digital technology to provide citizens with more accurate information, so as to eliminate this information asymmetry (21) and encourage people to purchase more green products. At the same time, it can avoid the information asymmetry between the central government and local governments, strengthen the central government’s environmental supervision over local governments, reduce the negative actions of local governments profiting from pollution, and thus promote the green development of the economy (22).

Second, the implementation of this program meets the demands of consumers on public goods such as environmental protection information. Environmental information can be viewed as public goods because once the information is provided to a person, others can also acquire the same information for free. Therefore, private firms may be unwilling to devote a lot of resources to provide such public goods, since it is difficult for them to profit from selling such information. Thus, government actions are vital. This program aims to realize the equality of essential public services, which is actually a form of public goods provided by the government (23). By providing environmental information as a public benefit, the government may meet the public’s need for environmental information, which can raise the environmental awareness of citizens and enhance the green growth of the city.

Third, this program has a beneficial externality effect on green development. Externality refers to a market failure; that is, market prices fail to reflect the impact of products or services on third parties (non-trading parties). Environmental protection behavior typically involves certain externalities; in other words, the environmental protection behavior of an entity or individual will have a certain influence on third parties, but this impact is not reflected by market prices. This program can help citizens better understand the externality of environmental protection behavior by using information technology to eliminate the gap between various departments and individuals, thus enhancing their motivation for environmental protection. For example, by publicizing information on enterprises’ environmental protection behavior, it is easier for financial institutions to provide green credit for well-performing enterprises to support their development, and for tax departments to provide preferential policies such as tax subsidies to encourage their development, thus promoting the green and low-carbon transformation and development of the whole city. In addition, the government conveys environmental consciousness to people by providing policy information (24), which also helps mold the accurate concept of environmental protection for citizens, thus improving the positive externalities of urban green growth. In summary, this study proposes the following hypotheses:

 H1: Digital governance can promote green development.





2.2 The mediating effect of optimization of industrial structure on the relationship between digital governance and green development

This program is based on digital technology through the construction of government information resource sharing and exchange mechanisms to accomplish cross-level and cross-departmental information sharing and business collaboration. In this process, the government can release more power to the public, social organizations, and market players and solve the problem of information asymmetry and incompleteness between the government and market players through digital governance. Therefore, the impact of policy uncertainty on corporate investment behavior and business decision-making is lessened, and the optimization and upgrading of industrial structures can be realized (25). Furthermore, the optimized and upgraded industrial structure usually focuses on the effective use and recycling of resources, while green industry often adopts more environmentally friendly production technology and resource utilization methods, which can reduce the waste of resources.

Digital governance enables the government to better guide policies and provide financial support, encouraging enterprises to engage in green innovation for products and services and develop more environmentally friendly alternatives. It also promotes the adoption of eco-friendly technologies and processes to reduce waste and emissions, enhancing overall environmental standards within the industry. Additionally, by adjusting industrial layouts (26), digital governance can facilitate the clustering of green industries, creating a green industrial chain and ecological network that fosters regional sustainable development. Therefore, the optimization and upgrading of industrial structures will help promote the green growth of the city. In summary, this study proposes the following hypothesis:


H2: Digital governance can promote green development by optimizing industrial structure.
 




3 Research design


3.1 Model specification

The model employed in this study was based on the DID method, which is widely used for policy evaluation (27). An advantage of the DID model is its ability to mitigate the selection bias and influence of external factors to a certain extent. To study the impact of digital governance on green development, this study uses a program implemented in 2014 as a quasi-experiment and employs a DID model for empirical analysis. The core idea of the DID model is to compare changes in an indicator between two groups: the experimental group (program cities) and control group (non–program cities). By computing the difference in the indicator before and after policy implementation for both groups, the model can estimate the effect of the policy on the indicator. The rationale for this is that the “pilot cities regarding information for public well-being” policy marks a major reform in the field of digital governance in China, and provides an opportunity for a natural experiment to study the impact of digital governance on green development. The double difference model can effectively control the time effect before and after the implementation of the policy and the potential difference between the treatment group and the control group, so as to accurately assess the causal effect of the policy. Through this method, the specific impact of digital governance on green development can be clearly identified, and the influence of other interfering factors can be excluded to a certain extent. The specific model is defined in Equation 1.

[image: Equation representing a model: \( GD_{it} = a_0 + \alpha_1 DID_{it} + \alpha Controls_{it} + \mu_i + \nu_t + \epsilon_{it} \).]

where the subscripts i and t represent cities and years, respectively. [image: The expression "GD" is displayed in italic font with a subscript "it".]is the green development level of the city in year, [image: Italicized text reads "DID" with a subscript "it".]is the interaction term of the treatment group dummy variable and the time dummy variable affected by the program, and [image: The text "Controls" in italic font with the letters "it" in subscript.]is the other factor affecting green development. [image: Greek letter "mu" with a subscript "i".]denotes the city-fixed effect, [image: Greek letter nu with subscript t.]refers to the time-fixed effect, and[image: Mathematical expression showing the Greek letter epsilon with subscript "it."]is a stochastic disturbance term assumed to be independently and identically distributed (i.i.d.).



3.2 Variables selection


3.2.1 Dependent variable


3.2.1.1 Green development (GD)

Based on the research methods of Zou et al. (28), the reason for this is that energy efficiency measures the amount of energy consumed per unit of GDP, and a smaller value means that the city consumes less energy to produce the same economic value, which is directly related to the sustainability of the city.

As for the measurement method of energy efficiency, considering the availability of energy consumption data of prefecture-level cities, this paper mainly adopts three kinds of energy sources to measure the energy consumption of prefecture-level cities, namely, the total amount of natural gas supply, the total amount of liquefied petroleum gas supply, and the total electricity consumption of the whole society, which are converted into coal consumption. Among them, the natural gas discounted standard coal factor is 1.33 kg standard coal/meter, the LPG discounted standard coal factor is 1.7143 kg standard coal/kg, and the electricity discounted standard coal factor is 0.1229 kg standard coal/kWh. The specific calculation method is: firstly, these three kinds of energy are converted into standard coal (10,000 tons); secondly, the sum of the three kinds of energy (10,000 tons) is divided with the total annual GDP of the locality, and thus the amount of energy consumed per unit of GDP, that is, energy efficiency.




3.2.2 Independent variable


3.2.2.1 Digital governance (DID)

This binary variable indicates whether a city is part of the program of “Pilot Cities regarding information for public well-being.” Its value was set as follows:

For the pilot cities of the program, was set to 1 in the initial year, they were chosen as pilot cities and remained at 1 for all subsequent years, while it was set to 0 for all other years.

For the non-pilot cities, did remains at 0 across all years.




3.2.3 Control variables

To accurately assess the impact of digital governance on green development, it is necessary to control for other factors affecting green development. In view of this, this study adds five control variables to the model, including human capital, government intervention, foreign investment intensity, transportation facilities, and scientific research support, in accordance with established practices in the existing literature (29, 30).


3.2.3.1 Human capital (HC)

The ratio of college students to local residents serves as an indicator of Human capital. This indicator was chosen because well-educated individuals are more aware of the importance of environmental protection. They are more inclined to adopt environment-friendly technologies and sustainable production methods to effectively use resources, reduce energy consumption and waste, and promote green development.



3.2.3.2 Government intervention (GI)

The ratio of government fiscal expenditure to regional GDP is utilized as a measure of government intervention. This indicator was chosen because moderate government intervention can help promote green development. However, if government intervention is too high, it may violate market principles and hinder green development.



3.2.3.3 Foreign investment intensity (FII)

The ratio of foreign direct investment to regional GDP represents the intensity of foreign investment. This indicator was chosen because foreign investment is usually accompanied by the introduction of advanced technology and management experience, which helps cities use environmentally friendly and sustainable production technologies to promote green development.



3.2.3.4 Transportation facilities (TF)

Transportation facilities are expressed in terms of the number of road miles per unit area. Transportation is one of the major sources of energy consumption and greenhouse gas emissions. The number of road miles per unit area reflects the level of transportation infrastructure, which directly affects the efficiency of the movement of people and goods in a city. Good transportation facilities can reduce traffic congestion and improve travel efficiency, thereby reducing fuel waste and pollution emissions caused by vehicles stalled on the road.



3.2.3.5 Scientific research support (SRS)

The ratio of government science expenditures to total fiscal expenditures denotes scientific research support. This indicator was chosen because high scientific research support is helpful in promoting scientific and technological innovation, particularly in the research and development of green technology. By investing in scientific research, cities can promote the development and application of environmental protection technologies and increase the level of local green development.




3.2.4 Mediating variables


3.2.4.1 Industrial structure supererogation (ISS) and industrial structure rationalization (ISR)

Considering that the optimization of industrial structure mainly includes the supererogation and rationalization level of industrial structure, this study uses the ratio of the added value of the tertiary industry to the added value of the primary and secondary industries as a measure of the industrial structure supererogation (ISS), and employs the deviation degree of industrial structure as a measure of the industrial structure rationalization (ISR). The formula for the degree of industrial structure deviation is shown in Equation 2.

[image: The image shows a mathematical equation labeled as equation (2). It represents the Sr indicator formula: SR equals the absolute value of the sum from i equals one to three of Y sub i over Y multiplied by Y sub i over L sub i divided by Y over L minus one, minus the absolute value of the same sum minus one.]

Where [image: Please upload the image you'd like to have alt text for.]denotes industry, [image: It looks like there was an issue with the image upload. Please try uploading the image again or provide a URL.]refers to industrial added value, [image: It seems like there wasn't an image uploaded. Please upload the image or provide a URL, and I'll be happy to help generate alternative text for it.]represents the number of employees, and [image: Please upload the image or provide a URL, and I will help generate the alt text for it.]=1, 2, and 3 denote the first, second, and third industries, respectively.

According to the hypothesis of classical economics, the productivity level of each industrial sector is the same, that is, [image: The equation shows \( Y_i / L_i = Y / L \).], when the economy reaches equilibrium. The industrial structure deviation is equal to zero, indicating that the industrial structure has reached a reasonable state. In other words, the deviation degree of the industrial structure is a negative index, which means that the smaller the value, the more reasonable is the industrial structure. In addition, this study takes the reciprocal of the index and then takes the logarithm as the measurement index of the industrial structure, that is, ISR=[image: Natural logarithm of the reciprocal of SR, expressed as "ln (1 / SR)".]. The larger the index after conversion, the more reasonable is the industrial structure.





3.3 Data collection and descriptive statistics

Considering the difficulty of obtaining data in some remote areas, this research employs data from 282 cities in China from 2007 to 2020, which are sourced from publications such as the CN Deep Data, China Urban Statistical Yearbook, provincial statistical yearbooks, and various statistical yearbooks of individual cities. Some missing values were supplemented using interpolation. The descriptive statistics of the relevant variables are presented in Table 1.1



TABLE 1 Descriptive statistics of variables.
[image: Table displaying statistical data for various variables. Columns include Mean, Standard Deviation (SD), Minimum (Min), Median, Maximum (Max), and Observations (Obs), with all variables having 3,948 observations. Data includes values for GD, DID, HC, GI, FII, TF, SRS, ISS, and ISR. Sources are China City Statistical Yearbook, China Environment Yearbook, and China Energy Yearbook.]

The results in the table show that the average value of green development level is 0.126. The maximum value is 6.177. The minimum value is 0.008. The standard deviation is 0.171. Thus, the green development levels of different regions are highly varied. Additionally, there are obvious distinctions in human capital, government intervention, foreign investment, environmental regulation, and scientific research support in different locations.




4 Results


4.1 Baseline test

As this study selects more variables, it is necessary to test whether multicollinearity exists between variables before regression. By calculating the variance inflation factor (VIF) of each variable, it is found that all are less than three, indicating that there is no serious multicollinearity between the variables. To ensure the robustness of the regression results, firstly, the individual fixed effect and time fixed effect variables are added for regression, and then, the control variables are added for regression. Table 2 presents the results.



TABLE 2 Baseline test results.
[image: Table displaying regression results with two columns labeled "1" and "2." Each column has entries under "GD" for various variables: DID (-0.040, -0.035), HC (-0.166), GI (0.257), FII (-0.128), TF (0.012), SRS (-0.597). Standard errors are in parentheses. Year FE and City FE both show "YES." Constants are 0.123 and 0.092. N is 3,948, and R-squared values are 0.093 and 0.102. Statistical significance is indicated by asterisks.]

The results show that digital governance has always had a strong positive impact on green development, regardless of whether the control variables are included. These findings substantiate the validity of Hypothesis 1.

In addition to digital governance, the level of government intervention significantly inhibited urban green development, while the level of research support significantly promoted urban green development. Specifically, for every 1% increase in the level of government intervention, the level of urban green development will decrease by 0.257%, while for every 1% increase in the level of research support, the level of urban green development will increase by 0.597%. The possible reasons for this are: on the one hand, excessive government intervention may lead to non-market allocation of resources, resulting in resource waste and inefficiency. Especially in the field of green development, too much administrative intervention may lead to misallocation of resources and inhibit the motivation of market players to innovate independently. On the other hand, government intervention in the market through subsidies, protection or direct intervention may lead to enterprises’ dependence on the government rather than improving efficiency and promoting technological innovation through market competition. This dependence may weaken the innovation drive of enterprises, which in turn inhibits their green development.

In addition, scientific research support provides the necessary financial, equipment and talent support for the research and development of green technologies, thus promoting the birth of new technologies and processes. And technological innovation is the core driving force of green development, which can significantly improve resource utilization efficiency and reduce pollution emissions. Moreover, through the support of scientific research, the results of innovation can be more quickly and widely applied to actual production, thus promoting the green development of the city. For example, new environmental protection technologies and clean energy technologies can be rapidly popularized in cities through the promotion and application of enterprises, thus promoting the overall level of green development (31).

It should be noted that the effects of human capital, foreign investment and transportation facilities are not significant, possibly because, first, while the ratio of the number of students enrolled in higher education to the local resident population may reflect the quantity of human capital input to some extent, the quality of human capital is equally important. Even if there are a large number of school students, if the quality of training and education is not high, it may not be able to adequately improve the quality of the labor force, thus affecting its role in green development; secondly, although the increase in the intensity of foreign investment can contribute to a certain extent to the green development, if foreign investment is concentrated in energy-intensive and high-energy-consumption industries, it may need to invest a large amount of time and resources in the transformation and upgrading of industrial structure, thus slowing down the city’s development and the development of the city. Upgrading, thus slowing down the pace of the city’s green transformation; third, increasing road mileage usually facilitates the use of private cars, however, the extensive use of private cars may lead to increased energy consumption and carbon emissions, which is contrary to the goal of green development. Even if road density increases, the increase in road mileage may not contribute to green development if there is no shift in transportation modes toward low-carbon and environmentally friendly modes.



4.2 Robustness checks

To ensure the robustness of the baseline model and to verify the stability of the findings, a series of robustness tests were conducted. The purpose of these robustness tests is to strengthen the credibility of the conclusions of the study.


4.2.1 Parallel trend test

When applying the DID methodology, the parallel trend assumption must be met to ensure the validity of the results. The parallel trends test seeks to determine whether the groups’ trajectories are parallel in the absence of the program’s effect. In other words, there is no significant difference in the green development level between the experimental and control groups before program implementation. Based on the research methods of Alder et al. (32) and Roth (33), this study used the event analysis method to test whether the parallel trend assumption is valid. The specific model is set in Equation 3.

[image: Mathematical equation for \( GD_{it} \) consisting of: \( \tau \) plus the sum from \( j=-5 \) to \( 4 \) of \( \chi_j \) times \( Policy_{i,t-j} \) plus \( \psi Controls_{it} \), \( \mu_i \), \( \nu_t \), and \( \varepsilon_{it} \), labeled as equation (3).]

where policy is a dummy variable that indicates the presence of the pilot program in a specific year, denoted as year t-j, which takes the value of 1 when the program is implemented in that year, and 0 otherwise. The results are depicted in Figure 1.

[image: Line graph showing data points with error bars from -5 to 4 on the x-axis, and -0.1 to 0.05 on the y-axis. The line descends steeply from -5, then fluctuates and gradually stabilizes near zero. Vertical dashed lines are at x=-4 and x=0, and a horizontal line is at y=0.]

FIGURE 1
 Parallel trend test result.


The results indicate that there was no significant difference between the experimental and the control groups before the implementation of the program. Consequently, the parallel trend test was successfully conducted, affirming the fulfillment of the essential prerequisite for the DID model.



4.2.2 PSM-DID test

To mitigate the potential bias arising from this nonrandom assignment of pilot cities, the study employed the Propensity Score Matching (PSM) method with nearest neighbor matching before applying the DID methodology. To assess whether the matched samples adhere to the equilibrium hypothesis in the PSM matching, we conducted a test to evaluate whether there were significant differences in the matching covariates between the treatment and control groups. The results of this test are presented in Figure 2.

[image: Dot plot showing standardized percentage bias across covariates for HC, SRS, FII, TF, and GI. Unmatched data is marked with solid circles, and matched data is marked with crosses. The graph displays bias from negative fifty to one hundred percent.]

FIGURE 2
 Equilibrium test of the covariates.


The results in Figure 2 show that after matching, the difference between the experimental and control groups is greatly reduced, indicating that the PSM-DID method can be used to test the effect of digital governance. It should be noted that this study uses the method of “nearest neighbor matching” to match, and the matched data are introduced into Equation 1 for regression. Column 1 of Table 3 presents the regression results. It can be seen that after matching, digital governance still has a significant positive impact on green development, which verifies the baseline regression results.



TABLE 3 Robustness checks results (1).
[image: A statistical table displays results across five columns labeled PSM-DID test, Double-headed tail processing, and Excluding other policy interference. Variables analyzed include DID, Smart City Pilot, Broadband China Pilot, Low-carbon City Pilot, with associated values and standard errors. Controls, Year FE, and City FE are all marked as "YES". The constant values vary slightly across columns. Sample sizes range from 3,902 to 3,948, with R-squared values between 0.100 and 0.497. Significance levels are indicated by asterisks, with standard errors in parentheses.]



4.2.3 Double-headed tail processing

To eliminate the influence of extreme values, this research performs a 5% double-headed tail reduction on continuous variables, and then performs regression again. The results are shown in Column 2 of Table 3. It can be seen that after dealing with the extreme values, digital governance still significantly promotes green development at the 5% level, which is consistent with the baseline regression results.



4.2.4 Excluding other policy interference

In order to exclude other policies that may affect green development during the timeframe from 2009 to 2020, this study control the “smart pilot program,” “broadband China pilot program” and “low-carbon pilot” program, respectively, (34). Columns 3, 4, and 5 in Table 3 show the regression results, respectively. It can be seen that after adding the three aforementioned variables, the regression coefficient of digital governance remains significantly positive, thereby bolstering the validity of the baseline model’s argumentation.



4.2.5 Replacing the DID variable with lagged values for one period and two periods

To eliminate endogeneity effects, we use the lagged DID variables for one period and two periods as instrumental variables for robustness tests. The results are shown in Table 4. It can be seen that the F-statistic in the first stage is greater than 10 and significant at the 1% level, indicating that there is no issue with weak instrumental variables. Moreover, after controlling for endogeneity, the impact of digital finance on economic resilience and security remains positively significant, consistent with the baseline regression results.



TABLE 4 Robustness checks results (2).
[image: Statistical table showing results from models 1 to 4, displaying coefficients and significance levels. Key variables include DID, L.DID, and L2.DID, with controls and fixed effects specified. Significant results are marked by asterisks, indicating the p-values: * for p less than 0.1, ** for p less than 0.05, and *** for p less than 0.01. Sample size and F-first stage values are also provided. Standard errors are in parentheses.]



4.2.6 Placebo test

Despite the inclusion of essential control variables in the baseline model, the potential for omitting significant factors exists, which could introduce bias into the test results. To counteract the influence of these unaccounted factors on green development, we adopted a placebo test approach and conducted a placebo test by randomizing the treatment and control groups. Specifically, we randomly designated an equivalent number of cities as pilot cities and the remaining as non–pilot cities of the program for a particular year. This random assignment is repeated 500 times. The results are presented in Figure 3.

[image: Scatter plot showing the relationship between coefficients (coef) and p-values. Data points form an inverted V shape, with a concentration at the top center, indicating significance near the origin. Horizontal and vertical dashed lines are at 0 on both axes.]

FIGURE 3
 Placebo test results.


The results show that the coefficients closely align with a normal distribution with a mean of zero. Moreover, a significant majority of their associated p–values surpass the 0.1 threshold. This pattern of results signifies a substantial deviation from the outcomes of the baseline model. Consequently, this placebo test indicates that random sampling does not impact green development, thereby proving the robustness of the baseline regression results.




4.3 Heterogeneity analysis

It has been verified that the construction of pilot cities regarding information for public well-being significantly stimulates green development. However, China is a vast territory, with prominent heterogeneity among cities in terms of location advantage, economic development level, population size, natural resources, and human educational levels. Therefore, this study conducted a heterogeneity analysis with the aim of delving deeper into the variations in the effects of the program on green development based on local economic development levels, and population sizes. The reason for this is that economically developed cities usually have better digital infrastructure and resources, enabling them to promote green development more effectively when implementing digital governance. Economically disadvantaged cities may face technological backwardness and insufficient resources, and thus the impact of digital governance on their green development may not be as significant as in economically developed cities; on the other hand, large cities usually have more resources and technological bases that allow them to implement digital governance and promote green development more effectively. Compared to small- and medium-sized cities, large cities also possess stronger policy implementation and technological innovation capabilities, although they may face more complex environmental and transportation challenges. Heterogeneity analysis can therefore reveal the differentiated effects of digital governance on green development at different levels of economic development and population sizes, leading to more targeted policies.


4.3.1 Heterogeneity analysis of GDP per capita

Variations in economic development levels across Chinese cities may impact the efficacy of local government administration, human education levels, and the business environment, thereby influencing the extent to which the program affects green development. Given the widespread recognition of GDP as a measure of economic development, this study categorizes cities into two equal groups based on median per capita GDP (35). These groups are the high per capita GDP group (High GDPPC) and the low per capita GDP group (Low GDPPC). Subsequently, this study investigates the heterogeneity in the impact of the program on green development due to GDP variation. Columns 1 and 2 of Table 5 show the results.



TABLE 5 Heterogeneity analysis results.
[image: Statistical table showing regression results across four columns: high GDPPC, low GDPPC, large cities, and small-medium cities. Variables include DID, Controls, Year FE, City FE, and Cons with corresponding values. Significant levels are marked with asterisks: * p < 0.1, ** p < 0.05, *** p < 0.01. Standard errors are in parentheses. Sample sizes are 1974 for columns one and two, 3117 for column three, and 831 for column four. Adjusted R-squared values are 0.280, 0.323, 0.243, and 0.049, respectively.]

It can be seen that digital governance significantly boosts local green development in high per capita GDP cities, whereas digital governance hinders local green development in the low per capita GDP cities. A possible reason is that cities with high per capita GDP in China usually possess higher fiscal revenue and technical levels, and can invest more resources in the construction and operation of digital governance infrastructure to better use big data analysis, artificial intelligence, and other technical means to monitor the environment, optimize resource utilization, and effectively promote green development. By contrast, cities with low per capita GDP may struggle with the limited fiscal resources required for the successful implementation of the program. Additionally, residents in these areas may typically receive less education and consequently may not fully appreciate the benefits of a digital environment. This impairs the construction and operation of the digital governance system and hampers its role in fostering green development.



4.3.2 Heterogeneity analysis of city size

Generally, cities of different sizes have significant variations in capital, market, labor, and so on. Heterogeneity may affect the role of digital governance of different cities in promoting green development. Consequently, in terms of the “Notice of the State Council of China on Adjusting the Criteria for the Classification of Urban Scale,” we categorized our sample cities into two groups: large cities with a permanent population of 1 million or more, and small- and medium-sized cities with a permanent population of less than 1 million, and then regressed separately. Columns 3 and 4 of Table 5 display the regression results. The results reveal that the role of digital governance in promoting green development is more significant in large cities than in small-and medium-sized cities. A possible reason is that the digital infrastructure of big cities is relatively perfect, and digital technology can be used more effectively to monitor environmental conditions and resource utilization to better promote green development.





5 Further analysis

To delve deeper into the factors that contribute to the finding of the baseline model, we conducted mediating models that elucidate the pathways through which the policy exerts its influence, in accordance with established practices in the existing literature (36, 37). According to the aforementioned research Hypothesis 2, digital governance can promote green development by optimizing the industrial structure. To verify this hypothesis, this study constructed the following mediating effect model:

[image:  Mathematical equation labeled (4) shows: \(Z_{it} = \phi_0 + \phi DID_{it} + \phi Controls_{it} + \mu_i + \nu_t + \varepsilon_{it}\).]

where the variable [image: It appears to be a mathematical expression in LaTeX format displaying the letter "Z" with subscripts "i" and "t".] acts as a mediator for industrial structure optimization, including supererogation and rationalization level of industrial structure. Equation 4 captures the impact of digital governance on the intermediary variable.

The outcomes of the mediating effect test are recorded in Table 6. Column 1 is consistent with the conclusions of the baseline model. In Columns 2 and 3, the regression results for industrial structure supererogation (ISS) and industrial structure rationalization (ISR), correspond to Equation 4.



TABLE 6 Mediating effect test results.
[image: Regression analysis table with variables DID, Controls, Year FE, City FE, Cons, and corresponding values for columns GD, ISS, and ISR. DID values are -0.035**, 0.079***, and 0.196** with standard errors. Controls, Year FE, and City FE show "YES" across all models. Cons values are 0.092***, 0.616***, and -0.074. Sample size (N) is 3,948 for all columns, with R² values of 0.102, 0.660, and 0.201. Significance levels: *p < 0.1, **p < 0.05, ***p < 0.01.]

The results show that digital governance plays a significant role in promoting both supererogation and rationalization of the industrial structure. On the other hand, it has been demonstrated in the literature that the optimization and upgrading of industrial structure can promote green development in cities (38). Thus, digital governance promotes green development by optimizing industrial structure, Hypothesis 2 is verified.



6 Discussion

Digital governance has a significant role in promoting urban green development, but the existing literature has not carried out in-depth research in this area. In view of this, based on the data of 282 cities from 2007 to 2020, and using the policy of “pilot cities regarding information for public well-being” implemented in 2014 as a quasi-natural experiment, this paper examines the specific impact of digital governance on green development by constructing double-difference models and mediation effect models. Mechanisms. The results show that digital governance significantly promotes urban green development, which contributes to environmental protection and public health. This is consistent with previous theoretical expectations. Specifically, there is obvious heterogeneity in the impact of digital governance: in economically developed cities, the effect of digital governance is significantly better than that of economically backward cities due to the existence of better digital infrastructure and policy support; in large cities, digital governance promotes green development more significantly due to the scale effect and resource advantage.

These results also indicate that the advanced industrial structure and the rationalization of industrial structure play an important intermediary role in the process of promoting green development by digital governance, which is in line with the theoretical framework about the mechanism of green development by digital governance through the optimization of industrial structure. In conclusion, this study not only verifies the facilitating effect of digital governance on green development, but also reveals its heterogeneous impacts under different city types and economic conditions, as well as the key role of industrial structure in this process.

The limitations of our analysis are as follows. First, it should be noted that the potential bias of this study mainly comes from policy implementation effects vary in different pilot cities. This study has discussed the impact that whether the policies implement or not on urban green development. However, the policy effects in different pilot cities may be inconsistent and even in some cities are relatively delayed. Second, although the sample size is large, it may still be incomplete. For example, this study involves fewer ethnic autonomous areas, and some remote areas are also excluded due to data limitations. Third, since the study is mainly based on a sample of Chinese cities, the applicability of the conclusions to other countries or regions may be limited, especially in places where there are large differences in the level of digital governance, industrial structure, and degree of green development. Therefore, the research findings need to be appropriately adapted and applied.

Based on the limitations of this study, there are following specific areas for future research. First, the time span of the study could be extended to analyze the sustained impact of digital governance on green development over a longer period. By looking at the long-term effects of the programs after implementation, we can explore whether there is a lasting positive effect or whether it diminishes over time. Second, we can compare China’s digital governance with other countries’ practices, especially with the relevant practices in other developing countries, and analyze how the digital governance strategies of different countries affect green development. This can help identify which governance models are more effective and how successful experiences can be scaled up globally. Third, the evolution of digital governance policies at different stages and their impact on green development can be further explored. For example, it could analyze whether new digital governance policies have been introduced since 2014 and their overlapping effect with the program of “pilot cities regarding information for public well-being”.



7 Conclusion

Our analysis provides practical implications that can provide valuable guidance for policymakers and urban planners. Cities in China and beyond can consider adopting similar digital governance development initiatives to stimulate green development. It is noteworthy that this impact can be enhanced by optimizing the industrial structure. Digital governance plays a significant role in promoting green transformation of industrial structures. Therefore, the government should establish a digital service platform to provide services such as green industrial policy interpretation, financial support, and approval process optimization to reduce the threshold of entrepreneurship in the green industry. Simultaneously, it is necessary for the government to employ digital technologies such as big data to assess market demand and industrial trends, which can provide market information for firms. In addition, the government should share more data resources with enterprises and research institutions to promote green innovation and cooperation.

In addition, the application of digital governance should be optimized according to the specific conditions of cities at different levels of economic development and city sizes. In economically developed large cities, the resource advantages of digital governance should be fully utilized to promote the application of advanced technologies, such as intelligent traffic management, environmental protection monitoring systems and smart energy management, in order to maximize its contribution to green development. In economically backward or small- and medium-sized cities, digital governance should focus on the construction and optimization of infrastructure, and enhance the efficiency of public services and resource management capabilities through digital platforms, so as to gradually promote the process of green development. At the same time, emphasis should be placed on nurturing digital governance talents and strengthening digital infrastructure construction to narrow the gap with developed regions.

Finally, to further improve relevant policy measures, policymakers should prioritize the promotion of digital green development strategies in economically developed regions, for example, by encouraging enterprises to use big data and Internet of Things technologies to improve resource efficiency and reduce pollution emissions. In small- and medium-sized cities and economically backward regions, the government can enhance the transparency and efficiency of public services through digital platforms and promote the popularization and implementation of green projects. In addition, policies should support the optimization and upgrading of the industrial structure, and promote the transformation of the green economy and the sustainable development of cities by encouraging the research and development of green technologies, supporting the development of green industries, and optimizing the industrial layout using digital governance tools.
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Footnotes

1   This number of cities is relatively complete data available in China at present, and most other existing studies are based on this number.
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Background: Financial hardship is common after a cancer diagnosis. Current financial hardship measures have advanced the field, but assessing the dimensions of financial hardship remains challenging. We created item banks to assess four financial hardship dimensions using item response theory (IRT). IRT-based item banks can be tailored to each context and used in computerized adaptive testing (CAT) to reduce participant burden.
Methods: Cancer survivors (n = 459) were recruited from a survivorship program and online survey panel to complete an online or paper survey. Four item banks were developed based on previous studies, expert feedback, and patient interviews: financial coping: 41 items, financial consequences: 21 items, financial depression: 15 items, and financial worry: 21 items. We used the two-parameter logistic and graded response models for analysis.
Results: The IRT model fit well for all four item banks: financial coping root mean square error of approximation (RMSEA) = 0.06, financial consequences RMSEA = 0.03; financial depression RMSEA = 0.05; and financial worry RMSEA = 0.03. The accuracy parameters ranged from 1.01 to 6.53, indicating good reliability for each item. The severity parameters showed each item bank assessed financial hardship across two to three standard deviations, supporting content validity. Short forms were developed for financial consequences, depression, and worry.
Conclusion: The item banks can be used to create brief screening measures and, using CAT, efficiently screen for each dimension of financial hardship while minimizing burden. Future research is required to assess the clinical utility of using the item banks to screen for financial hardship.
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Introduction

Financial hardship encompasses the negative financial effects due to cancer, cancer treatment, and the long-term effects. Estimating the prevalence of financial hardship is challenging but ranges from 30% to 80% (1). As outlined in our conceptual model (Figure 1), financial hardship is multidimensional and includes financial coping, financial consequences, symptoms of depression due to finances, and worry about affording health care and living costs (2, 3). Financial coping, often referred to as behavioral financial hardship, comprises the actions patients and their families take to afford cancer care and living costs while coping with decreases in income. Financial coping can also include asset mobilization, lifestyle-altering actions (i.e., canceling gym memberships), and health care alterations (cost-related non-adherence (4). Financial consequences are impacts or events that happen to a patient when unable to financially cope and, compared to other dimensions, are conceptualized as a more severe manifestation of financial hardship. Financial worry is future-focused and includes anxiety and thinking about how to pay for health care and living costs, as well as maintain income. Financial depression encompasses depression symptoms due to negative finances, such as a depressed mood, feeling guilty, and persistent negative thinking about finances. Financial coping focuses on tangible actions or behaviors, while financial anxiety and financial depression focus on thoughts and emotions, with anxiety being more future-focused (including problem-solving) and depression more past-focused, such as rumination. It is important to note the role of time in diagnosing these dimensions of financial hardship, with financial worry leading to financial coping but financial coping depleting resources, which leads to financial consequences and depression. All dimensions of financial hardship have been associated with a worse quality of life (5–8), and some have been associated with earlier mortality (9–11) in people with cancer.


[image: Flowchart illustrating the financial impact of cancer over time. Causes include medical costs, living costs, and employment changes. Financial worry leads to anxiety about expenses. Financial coping involves delaying care and maximizing benefits. Financial consequences involve employment and relationship impacts. Financial depression involves emotional and physical stress. Quality of life is affected, impacting post-cancer finances, depression, and anxiety. Factors include administrative hurdles, family support, employer practices, insurance, financial status, comorbidities, and side effects.]
FIGURE 1
 Conceptual model of financial hardship after cancer diagnosis.


One current barrier to addressing financial hardship in cancer is the lack of suitable, comprehensive measures. Several measures of general financial hardship exist but do not capture the unique experience of cancer-related financial hardship (12–14). Cancer-specific measures have been developed (15–17), but these do not capture each dimension of financial hardship and are not comprehensive measures of the negative effects of cancer on finances, meaning that, for clinical screening, these measures could have low sensitivity and specificity for detecting patients needing additional assistance. Measures developed for the general population would miss most of the financial hardship experienced by people with cancer. The current cancer-related financial hardship measures often assess financial consequences rather than coping or anxiety, preventing the identification and treatment of financial hardship early. As an example from our conceptual model, most measures focus on financial consequences, and as this is hypothesized to be a more severe form of financial hardship, these measures could miss patients with more moderate financial hardship who still need assistance. The lack of focus on the different dimensions of financial hardship also creates a challenge for research as studies may find no association with risk or causal factors due to measurement issues or because there is no association. More comprehensive measures of cancer-specific financial hardship are needed to move both clinical practice and research forward and address this public health concern.

To address these challenges, we developed item banks to comprehensively assess the four dimensions of financial hardship (3). In this study, we further evaluate the item banks using item response theory (IRT) (18). IRT is different from traditional methods of measure development in that it evaluates the validity and reliability of each item instead of a total score. Measures developed using IRT can also be used in computerized adaptive testing, where a computer uses the IRT model to tailor items based on a person's previous responses (19, 20). This reduces participant burden, as patients only answer the items most relevant to them. Using IRT, we tested the four item banks using a sample of cancer survivors to evaluate the psychometric properties. We also aimed to create short forms for each item bank and sum-score conversion tables to make the item banks usable for those unable to use IRT scoring and computerized adaptive testing. While the primary purpose of this study was to create comprehensive measures of cancer-related financial hardship, the short forms, pending further evaluation, may be useful as clinical screening measures.



Materials and methods


Participants and procedures

This study used a cross-sectional survey design. The study was determined to be exempt by the institutional review board. Participants were cancer survivors using the National Cancer Institute's (NCI) definition of survivor as being from diagnosis onward (21). Eligibility criteria were diagnosed with any form of cancer, including hematologic malignancies; able to read and speak English; located in the United States; age 18 or older at the time of the survey; and able to provide informed consent. Participants were recruited in two ways. First, patients of the Survivorship Program at an NCI Comprehensive Cancer Center who consented to be contacted about future research studies were invited to participate. Patients received mailed study invitation letters with a pre-incentive, a small notepad the potential participant could keep whether or not they participated, and email invitations to participate. Patients who did not respond to the initial invitations received a second mailed invitation letter and a paper survey with a business-reply envelope for returning the survey. The second recruitment method used was the Prolific online survey panel (22). Participation through the Prolific survey panel was limited to those located in the United States and reporting a cancer diagnosis. Prolific survey panel members received an email or checked the Prolific website to see the study and then completed the study online. Participants who completed the survey online had to first read an informed consent statement that included contact information for the study team if they had questions. Participants then clicked through to the survey, indicating that they consented to the study. Participants who completed a paper survey received a paper consent form with contact information for the study team that they had to read, sign, and return with the survey in a business-reply envelope. For those who completed paper surveys, the same trained study staff member verified that the consent form was complete and then entered the survey data into the database to protect participants' anonymity. The paper surveys were then stored in a locked office to which only study staff had access. Participants received either a US $10 gift card or US $10 through Prolific for completing the survey.



Measures

The survey included the four financial hardship item banks and questions on disease characteristics and demographics. As outlined in our previous study (3) and based on expert feedback and interviews with survivors of breast cancer, an item bank was developed for each of the four dimensions of financial hardship (coping, consequences/impacts, depression, and anxiety/worry). The financial coping item bank had 41 items, referenced whether each coping behavior occurred in the past year due to cancer, and used a yes/no response format. The financial consequences item bank had 21 items, referenced whether each event occurred in the past year due to cancer, and used a yes/no response format. The financial depression item bank had 15 items, referenced whether the symptoms occurred due to cancer in the past 2 weeks, and used 4-point frequency response options. The financial worry item bank referenced current health care costs and employment worries and used a 4-point Likert-type response scale.



Statistical analyses

We used IRT and classical test theory approaches to evaluate the financial hardship item banks. IRT evaluates the reliability and validity of each item, whereas classical test theory evaluates the total and subscale scores on the measure. For the financial coping and financial consequences item banks, we used the two-parameter logistic (2PL) model (23) for the IRT family of models suitable for items with dichotomous response options. For the financial depression and financial worry item banks, we used the graded response model (GRM) (24) from the IRT group of models, which is appropriate for survey items with three or more response options. Both the 2PL and GRM estimate two sets of parameters per item using the logistic model: the severity parameter and the slope parameter. The severity parameter reflects the construct's level, indicated by a “yes” response to an item or a specific response option being chosen. One severity parameter is estimated per item using the 2PL, and the GRM estimates a severity parameter for each shift to a higher response category. For example, the financial worry and financial depression items had four response options and would thus have three severity parameters estimated per item. The slope parameter reflects how accurately the item measures the underlying construct, in this case financial hardship. We used the Bock Aitkin estimation and maximization method to estimate the severity and accuracy parameters (25) and used the expected a posteriori (EAP) method to calculate the IRT scores once the parameters were estimated (26). The EAP method uses the response pattern to the items combined with the item parameters to create a point estimate and standard error of each participant's score. Model fit was evaluated using the root mean square error of approximation (RMSEA), with values under 0.08 indicating a good fit (27, 28).

After conducting the IRT analyses, the parameters were examined to ensure that each item adequately measured each corresponding dimension of financial hardship (29), similar to how factor loadings are examined in factor analysis to ensure each item adequately measures each concept. Slope parameters >1 were considered to measure the construct accurately based on prior studies (29). Severity parameters were examined to inform which levels of financial hardship were measured. For the GRM, we also evaluated the trace lines that depict the severity and slope parameters to see if some response options were not the most likely response at a level of financial hardship and therefore might not be contributing new information. We also examined the IRT standard error curves that estimate which levels of financial hardship are measured with the lowest error (highest reliability). To evaluate construct validity, we calculated Pearson r correlations between the four financial hardship item banks and combined classical test theory approaches with the IRT-based scores. Because computerized adaptive testing or the full item bank with IRT scoring is not available to every researcher or clinic, we also constructed short forms and sum-score conversion tables for both the full item banks and each short form. Items for the short forms were chosen based on the severity parameters to ensure the full range of financial hardship severity was measured (content validity). The investigative team then reviewed the selected items to ensure they would apply to most cancer survivors and added items from the bank if the construct's important parts were not included in the short form. The items included in the short forms were decided by discussion and consensus. Sum-score conversion tables provide information to translate a traditional sum score into the IRT metric.




Results

Demographics and disease characteristics for the sample are reported in Table 1. The most common cancer type was breast (28%), and on average, the participants were 11.8 years after diagnosis. Most (79%) had had surgery for their cancer. Two-thirds of the sample (68%) were female, and the average age was 51.51 years. A third of the sample (34%) reported a household yearly income over US $110,000, and more than two-thirds (69%) reported having a bachelor's degree or higher.


TABLE 1 Sample characteristics.

[image: Table showing demographic and medical characteristics of participants. Average age: 51.51. Gender: 67.5% female, 32.1% male. Predominantly White (81.3%). Income mainly above $60,001. Highest education: Bachelor's degrees (38.4%). Cancer types: Breast (27.7%), Lymphoma (15.7%). Treatments: Surgery (79%), Chemotherapy (71.2%). Average years since diagnosis: 11.8.]

Participants recruited through the survivorship program and the online survey panel differed on several demographic and clinical characteristics. Survivorship program participants were significantly older (Cohen's d = 0.194, p = 0.048) and further from diagnosis (Cohen's d = 0.264, p = 0.006). The online survey panel had significantly more people of color (X2 = 46.64, p < 0.001), people with lower income (X2 = 55.89, p < 0.001), and lower levels of education (X2 = 35.91, p < 0.001). The online survey panel participants were more likely to have undergone surgery (X2 = 11.20, p = 0.004). The survivorship program participants were more likely to have undergone chemotherapy (X2 = 79.67, p < 0.001), radiation (X2 = 13.95, p < 0.001), and hematopoietic cell transplant (X2 = 34.15, p < 0.001). The two recruitment sources did not differ on receipt of hormone therapy (X2 = 0.965, p = 0.617), receipt of immunotherapy (X2 = 0.600, p = 0.741), and gender (X2 = 0.266, p = 0.606).


Financial worry

The items in the financial worry item bank all had slope parameters over 1 (Table 2). The unidimensional IRT model also fit the data well (RMSEA = 0.03). The financial worry item bank had the lowest error, with standard deviations from 0.75 below to 2 above the mean. Seven items showed that one or two middle response options may not provide information based on the trace lines, and the items mostly concerned employment or school concerns and fertility treatments. These items on employment and fertility concerns were retained as they assess important concerns for adolescents and young adults with cancer. Based on the severity parameters, four items were selected for the short form, and no items were added after discussion by the investigative team.


TABLE 2 Item response theory parameters for financial depression and worry about affording health care.

[image: A table displays financial worry and depression items with corresponding slope and severity parameters, including standard errors. It lists worries like insurance concerns and medical costs, alongside depression symptoms such as feeling sad or fatigued. The table provides parameter values across three severity levels, detailing financial impacts and emotional states.]



Financial coping

The severity and slope parameters for the financial coping items are reported in Table 3. The RMSEA was 0.06, indicating a good fit for the unidimensional model. All slope parameters were over 1.0, indicating all items measured financial coping accurately. Severity parameters ranged from 0.09 to 2.37. Based on the severity parameters and the standard error curve (Figure 2), the financial coping item bank measured financial hardship the best, with standard deviations between 0.5 below and 2.5 above the mean. When evaluating the potential financial coping items for a short form, the investigative team was unable to identify a small set (5–10) of items that captured the entire concept of financial coping and could apply to most cancer survivors. For example, employment coping items might be more salient for adolescent and young adult survivors. Instead, the financial coping items were divided into five conceptual subscales (see the Supplementary material for specific items): cost-related non-adherence, including those for non-cancer conditions and preventive care; employment coping; lowering health care costs, such as through reducing a bill or appealing a denial of coverage; increasing funds in the short term; and budgeting and reducing spending in the short term. The increasing funds items were further divided into borrowing; increasing cash flow without the need to repay the money, such as through crowdfunding and applying for aid; and liquidating assets. The cost-related non-adherence, lowering health care costs, and budgeting and reducing spending subscales are focused on the loss of services, goods, experiences, and time. The employment coping and increasing funds subscales are more gain-focused, where patients and their families may be able to maintain their previous level of spending.


TABLE 3 Item response theory parameters for financial coping and financial consequences.

[image: A detailed table displaying financial coping strategies and consequences with associated slope and severity scores. The table is divided into two sections: "Financial coping item text" and "Financial consequences item text." Each section lists various coping strategies or consequences, with corresponding numerical values for slope and severity, along with their standard errors in parentheses. The items cover medical care, insurance, loans, spending reduction, employment, and financial stability. The data provides insights into the financial impact and behavioral responses related to financial stressors.]


[image: Line graph showing standard errors for financial coping, consequences, worry, and depression. The y-axis ranges from 0 to 1, and the x-axis from -3 to 3. Each line slopes downward and then upward. Different line styles represent each category.]
FIGURE 2
 Standard error curves for each financial hardship domain.




Financial consequences

The financial consequences item bank also showed good accuracy as shown by the slope parameters over 1 (Table 3). The model fit well (RMSEA = 0.03). This item bank was most accurate from just above the mean to three standard deviations above the mean (Figure 2). Based on the severity parameters, five items were chosen for a short form. After an investigative team discussion, two more items were added to the short form: phone and internet being shut off and being unable to provide basic needs (food and clothing). The phone and internet disconnection item was added because the item on other utilities being disconnected was part of the short form and asking about both could be of interest to future researchers. The item on basic needs was added because it assessed an unfortunately common occurrence for cancer survivors and has been examined in several previous studies. Items and sum-score conversion tables are in the Supplementary material.



Financial depression

The unidimensional model had an RMSEA of 0.05, indicating a good fit for the data. All the items in the financial depression bank had slope parameters over 1 (Table 2), and the item bank assessed the construct with the least error, having a range from 0.75 below to 2 standard deviations above the mean. One item (thought about the negative effects of your finances on your life) had trace lines showing the middle response options might not provide unique information. The short form initially had four items chosen based on severity parameters to ensure the full range was covered. After an investigative team discussion, a fifth item (feeling guilty or worthless due to the financial effects of cancer) was added as this is a key symptom of clinical depression. See the Supplementary material for items and sum-score conversion tables.



Correlations between item banks

Correlations between the financial hardship item banks were statistically significant (Table 4). Correlations between the primary dimensions (worry, coping, consequences, and depression) ranged from 0.545 to 0.783, suggesting the dimensions were related but distinct. Interestingly, the correlation between financial coping and financial consequences was fairly high (0.783). Correlations between the subscales of the financial coping item bank showed nearly all subscales were significantly correlated with the other subscales and financial hardship dimensions. However, employment coping tended to have smaller and more non-significant correlations than the other subscales.


TABLE 4 Correlations between financial hardship measures.

[image: Table showing correlation coefficients between various financial coping strategies and consequences. Measures include financial depression, healthcare worries, and coping methods like reducing medical costs and budgeting. Significant correlations marked with asterisks denote statistical significance at p < 0.05 and p < 0.01 levels.]




Discussion

This study reported on using IRT to evaluate item banks to assess the four dimensions of financial hardship after cancer diagnosis. Overall, results supported the validity and reliability of the measures, and short forms or subscales were created to facilitate clinical screening and research when participant burden is a concern or computerized adaptive testing is not available. The results also support the conceptual model in two ways. First, the four dimensions were related but distinct aspects of financial hardship, as shown by the correlations between the dimensions. Second, as hypothesized in the conceptual model, IRT analyses suggested that the financial consequences item bank assessed a more severe level of financial hardship than the other three dimensions. The results support screening for financial hardship in people with cancer and suggest that screening should include different dimensions of financial hardship.

The four item banks can be used in future research studies on the causes and effects of financial hardship. Based on our results, future studies should consider including financial coping, depression, or worry when measuring financial consequences because financial consequences appeared to be a more severe form of financial hardship and may not be as sensitive to changes as the other three item banks. The item banks can be used as short forms or with computerized adaptive testing to efficiently measure all four dimensions in longitudinal observational studies to identify policies to prevent financial hardship. The item banks can also be used as trial outcomes for studies testing interventions to reduce financial hardship. The item banks can assess financial hardship more comprehensively in future research.

The financial hardship item banks can also be used to efficiently screen people with cancer. Recent pediatrics studies have shown that a single gate question leads to poor sensitivity and a negative predictive value when used to screen for financial hardship (30). However, clinical screening needs to be brief to prevent patient burden. The item banks can be combined with computerized adaptive testing to efficiently screen patients for all financial hardship dimensions. The short forms or subscales may also be an option when computerized adaptive testing is not available. In the United States, patient navigation can now be paid for by one of the largest insurers (31). The item banks could be used by patient navigators to help assess each patient's needs and direct them to tailored resources or additional services, such as financial navigation or social work. In the United States, screening for social needs is highly recommended by accrediting bodies (32–34), and these item banks could provide an option for quickly but thoroughly screening each patient. The financial hardship item banks can also be used for practice profiling to identify the unique needs of a clinic's patient population. The measures evaluated here could help improve clinical screening for financial hardship.

It is important to note the limitations of the current study. The study was cross-sectional, conducted only in English, and most of the cancer survivors were located in Washington State. Results might not generalize to populations outside the United States or other medical populations. Notably, translating the measures into Spanish or other languages was outside the study's scope, but future studies will translate the measures into Spanish. We also did not include an item on thoughts of being better off dead or suicidality due to finances. Most participants were breast cancer survivors, and while this might be understandable given the focus on survivorship, the results might not translate to other survivorship groups. Also, the sample was too small to conduct an exploratory factor analysis and a confirmatory factor analysis of the proposed subscales of the financial coping dimension. Future studies will be needed to evaluate the structural validity of the proposed subscales in financial coping. The study's strengths include using IRT and combining previous qualitative work with the quantitative work reported here.

Overall, this study speaks to the feasibility of measuring different dimensions of financial hardship in cancer. The item banks can be used for both future research studies and clinical screening. Future studies are needed to further evaluate the item banks, including in different cancer sites, countries, and languages, and evaluate potential subscales for financial coping. Additional studies are needed to assess the differences between general measures of depression and the financial depression item bank. How each financial coping behavior relates to financial consequences and outcomes (quality of life and mortality) is also an area of future investigation. Financial hardship after cancer sadly remains a public health issue. Improving how these constructs are measured is a critical step in reducing or preventing this burden.
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Background: The physical activity of the old people is affected by many factors, and the economic situation is an important factor affecting the physical activity. However, the relationship between economic autonomy and physical activity patterns among older adult Chinese has not been fully studied.
Objective: To investigate the association between different types of economic autonomy and physical activity patterns among Chinese older adults aged 60 and above.
Methods: Cross-sectional analysis of 1,961 participants from the 2018 China Health and Retirement Longitudinal Study (CHARLS). Economic autonomy was categorized into autonomous and non-autonomous groups. Physical activity was assessed through type, frequency, duration, and purpose, using validated questionnaires.
Results: Economic autonomy showed positive associations with low and moderate-intensity physical activities (p < 0.05). However, economically non-autonomous individuals demonstrated higher participation in high-intensity physical activities, primarily due to work-related demands (78.7%). The frequency of physical activity was significantly different among economic autonomy groups (p < 0.01).
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1 Introduction

Aging is an important issue in the development of the world, according to the projections made by the United Nations, the proportion of people over 65 years old in the world will rise from 10% today to 16% by 2050 (1). The same trend is evident in China’s aging population (2). The large aging population base will have a significant impact on the development of the world. In order to actively promote the development of the aging population, the World Health Organization proposed in 2021–2030 to promote the healthy aging of older adult people, which is defined as the development and maintenance of functional abilities that enable older people to be healthy (3). The realization of healthy aging is closely related to the healthy lifestyle of the older adult and the effective public health policies, and physical activity has always been regarded as an important element of a healthy lifestyle. In the existing research, physical activity has been proven to improve the mental health of the older adult and has significant meaning in preventing depression (4, 5). Moderate and high-intensity physical activity can effectively reduce the muscle loss associated with aging and improve the physiological level of the old people (6). Physical activity can also reduce the mortality rate related to Alzheimer’s disease and improve the life expectancy of the old people (7). It can also reduce the incidence of fatal falls that threaten the lives of the older adult and reduce the chance of falling in old people (8). It can also reduce the incidence of chronic diseases in the older adult and improve their quality of life (9). It can improve the physical function of the old people and slow down aging (10). The significance of physical activity in promoting the healthy aging of the older adult is self-evident, but the insufficiency of physical activity among the older adult is also a common problem in the world (11). The lack of physical activity among the older adult is prone to form a series of chronic diseases and squeeze the economy (12). It affects the physical and mental health of the older adult and the development of society. How to promote the physical activity of the older adult to a greater extent is a topic of common concern in society. The World Health Organization has formulated the “Global Action Plan for Physical Activity 2018–2030” to promote the level of physical activity (13). Scholars all over the world are also studying how to better promote the physical activity level of the older adult. There are many influencing factors for the participation of the older adult in physical activity. Guo Huijie found that factors such as public sports service, digital economy development level, marital status and education level have positive promoting effects on the physical activity level of the older adult in China (14). JeanZhang found that self-efficacy, social support and motivation had a positive impact on the physical activity of British older adult people (15). Among the many factors that affect the physical activity of the older adult, the economic situation of the older adult has always been an important factor that cannot be ignored. In the current studies in developed countries, the economic situation of the older adult has a strong correlation with the level of physical activity (16, 17). Based on this, scholars in developed countries have made a large number of studies to promote the development of physical activity of the older adult (16–20), and scholars in different countries have intervened in physical activity of the older adult from different angles (10, 21–23). The better the economic condition of the older adult, the higher the level of physical activity. Scholars have noted that, unlike in Western societies, the Chinese family holds unique significance in the process of social development. In China, the family plays a crucial role in both the upbringing of children and the care of the older adult (24). Parents will provide substantial economic support for their children’s education, marriage, and employment, and in return, children will provide economic support for their parents’ later life on a regular basis (25), a family system that is different from that of the West. In addition to the mutual assistance among family members, the government has established the “low-income protection” and “five-guarantee” projects to provide relief to groups in need of economic assistance (26), but the economic support provided is limited. The majority of the older adult living in China are farmers, and as they age, they gradually retire from their jobs without having sufficient pension income. The economic situation of Chinese older adult people is completely different from that of Western older adult people, as many older adult people still need to engage in labor after entering the older adult stage. What are the unique features in the physical activity of these older adults in China with different economic situations, and what should interventions look like? Given this, the article defines the study of “economic autonomy” to describe the economic situation of older adults, and conducts research on the relationship between economic autonomy and physical activity in order to dialogue with the physical activity theory of developed countries. Starting from this perspective is conducive to breaking through the limitations of Western-centric ideology, discovering the influencing factors of physical activity for older adult people in China similar to developing countries, and filling the current theoretical gap. It provides reference for countries with similar economic situations in China and thus affects the public health policies of other countries, thereby improving the physical health level of older adult people globally. The article will use the data from the 2018 CHARLS follow-up survey to investigate the relationship between economic autonomy and physical activity patterns of adults aged 60 and above in China. Specifically, the goals are as follows: 1. To analyze the relationship between different types of economic autonomy and physical activity levels. 2. To study how economic autonomy affects the types, frequency, duration, and purpose of older adult people’s sports activities.



2 Methods


2.1 Research design

Using a cross-sectional study based on data from the 2018 China Health and Retirement Tracking Survey (CHARLS), which covers 450 villages/urban communities in 150 countries/regions across the country, involving 17,708 people in 10,257 households on a 2-year cycle, the data used in this study was collected from 2018. This study included 1,961 sample sizes, including the economic and physical activity of 1,961 older adult people. We divided the economic situation into two types: economic autonomy and economic non-autonomy, in which economic non-autonomy was further divided into family social co-dependence type and complete social dependence type, and physical activity included low, medium and high intensity.

In the investigation, the investigators adopted effective quality control measures, including quality control training for interviewers. In order to ensure data quality, the regulator still adopts conventional quality control measures, such as the use of data verification and audio callback computer aided access system (CAPI), which greatly facilitates the supervisor to identify and correct the irregular access behavior of interviewers in a timely manner. When the interviewer is still visiting the village, the specially developed quality control system will immediately inform the interviewer of irregular visit behavior (such as irregular jump questions, incomplete questions or too fast questions).

Other verification measures include: comparing photos of interviewees from different rounds to ensure they are the same person; Check the recording; Conduct a brief telephone return interview with respondents. The CAPI system allows teams to send data back to headquarters via the Internet at the end of each day for timely checks. All interviewers’ first interviews will be checked. For visitors with relatively low verification scores, the monitors checked their follow-up visits more frequently. Normally, the visitor will receive feedback from the quality control team within 48 h of the end of the visit. This ensures that some mistakes are corrected before the team moves on to the next village.

In order to maintain the consistency of the sample, the missing value and the wrong value are eliminated.

Statistical significance was limited by P less than 0.01.



2.2 Participant characteristics

In the selection of samples, we only use the data of people over 60 years old, and we screen people according to age.



2.3 Procedural documentation

The economic autonomy of a living unit is determined by the income and expenses of its members, which are primarily collected through Questionnaire (27). These questionnaires encompass wage income, pensions, agricultural income, livestock and aquatic product income, self-employment income, and business income and expenses. When the economic income of a living unit exceeds its economic expenses, it is classified as economically autonomous. Conversely, when the economic income is less than the expenses, it is classified as economically non-autonomous.



2.4 Statistical analysis

This paper uses Spss25 for empirical analysis. Statistical analysis, regression analysis and adjustment effect analysis were used. With p < 0.1 as the significance level, the reliability of the research results is ensured within a certain confidence interval.

In the stage of statistical analysis, descriptive statistics are used to comprehensively understand the characteristics of the data, such as the central tendency and the degree of dispersion, and calculate the mean value and standard difference of each variable.

In the regression analysis, a suitable hierarchical regression model is constructed according to the theory and research hypothesis, and the dependent variables and independent variables are included. Spss25 was used to estimate the parameters of the model, and the key indexes such as regression coefficient, standard error and T-value were obtained. According to the regression results, the direction and degree of influence of independent variables on dependent variables were analyzed, and the significant independent variables (p < 0.1) were focused on and deeply interpreted.

On the basis of the main regression model, we introduce the regulating variables and the interaction terms between the independent variables and the regulating variables. Spss25 was used again to estimate the model parameters, paying special attention to the coefficients of the interaction terms and their significance. If the interaction term is significant at the p < 0.1 level, the moderating effect is present.



2.5 Old people

The database contains data on middle-aged and old people individuals over 45 years old, but the focus of this study is specifically on the old people population. Since the World Health Organization defines individuals over 60 years old as old people, the re-searcher has decided to exclude individuals under 60 years old from the analysis based on the research requirements.



2.6 Physical activity

The physical activity levels of the old people were collected through questionnaire (27), which mainly addressed the types of exercise, frequency, duration, and purpose of exercise. The relationship between economic autonomy and physical activity was deter-mined based on the number of individuals engaged in physical activity. The types of physical activity recorded only included those that lasted for more than 10 min per session. These types encompassed high-intensity physical activity (activities that make you breathe very hard), moderate-intensity physical activity (activities that make you breathe somewhat harder than normal), and low-intensity physical activity (such as walking).

The calculation of exercise frequency only considered the number of sessions per week that involved physical activity lasting for more than 10 min. The duration of exercise was categorized into four ranges: 10–30 min, 30 min to 2 h, 2–4 h, and more than 4 h. The purposes of physical activity included work, recreation, physical exercise, and others.



2.7 Economic autonomy

The economic autonomy of a living unit is determined by the income and expenses of its members, which are primarily collected through Questionnaire (19). These questionnaires encompass wage income, pensions, agricultural income, livestock and aquatic product income, self-employment income, and business income and expenses. When the economic income of a living unit exceeds its economic expenses, it is classified as economically autonomous. Conversely, when the economic income is less than the expenses, it is classified as economically non-autonomous.

The calculation of a living unit’s income only includes the primary members (husband and wife) or individuals without a marital status. Sources of income encompass wage income, pensions, agricultural income, livestock and aquatic product income, as well as self-employment and business income. Expenses cover all outlays such as rent, food, clothing, and more Families with living unit income exceeding expenses are termed economically autonomous families, while those with living unit income falling short of expenses are classified as economically non-autonomous.




3 Results


3.1 Sample characteristics

As shown in the Table 1, a total of 1961 participants were included in this study, older adults with a mean age of 69.51 years (standard deviation 7.05). In terms of gender, there were slightly more women participants than men, 1,013 (51.7%) and 948 (48.3%) respectively. In terms of educational attainment, the level of education of the participants was generally low, with 598 (30.5%) illiterate, 845 (43.1%) having only primary education, and only 518 (26.4%) having secondary education or above. In terms of living conditions, the majority of the older adult live without their spouse (1,485 persons (75.7%)), and 476 persons live with their spouse (24.3%). In addition, in terms of economic autonomy, 1,219 seniors (62.2 percent) had no financial autonomy, while 742 seniors (37.8 percent) had financial autonomy.



TABLE 1 Sample characteristics.
[image: Table showing demographic data categorized by economic autonomy. Variables include age, gender, education level, and living arrangements. Average ages are 69.51 overall, 69.58 for economically dependent, and 69.39 for independent. Gender distribution shows 51.7% female overall, with 32.79% economically dependent and 18.87% independent, and 48.3% male, with 29.37% dependent, 18.97% independent. Education levels indicate 30.5% illiteracy overall, and 43.1% with elementary education, with 26.4% having secondary education or higher. Most live alone, 75.7% overall, with 24.3% living together; economically dependent being 56.91% together, 5.25% alone.]



3.2 Physical activity patterns

As shown in the Table 2 Physical activity can be divided into high intensity physical activity, medium intensity physical activity and low intensity physical activity. In general, Chinese older adult people prefer to engage in moderate intensity physical activity and low intensity physical activity. The group engaged in high intensity accounted for 26.5%, the older adult engaged in moderate intensity accounted for 45.1%, and the group engaged in low intensity accounted for 81.9%.



TABLE 2 Physical activity intensity.
[image: Table showing frequency, percentage, and effective percentage for three categories: H, M, and L. Category H has 1,440 "No" (73.4%) and 520 "Yes" (26.5%). Category M has 1,076 "No" (54.9%) and 884 "Yes" (45.1%). Category L has 355 "No" (18.1%) and 1,605 "Yes" (81.8%). Totals are given for each category, rounding errors result in some totals being slightly under 100%.]

As shown in the Tables 3–5 In terms of the purpose of physical activity participation, 78.7% of the high-intensity physical activities were for the purpose of work demand; The purpose of physical exercise accounted for 14%, and entertainment accounted for 1.7%; Others accounted for 5.6%. The purpose of medium intensity work demand accounted for 50.5%; The purpose of physical exercise accounted for 18.9%; Entertainment purposes accounted for 2.8%; Other purposes accounted for 27.8%. The purpose of work demand in low intensity physical activity accounted for 34.3%; the purpose of physical exercise accounted for 43.5%; Entertainment demand accounted for 9.5%; Others accounted for 12.7%. This indicates that a considerable number of older adult people in China are still working after the statutory retirement age, and the payment of pensions for the older adult in China mainly depends on the government, but the Chinese government has not established a complete pension security system for the older adult, which makes the older adult still face life pressure after retirement, and occupies the time to engage in sports.



TABLE 3 High intensity physical activity purpose.
[image: Table displaying frequency, percentage, valid percentage, and cumulative percentage for activities: work (409, 20.9%, 78.7%, 78.7%), entertainment (9, 0.5%, 1.7%, 80.4%), physical exercise (73, 3.7%, 14.0%, 94.4%), and others (29, 1.5%, 5.6%, 100.0%). Total valid responses are 520; total missing responses are 1,441. Overall total is 1,961.]



TABLE 4 Moderate intensity physical activity purpose.
[image: Table displaying frequency analysis for activities. Categories include Work (446 occurrences, 22.7%), Entertainment (25, 1.3%), Physical Exercise (167, 8.5%), and Others (246, 12.5%). Total valid cases are 884 showing a 45.1% percentage, with the rest missing (1,077 cases, 54.9%). Both Valid and Cumulative percentages for Work to Others sum up to 100%. Total sample size is 1,961.]



TABLE 5 Low intensity physical activity purpose.
[image: A table displays data on activities with columns for frequency, percentage, valid percentage, and cumulative percentage. Categories include work, entertainment, physical exercise, and others. Work has a frequency of 551, physical exercise 698, entertainment 152, and others 204. The total valid entries are 1,605 with 356 missing. Cumulative percentages are 34.3 for work, 43.8 for entertainment, 87.3 for physical exercise, and 100.0 for others. Total frequency is 1,961.]

In terms of the frequency of physical activity participation, 56% of the groups engaged in three types of physical activities per week are engaged in more than 3–5 times, 38.9% of the groups are engaged in more than 5 times, and the groups engaged in 0–2 times per week only account for 5.1% of the total number, indicating that most Chinese older adult people have a stable physical activity habit at present.

In terms of the duration of physical activity, the frequency of physical activity in the older adult was the highest in the 30–2 h and 2–4 h periods, of which 30–2 h accounted for 47.3% and 2–4 h accounted for 35.9%. More than 4 h accounted for 10.8%, less than 30 min accounted for 6%.



3.3 Economic autonomy and physical activity association

As shown in the Tables 6–8 that economic autonomy affects the participation of Chinese older adult people in physical activity. The group of economically independent older adult people is positively correlated with low and moderate intensity physical activity (p < 0.05). The more economically independent older adult people are, the more physical activity they have in the middle and low intensity categories. After the inclusion of demographic characteristics, economic autonomy still has a significant positive impact on physical activity, while age and education level also have a significant impact, that is, the higher the age, the lower the weekly exercise frequency, and the higher the education level, the higher the weekly exercise frequency. However, the economically non-autonomous group showed higher participation in high-intensity physical activity, largely due to work-related demands (78.7%). This is also demonstrated by the regulating effect of physical activity for work purposes, as shown in the table. When the higher economic autonomy brings high-intensity work, the motivation to work will be reduced. Therefore, there were significant differences in the frequency of physical activity between economically self-governing groups (p < 0.01).



TABLE 6 Economic autonomy and physical activity.
[image: A table shows the relationship between economic autonomy and exercise frequency, with columns for exercise type, frequency, economic autonomy (Yes or No), Chi-squared test, and p-values. Yellow highlights indicate significant correlations in two rows: engaging in moderate-intensity exercise (p = 0.009) and doing moderate-intensity exercises for three to five days per week (p = 0.019).]



TABLE 7 Economic autonomy and physical activity.
[image: Statistical table displaying results from two models. Model 1 includes a constant with coefficients: B = 5.719, Beta = 0.054, t = 82.458, Sig. = 0.000, for economic autonomy: B = 0.271, Sig. = 0.016. Model 2 includes: constant B = 9.372, Beta = 0.041, Sig. = 0.000; economic autonomy B = 0.207; gender B = 0.053; age B = –0.060, Sig. = 0.000; educational level B = 0.243, Sig. = 0.002; living together B = 0.088.]



TABLE 8 Moderated mediation effect.
[image: A table displays results of three models analyzed for high, moderate, and low intensity in terms of economic autonomy and work. The table includes coefficients with significance levels indicated by asterisks and t-values in parentheses. The interaction between economic autonomy and work is also shown, along with R-squared values for each intensity level and model. Significance levels are marked as *, **, and *** for 0.1, 0.05, and 0.01 respectively.]



3.4 Physical activity participation model

As shown in the Figures 1–3, according to the physical activity characteristics of the older adult in China, the physical activity of the economically independent older adult group is defined as the active type, and the physical activity of the economically involuntary older adult group is defined as the passive type. The choice of physical activity of the active older adult group is less forced by external factors, and they can choose physical activity according to their own will. The choice of physical activity of passive active aged group is greatly affected by external factors, and their physical activity is mostly restricted by economic system. As shown in the figure, the economically independent older adult group in China has a higher initiative in the choice of physical activity, they can choose two types of physical activity, moderate intensity and low intensity. The economically independent group also has more diverse purposes of physical activity, and can have more choices in the medium intensity and low intensity physical activity. Economically independent older adult groups lack initiative in choosing physical activities. As shown, the choice of physical activities of these groups is highly related to work, and they can only engage in high-intensity physical activities and need to continue to engage in physical activities on a weekly basis, which is related to China’s work system.

[image: Joint plot of category points showing a scatter plot with two dimensions. Points are categorized by economic autonomy situation (blue circles), purpose of motion (red circles), and weekly exercise frequency (green circles). Labels include "Entertainment", "Work", "Physical Exercise", and frequency ranges like "0-2", "3-5", and "6-7". Dimensions range from -4 to 1 on Dimension 1 and -1 to 4 on Dimension 2.]

FIGURE 1
 High intensity physical activity participation model.


[image: Joint plot of category points showing relationships between economic autonomy situation, purpose of motion, and weekly exercise frequency. Dimensions are labeled on the x and y axes. Key points include clusters around work, economic autonomy, and physical exercise, with specific data points for exercise frequency ranging from zero to seven, and categories labeled for each parameter.]

FIGURE 2
 Moderate-intensity physical activity participation model.


[image: Joint plot illustrating category points on a grid with Dimension 1 on the x-axis and Dimension 2 on the y-axis. Categories include economic autonomy, physical exercise, and entertainment. Data points are marked by circles in different colors: blue for economic autonomy, red for purpose of motion, and green for weekly exercise frequency. Notable points include "No economic autonomy," "Economic autonomy," "Physical Exercise," "Work," "Entertainment," and exercise frequencies labeled 0-2, 3-5, 4, and 6-7.]

FIGURE 3
 Low-intensity physical activity participation model.





4 Discussion

This study found that among Chinese older adult in both low and moderate-intensity physical activities, there is a significant correlation between economic autonomy and physical activity, which is consistent with existing research conclusions. However, in high-intensity physical activities, the economically non-autonomous group has a higher participation rate, contrary to existing research.

The uniqueness of physical activity among older adult people with different economic conditions in China alerts us to pay attention to the specificities of physical activity in different countries. A similar finding was discovered in a study conducted in Japan. During the research on Japanese adults, it was found that there are certain differences in the types of physical activities engaged in by individuals of different economic levels. High-income groups are more involved in physical activities related to entertainment and transportation, while adults with lower education levels have a higher participation in work-related physical activities (28). This suggests that attention should be paid to work-related physical activities in developing countries. Two other scholars’ studies have responded to our concern. In a study in Vietnam, it was found that the economically disadvantaged poor in Vietnam often have a higher participation in work-related physical activities (29). Similar findings were also made in studies of adults in Iran and Nepal (30, 31).

The physical activity patterns of economically independent older adults in China are characterized as active. These individuals can relatively freely select the type, timing, and frequency of physical activities that best suit their interests, health conditions, and available time. This autonomy not only contributes to improved physical health but also enhances their sense of social engagement and overall well-being. Conversely, the physical activity of economically dependent older adults in China is more constrained by external factors and is categorized as passive. Their participation in physical activities, including the type, frequency, and duration, is largely influenced by external systems. These systems limit their choices of physical activities, resulting in work-related physical activities that offer limited health benefit (32).

We understand the differences in physical activity types among older adult people with different economic conditions from both individual and environmental aspects. Firstly, China has a huge older adult population base, and the Chinese government faces significant financial pressure and is unable to provide a comprehensive social security system for the older adult. Secondly, the Chinese work system has limitations. Most Chinese enterprises and factories have not established a complete rest system. The phenomenon of overtime work such as “996” and “247” is severe, and the basic rights and interests of Chinese employees are not guaranteed (33). Many Chinese people do not have their own rest time, let alone engage in physical activities for exercise and entertainment. Thirdly, the economically non-autonomous group is limited by the level of education. The economically non-autonomous group often has a lower level of education, which limits their ability to obtain health information and choose appropriate physical activities, and they have insufficient awareness of self-active exercise (34, 35). They fail to correctly recognize the role of physical activity in physical and mental health and can only passively accept the influence of the environment. Again, the influence of the social support system is significant. A positive friend network system has a strong influence on the physical activity of the older adult (36). The economically autonomous and non-autonomous groups have different social support systems and living environments. Older adult people who are economically autonomous often have a higher level of education and self-awareness of exercise, which promotes the choice of physical activity among the older adult in the same network system. They actively choose suitable physical activity projects, jointly explore the benefits of physical activity, and jointly overcome the constraints such as insufficient facilities for physical activity among the current older adult (25). Finally, survival needs restrict physical activity. As of 2016, nearly 27% of the older adult in China had an income below the poverty line standard, and 43.5% of rural older adult had an income below the poverty line standard (37). They still need to work after the age of 60, and the division of labor in the economic system may also lead the economically non-autonomous group to engage only in high-intensity activities such as manual labor to meet their livelihood needs. These factors collectively contribute to the differences in economic autonomy in physical activities of different intensities. Future research can start from the constraints on physical activity of the economically non-autonomous group, such as how to solve the economic limitations of the economically non-autonomous older adult group, how to improve the insufficient awareness of physical activity among the economically non-autonomous older adult, or how to help the economically non-autonomous group establish a social support network aimed at physical activity, or help the economically non-autonomous older adult maintain a positive health status while balancing survival.

We have discovered different physical activity models for older adult people with different economic autonomy, which has significant implications for the formulation of sports public policies and the management of sports practices. Firstly, policymakers should pay attention to the differences in physical activity needs among older adult people with different economic autonomy. For the economically autonomous older adult group, policymakers should focus on how to better assist them in maintaining their physical activity habits and continuously stimulate their interest in physical activity. For the economically non-autonomous older adult group, policymakers need to provide sufficient economic support. The central government should increase investment in sports funds to enhance the economic autonomy of the older adult. Secondly, the Chinese government should further improve the work system. It is necessary to supervise labor-intensive enterprises in a timely manner to ensure they strictly adhere to the government-set working and rest hours, allowing employees to have their own genuine time. Thirdly, governments at all levels should jointly establish a multi-subject older adult sports service management system (38), encourage social forces to participate in older adult sports, and create a positive sports atmosphere throughout society to awaken the awareness of the economically non-autonomous older adult to actively engage in physical activities. Finally, grassroots healthcare providers should pay attention to the differences in physical activity among older adult people with different economic autonomy and grasp the key points of physical activity for the older adult. Many older adult people have chronic diseases and require correct medical intervention. It is necessary to promote the integration of sports and medical care and provide correct medical guidance to the current group of older adult people with chronic diseases. At the same time, grassroots managers should overcome the existing problems in sports social instructors, such as insufficient numbers of instructors, low guidance rates, and low guidance quality (39, 40), introduce more social instructors to participate in the guidance of physical activities for the older adult, and help the older adult establish correct sports concepts and exercise habits to actively participate in physical activities.



5 Conclusion

Economic autonomy is a determining factor affecting the participation of Chinese older adult in physical activity. The model shows that in moderate intensity and low intensity physical activity, the economy is positively correlated with physical activity, while the older adult with lower economic level engage in a lot of high intensity physical activity. Economically independent older adult people engaged in low-intensity physical activity mainly for work and exercise, high-intensity physical activity mainly for work; the reason why the older adult engaged in low-intensity physical activity was exercise, the main reason for participating in medium-intensity physical activity was other things and work, and the reason for participating in high-intensity physical activity was mainly for work. Our study breaks through the static cognition of the economic situation of the older adult and complements the relationship between economic conditions and physical activity of the older adult. The physical activity data of the older adult in China show that some of the older adult in the state of “economic non-autonomy” have more participation in high-intensity physical activity than the economically independent older adult, and need to spend longer time in high-intensity physical activity to maintain survival. This shows that after China has experienced rapid urbanization, many older adult people with low economic level are trapped in “survival activities” and do not have modern sports concepts. It is suggested that Chinese policy makers and practitioners should treat with caution the theoretical framework of the existing research that the better the economic level, the higher the physical activity, and avoid increasing the excessive physical activity of the older adult in the lower economic level. Policy makers should base on the special economic and physical activities of the older adult in China, promote the adaptation of the older adult to modern sports concepts, maintain the physical fitness and physical activity ability of the older adult through appropriate types of physical activities (such as exercise prescription), and improve the physical health and living standards of the older adult. At the same time, we should pay attention to support the older adult from the economic level and improve the degree of economic autonomy of the older adult. Due to the limitation of time and ability, we only studied the relationship between economic autonomy and physical activity. How to help the older adult with different types of economic autonomy to carry out targeted physical activity and improve the quality of life of the older adult needs to be further explored. Future studies can be further discussed on this basis. It should be noted that the economic situation of the older adult in China is influenced by China’s special historical development stage and culture. The proportion of the existing older adult who have received higher education is low, which makes it difficult for them to adapt to the social division of labor in the current economic system. Meanwhile, China’s culture of filial piety and human network will have an impact on the economic situation of the older adult. When expanding to other areas, it is necessary to consider the specific local conditions and make policy adjustments according to the specific circumstances.
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Background: This study aims to examine the level of coupled and coordinated development between China's digital economy and older adult care services, analyzing their spatiotemporal evolution characteristics and key influencing factors, with the goal of providing feasible recommendations and scientific bases for the development of the digital economy and older adult care services in China.
Methods: This study uses publicly available panel data from China for the years 2015–2022. It employs the entropy method to measure the weights of various indicators in the digital economy and older adult care services. The study analyzes the level of coordinated development between the two using the coupling coordination degree model, and measures the main driving factors using the geographical detector model.
Results: (1) The overall level of coupling and coordinated development between China's digital economy and older adult care services shows an upward trend, but the growth rate is uneven, exhibiting an “M-shaped” pattern, with rapid growth followed by gradual slowdown, a bottoming-out rebound, and then a continuous decline. (2) There are significant spatial differences in the coupling and coordinated development of China's digital economy and older adult care services. Coastal areas are developing rapidly, inland areas have great potential, while peripheral areas are relatively lagging behind. Additionally, neighboring regions show regional linkage dynamics. (3) The main factors driving the coupling and coordinated development of China's digital economy and older adult care services include enterprise website ownership, technological contract turnover, the proportion of information technology service income, the building area of older adult care institutions, daily in-house visits, and the number of professional technical personnel.
Conclusion: To achieve coordinated development between the digital economy and older adult care services, efforts should focus on policy, market, technology, and talent. The government should support technological innovation and new service models, while tailoring strategies to regional market demands. Additionally, accelerating the industrialization of innovations and promoting intelligent upgrades in older adult care services are crucial. Finally, more investment is needed to cultivate composite talents in both the government and older adult care institutions.
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1 Introduction

According to the “2022 Civil Affairs Development Statistical Bulletin” released by China's Ministry of Civil Affairs, by the end of 2022, the older adult population aged 60 and above in China had reached 280 million, accounting for 19.8% of the total population, with an annual growth rate of 4.7%. This data not only highlights the vast scale of China's older adult population but also signals the accelerating process of population aging. Population aging is quietly reshaping the social structure, leading to a sharp increase in demand for older adult care services (1). However, with the decline in physical health and the increasing vulnerability of older adults in terms of mental wellbeing, the demand for older adult care services is no longer limited to medical care but also increasingly includes daily care and emotional support (2).

Specifically, in terms of medical services, due to the decline in physical functions, older adults have a more frequent and urgent need for medical services (3). However, current medical resources are relatively limited and unevenly distributed, leading to issues such as difficulty in seeing a doctor and high medical costs (4). Older adults often have to wait a long time to see a doctor, and the high cost of healthcare creates a heavy economic burden for both the older adults and their families (5). In terms of daily care, as older adults experience a gradual decline in physical functions, their need for daily care has been growing (6). However, the current older adult care service system faces prominent issues, such as insufficient professional skills of care staff and a lack of detailed service attitudes (7).

These problems directly hinder the effective fulfillment of older adults' diverse care needs, which in turn affects their quality of life (8). In terms of emotional support, many older adults feel increasingly lonely and anxious due to factors like their children being busy with work and shrinking social circles (9). However, current older adult care providers often focus on medical services and neglect their emotional needs. This neglect leads to a lack of necessary comfort and support for older adults, further impacting their physical and mental health (10). Fortunately, the rise of the digital economy offers new solutions to address these challenges. Specifically, the digital economy can provide more convenient access to medical services for older adults through online consultations and telemedicine, reducing the burden of seeking medical care (11).

At the same time, the digital economy can use machine algorithms and artificial intelligence to learn older adults' behavior preferences and automatically adjust daily care plans according to their needs (12). For example, smart care devices can automatically adjust the hardness of the bed and the height of the pillow based on older adults' activity levels and sleep quality, offering a more comfortable sleeping environment (13). Additionally, the digital economy can provide emotional support for older adults through smart companion robots and online social platforms (14).

These technologies can simulate human emotional communication, interacting with older adults to alleviate their feelings of loneliness and anxiety (15). In view of this, in 2022, the State Council issued the “14th Five-Year Plan for Digital Economy Development,” which explicitly stated: “We should make full use of the powerful driving force of the digital economy to actively address the challenges brought about by population aging, and promote the digital transformation and upgrading of the older adult care service system.” This strategic guideline elaborates on the application prospects of the digital economy in the field of older adult care services, elevating the importance of integrating the digital economy with older adult care services to a new level.



2 Literature review

Scholars generally believe that older adult care services, as an effective response measure, have core value in meeting the diverse living needs of the older adults. However, with the rapid development of the social economy, the demand for older adult care services has gradually shifted from traditional areas such as medical care and health services to more diversified fields like daily care and emotional support (16). This change not only reflects older adults' increasing pursuit of a better quality of life but also poses higher demands on the older adult care service system. To build a more comprehensive older adult care service system, China has established a multi-level system that includes family, community, institutions, and government (17). These components not only differ significantly in function but also play different roles as the economy and society develop. Among them, family care is the most fundamental and efficient model.

However, with the acceleration of urbanization, more and more rural children choose to work in cities, leaving many older adults in rural areas to live alone (18). Research shows that older adults living in solitude in rural areas face increasingly serious declines in their quality of life, and even show tendencies toward suicide (19). The weakening of the traditional family care model has led older adults individuals to make more choices, seeking help from other parties, which led to the emergence of community-based older adult care (20). Community older adult care is a model that provides services such as daily care, housekeeping, rehabilitation, emotional support, and cultural activities to older adults within a community (21).

Compared to traditional family care, community-based older adult care allows older adults to live in a familiar community environment, enjoying the warmth and care of a family while receiving specialized and diverse services provided by the community (22). However, community older adult care is still in its early stages due to unstable funding sources and inadequate infrastructure (23). Institutional older adult care is a model where third-party social organizations provide services. Compared to community care, it has a more stable funding source and can hire professional caregivers to provide services (24).

However, due to high costs and the attachment to one's home, only a small number of older adults opt for institutional care such as nursing homes (25). As for government-based older adult care, it is an important component of the public older adult care service system. It mainly provides basic living security and older adult care services through policy formulation, financial support, and the construction of public facilities (26). The government care model plays a critical role in meeting the basic living needs of older adults, especially for those facing economic difficulties or those without children or with children who are unable to care for them (27). It serves as an important pillar for their support.

The digital economy is widely recognized as the major economic form following the agricultural and industrial economies. Its core lies in the use of digitalized information as a key production factor, relying on modern information networks as transmission media, and efficiently utilizing digital technologies to achieve precise resource allocation, thereby driving the economy toward higher-quality development (28). Compared to traditional economic models, the digital economy demonstrates unprecedented potential, not only promoting the optimization and upgrading of industrial structures but also fostering numerous emerging business models through cross-sectoral innovative strategies, significantly enhancing the potential for economic growth (29).

In particular, the empowerment of the digital economy in the field of older adult care services is especially notable. On one hand, the digital economy has created comprehensive older adult care service platforms that integrate resources from multiple sectors, such as older adult care institutions, medical facilities, rehabilitation centers, and tourism centers, digitally (30). This has formed a multi-functional, all-encompassing older adult care service ecosystem that covers health management, daily care, leisure, entertainment, and more (31). This optimization and upgrading of industrial structures not only significantly improves the efficiency of older adult care services but also greatly enriches the content of these services, making them more aligned with the diverse needs of older adults, thereby enhancing their quality of life and wellbeing.

On the other hand, the digital economy has promoted the cross-sectoral integration of older adult care services with fields such as healthcare, tourism, and finance, giving rise to new service models like “medical and older adult care integration,” developing “older adult tourism” products, and innovating “long-term care insurance” financial services (32). These achievements not only significantly improve the professionalism of older adult care services but also drive innovation in the older adult care industry, laying a solid foundation for building a more comprehensive older adult care system.

Summarizing previous research, studies on older adult care services initially focused more on the basic content and development models of older adult care services, with little emphasis on the digital economy. However, with the rapid development of digital technologies, the digital economy has gradually become an important economic form. As a result, studies directly addressing the relationship between older adult care services and the digital economy have increased, but most of them are still confined to theoretical research on the integration of digital economy and older adult care services, lacking empirical analysis of real-world situations. This significantly limits our comprehensive understanding of the integration and development of the digital economy and older adult care services, thereby hindering the formulation and implementation of related policies and ultimately affecting the pace and effectiveness of their integrated development.

Therefore, based on a systematic review of existing literature, this paper selects 31 provinces, autonomous regions, and municipalities in China from 2015 to 2022 as the research object and constructs a comprehensive evaluation index system for the digital economy and older adult care services. The entropy method is used to assign weights to the indicators in the index system and to measure the comprehensive scores of the digital economy and older adult care services. Then, the coupling coordination degree model is employed to analyze the coupling coordination degree value between the digital economy and older adult care services and examine its evolutionary characteristics in terms of time and space. Finally, the geographical detector model is used to analyze the main influencing factors. This study aims to provide theoretical references and policy recommendations for the coordinated development of the digital economy and older adult care services in different regions.



3 Materials and methods


3.1 Data source

This study uses publicly available panel data from China for the years 2015–2022, covering 31 provinces, autonomous regions, and municipalities. Due to the unavailability of open data from Hong Kong, Macau, and Taiwan, these regions have been excluded from the study to ensure research rigor and data accuracy. The raw data primarily comes from authoritative sources such as the National Bureau of Statistics, provincial (municipal, autonomous region) statistical bureaus, and statistical yearbooks. It is worth noting that although there were some missing data during the processing, linear interpolation methods were used to reasonably fill in these gaps, and this treatment does not affect the accuracy and reliability of the analysis results.



3.2 Model method
 
3.2.1 Entropy method

The entropy method is an objective weighting method based on information entropy theory. The principle is to measure the amount of information contained in an indicator by calculating its information entropy, and then determine the weight of each indicator in the comprehensive evaluation (33). Smaller information entropy indicates a greater degree of variation in the indicator and more information provided, resulting in a higher weight in the comprehensive evaluation. Conversely, when the information entropy is large, it indicates a smaller degree of variation in the indicator and less information contained, leading to a corresponding decrease in weight in the comprehensive evaluation. In this study, the entropy method is used to determine the weights of various indicators in the digital economy and older adult care services. Compared to other methods, the advantage of the entropy method lies in avoiding the arbitrariness and inaccuracy of subjective weighting, and it can automatically adjust weights based on the characteristics of the data, making the evaluation results closer to the actual situation. The specific steps are as follows:

(1) Data standardization processing:

[image: Formula for standard score: S equals X minus Mean divided by Standard Deviation (Std), labeled as equation one.]

Where, S is the standardized data; X is the original data; Mean is the mean of the original data; Std is the standard deviation of the original data.

(2) Calculating indicator weights:

[image: Equation showing probability \( P_{ij} = \frac{X'_{ij}}{\sum_{i=1}^{n} X'_{ij}} \), labeled as equation 2.]

Where, i is the i-th year; j is the j-th indicator; n is the number of years.

(3) Calculating indicator entropy:

[image: Equation showing: \( E_j = -k \sum_{i=1}^{n} P_{ij} \ln P_{ij} \). The formula calculates a quantity \( E_j \) using the sum of the product of probabilities \( P_{ij} \) and their natural logarithm, scaled by a constant \( k \).]

Where, k=1/lnn; when Pij=0, let Pijlnij=0

(4) Calculating information efficiency value:

[image: Mathematical equation showing D sub j equals one minus E sub j, with the number four in parentheses on the right.]

Where, 0 ≤ Ej ≤ 1.

(5) Calculating weight results:

[image: Mathematical equation: W subscript j equals one minus the fraction E subscript j over the summation from j equals one to m of D subscript j, labeled as equation five.]
 

3.2.2 Coupling coordination model

The coupling coordination degree model is a mathematical model used to assess the interaction and coordinated development degree between two or more systems. The basic principle of this model is based on the dynamic behavior and interaction relationships between systems, revealing the correlation and coordinated development status through quantitative analysis (34). This model is widely applied in fields such as economics, society, and the environment for coordinating development evaluation. For example, in regional economic research, it can be used to evaluate the interaction and coordinated development level between different economic sectors; in ecological and environmental protection, it can be used to assess the coordination between economic development and environmental protection. The model involves the calculation of three indicators: coupling degree (C value), coordination index (T value), and coupling coordination degree (D value). The coupling degree (C value) refers to the level of interaction between two or more entities, reflecting the degree of mutual dependence and constraints. The coordination index (T value) reflects the degree of positive coupling within the coupled system, that is, whether the systems develop harmoniously and coordinately together. It represents the quality of the coordination between the systems. The coupling coordination degree (D value) is a comprehensive reflection of the coupling degree (C value) and the coordination index (T value), used to comprehensively evaluate the coordinated development degree between systems. In this paper, the coupling coordination degree model is used to calculate the coordinated development level between the digital economy and older adult care services. Compared to other methods, the coupling coordination degree model not only reflects the degree of interaction between systems but also reveals the coordination relationship between the internal elements of the systems, making it a very effective tool for analyzing complex issues. The specific formula is as follows:

[image: Equation showing \( C = \left( \frac{U_1 \times U_2}{(U_1 + U_2)^2} \right)^{\frac{1}{4}} \), labeled as equation (6).]

[image: Equation depicting mathematical expressions: \( D = \sqrt{C \times T} \), \( T = \sqrt{\alpha U_1 \times \beta U_2} \), with the condition \( \alpha + \beta = 1 \).]

Where, C represents coupling degree, T represents the coordination index, D represents coordination degree, U1 and U2 represent the scores of the comprehensive indices for the digital economy and older adult care services respectively; α and β are undetermined weights, because both are equally important, so α = β = 0.5. According to the customary division standards for coordination research, coordination can be divided into ten categories for discussion, as shown in Table 1.


TABLE 1 Criteria for classifying the degree of coupling coordination.

[image: Table displaying coordination degree D and corresponding value coordination types. Ranges from 0.0 to 0.5 indicate discrepancies from extreme to slight, and 0.5 to 1.0 indicate coordination from slight to very high.]



3.2.3 Geodetector model

The geographic detector model is a statistical method used to explore spatial differentiation and the underlying influencing factors. Its core idea is based on the following assumption: if an independent variable has a significant impact on a dependent variable, then the spatial distribution of the independent and dependent variables should exhibit similarity. The geographic detector quantifies the explanatory power of independent variables on the spatial distribution of the dependent variable, revealing the underlying influencing factors of geographic phenomena (35). This model is widely applicable and can be effectively used in fields such as land use, regional economy, and environmental protection. For example, in the field of land use, the geographic detector model can help identify which factors influence the way land is used. In the regional economy field, it can be used to identify the key factors promoting or restricting regional economic development.

The specific calculation of the geographic detector model includes four components: factor detection, interaction detection, ecological detection, and risk zone detection. Factor detection assesses the explanatory power (q value) of each factor on the spatial differentiation of the dependent variable, evaluating the role of each factor in the spatial distribution of geographic phenomena. The higher the q value, the stronger the explanatory power of the factor on the dependent variable. Interaction detection compares the q value when two factors interact with the q values when they act individually, to assess the influence of their interaction on the spatial distribution of the geographic phenomenon. If the interaction increases the explanatory power, it indicates a synergistic effect between the two factors; if it decreases the explanatory power, it suggests an antagonistic effect.

Ecological detection is used to compare whether there are significant differences in the influence of different factors on the spatial distribution of the dependent variable, providing strong evidence for the relative importance of factors. Risk zone detection focuses on determining whether there are significant differences in the attribute means between different sub-regions, offering a more detailed description of the spatial distribution characteristics of geographic phenomena. In this study, we primarily applied the factor detection component of the geographic detector model to analyze the main influencing factors of the coupled and coordinated development of the digital economy and older adult care services. Compared with other methods, the geographic detector model performs exceptionally well in analyzing small sample data, providing more accurate and reliable research results. The specific formulas are as follows:

[image: Equation for variable q as one minus the sum from h equals one to L of N sub h times sigma sub h squared, divided by N sigma squared. Labeled as equation eight.]

Where q is the detection value of the factor detector; h=1; …L represents the stratification of variable X; N and Nh are the sample sizes of the study area and the detection area, respectively; σ2 and [image: Greek letter sigma squared with subscript k.] are the variances of Y in the study area and detection area, respectively. The value of q ranges from 0 to 1, and a higher q value indicates a stronger explanatory effect of factor X on Y.




3.3 Variables

To further explore the coupled and coordinated development of China's digital economy and older adult care services, this paper constructs a comprehensive evaluation index system that includes two subsystems: digital economy and older adult care services. These two subsystems are independent yet interrelated, collectively forming a complete framework for evaluating the coupled and coordinated development of digital economy and older adult care services.

The digital economy subsystem can be further divided into three levels: information communication, technological innovation, and industrial applications. This is mainly because information communication, as a key pillar of the digital economy, undertakes core responsibilities such as data transmission, storage, and processing (36). It serves as the “highway” for data flow and directly affects the operational efficiency and development potential of the digital economy. Without efficient, stable, and secure information communication networks, the digital economy cannot achieve rapid and accurate data transmission and sharing, and its advantages would be unattainable. Therefore, when constructing the comprehensive evaluation index system for the digital economy, this study places particular emphasis on the consideration of information communication to assess the hardware infrastructure construction and its level of completeness in different regions. This level includes a series of core indicators, such as the number of broadband internet users (37), mobile phone penetration rate (38), the length of long-distance optical fibers per unit area (39), and the ownership rate of corporate websites (40). Through these indicators, we can comprehensively measure the extent of information communication coverage, transmission speed, and the level of enterprise informatization in different regions, providing data support for subsequent research.

Technological innovation is the core driving force of the digital economy and a key factor in promoting its sustained, rapid, and healthy development (41). It not only fosters new industrial models but also drives the transformation and upgrading of traditional industries, enhancing industrial value-added and competitiveness. Therefore, when constructing the comprehensive evaluation index system for the digital economy, this study considers technological innovation as an important dimension, aiming to assess the strength and potential of different countries or regions in the field of technological innovation. This level includes a series of core indicators, such as R&D expenditures of large industrial enterprises (40), the total value of technology contract transactions (39), and the number of patent applications and grants. Through these indicators, we can comprehensively measure the investment intensity in technological innovation, the efficiency of technological achievement conversion, and the strength of intellectual property protection in different regions, providing data support for subsequent research.

Industrial applications are the key link to realizing the value of the digital economy and an important manifestation of the deep integration of the digital economy with the real economy (42). The widespread penetration of the digital economy in industrial applications has not only brought great convenience to people's production and daily life but also significantly enhanced the level of economic development. Therefore, when constructing the comprehensive evaluation index system for the digital economy, this study considers industrial applications as an independent and important dimension, aiming to comprehensively demonstrate the practical outcomes of the digital economy in industrial applications. This level includes a series of core indicators, such as the proportion of information technology services revenue to GDP (42), the proportion of e-commerce revenue from enterprises to GDP (36), and the proportion of telecommunications revenue to GDP (43). Through these indicators, we can intuitively reflect the actual value generated by the digital economy in the present, providing data support for subsequent research.

The older adult care service subsystem can also be divided into three levels: infrastructure, service capacity, and organizational management. This is mainly because infrastructure, as the material foundation of older adult care services, is directly related to the quality of service delivery (44). Well-developed infrastructure can provide older adults with a comfortable and safe living environment, serving as the foundation for improving the level of older adult care services. Therefore, when constructing the comprehensive evaluation index system for older adult care services, this study considers infrastructure as a key dimension, aiming to comprehensively assess the construction status of infrastructure in older adult care services. This includes a series of core indicators, such as the number of older adult care institutions (45), the number of beds at the end of the year (46), and the floor area of the institutions (44). These indicators can intuitively reflect the effectiveness of infrastructure construction in older adult care institutions, providing reliable data support for the research.

Service capacity is the core component of older adult care services, directly affecting the quality of life care, health protection level, and psychological satisfaction of older adults (47). Good service capacity helps improve the happiness of older adult individuals, enhances the competitiveness of older adult care institutions, and promotes the healthy development of the older adult care service industry. Therefore, when constructing the comprehensive evaluation index system for older adult care services, this study views service capacity as an indispensable dimension, aiming to comprehensively assess the actual situation of service capacity in older adult care services. A series of core indicators includes the number of people in the facility per day (48) and the number of people attending rehabilitation and medical outpatient services (49). These indicators can accurately reflect the actual service capacity of older adult care institutions, providing data support for in-depth research.

Organizational management is an important guarantee for older adult care services, directly affecting the stability and sustainability of these services (50). Good organizational management ensures the standardized and efficient operation of older adult care services, providing older adult individuals with long-term, stable, and high-quality care. Therefore, when constructing the comprehensive evaluation index system for older adult care services, this study places organizational management in a prominent position, aiming to comprehensively assess the level of organizational management in older adult care institutions. Core indicators include the number of management staff (51), the number of professional and technical personnel (52), and the number of social workers (53). These indicators can intuitively reflect the management hierarchy, technical support, and community service potential of older adult care institutions, thereby providing data support for in-depth research. The specific results are shown in Table 2.


TABLE 2 Evaluation indicator system for coupled and coordinated development of digital economy and older adult care services in China.

[image: Table listing indicators for digital economy and older adult care services. Under digital economy: Information and communication, Technological innovation, and Industrial application with various metrics like internet users and R&D expenditure. Under older adult care services: Infrastructure, Service capacity, and Organizational management with metrics like bed capacity and number of managers. Units are specified for each metric.]




4 Results

After conducting a thorough analysis, the findings regarding the coupling coordination degree between the digital economy and older adult care services in China are presented in Table 3. This table offers a valuable insight into the index of China's coupled and coordinated development level within these two vital domains.


TABLE 3 Index of China's coupled and coordinated development level of the digital economy and older adult care services.

[image: Table showing yearly data from 2015 to 2022 for Chinese regions, including Beijing, Tianjin, and Hebei. Values range from approximately 0.1 to 1.0. Regions generally show an upward trend over the years.]


4.1 Temporal characteristic analysis of the coordinated development of China's digital economy and older adult care services

The coupling coordination development between China's digital economy and older adult care services has shown an overall upward trend, but with uneven growth rates, displaying an “M-shaped” pattern of “rapid growth—gradual slowdown—bottoming out and recovery—sustained decline.” Specifically, during the rapid growth phase (2015–2016), the coupling coordination degree between the digital economy and older adult care services rose sharply from 0.198 to 0.284, with a growth rate of 43.43%, reaching a moderately imbalanced level. This indicates that in this phase, the initial integration of the digital economy and older adult care services yielded significant results, with both mutually promoting each other, entering a prosperous development period. In the gradual slowdown phase (2016–2018), although the coupling coordination degree continued to rise from 0.284 to 0.418, the growth rate gradually slowed, with rates of 39.44% and 5.56%, entering a mildly imbalanced level. Among them, the increase from 0.396 to 0.418 was the smallest growth during the entire development phase.

This suggests that during this phase, the integration of the digital economy and older adult care services faced challenges, and the growth rate slowed significantly, entering a bottleneck period. In the bottoming out and recovery phase (2018–2019), the coupling coordination degree surged from 0.418 to 0.665, with a growth rate of 60.05%, jumping to a lightly coordinated level, marking the largest increase in the entire development process. This indicates that in this phase, the integration of the digital economy and older adult care services made breakthrough progress, with a significant enhancement in their synergistic effects, entering the golden period of development.

In the sustained decline phase (2019–2022), although the coupling coordination degree continued to rise from 0.665 to 0.942, reaching an extremely coordinated level, the growth rate gradually decreased, with rates of 22.71%, 8.21%, and 6.68%. This indicates that during this phase, the integration of the digital economy and older adult care services was influenced by other factors, and the growth rate continued to decline, entering a period of developmental decline. The specific situation is shown in Figure 1.


[image: Bar and line graph showing coupling coordination degree values from 2015 to 2022, with increase rate percentages. Colors indicate levels from severe discrepancy to very high coordination. Notable points include 60.05% in 2019 and a 0.942 value in 2022.]
FIGURE 1
 Temporal distribution of the coupled and coordinated development of digital economy and older adult care services in China.




4.2 Spatial characteristic analysis of the coordinated development of China's digital economy and older adult care services

The spatial disparity in the coupling and coordinated development of China's digital economy and older adult care services is significant, forming a diverse spatial development pattern: rapid development in coastal areas, huge potential in inland areas, and relative stagnation in peripheral regions. In this process, the geographical proximity effect is notable, with neighboring regions depending on and promoting each other's development, creating a regional linkage development trend. Specifically, Zhejiang, Guangdong, and Shanghai, as typical representatives of coastal areas, have coupling coordination values of 0.6321, 0.6266, and 0.6146, respectively, which are at a mild coordination level, fully demonstrating these regions' leadership in the integration of the digital economy and older adult care services, making them role models nationwide. Central regions such as Shaanxi, Hubei, and Sichuan also perform well, with coupling coordination values of 0.6190, 0.6165, and 0.6121, respectively, also at a mild coordination level.

These regions, leveraging their multiple advantages, have shown strong development momentum in the coordinated development of the digital economy and older adult care services, becoming some of the most promising regions for future development. However, peripheral regions like Tibet, Inner Mongolia, and Xinjiang have relatively low coupling coordination values of 0.5271, 0.5044, and 0.4894, respectively, at a weak coordination or even weak disorder level. These regions face multiple real-world constraints, causing a slower integration of the digital economy and older adult care services. They need to gradually narrow the gap with more developed regions and improve their integration development level in the future. Notably, the geographical proximity effect in the coupling and coordinated development of the digital economy and older adult care services is fully reflected between provinces. Taking Shanghai as an example, with a coupling coordination value of 0.6146, Shanghai not only achieves its own prosperity but also generates a significant radiating effect on neighboring regions such as Jiangsu and Anhui, driving their levels of digital economy and older adult care services integration to 0.5958 and 0.5939, respectively. This regional linkage development model provides valuable lessons and inspiration for regions across the country. The specific results are shown in Figure 2.


[image: Map of China illustrating the coupling coordination degree by region in varying shades of blue and green. Darker shades represent higher coordination degrees, ranging from 0 to 1. A legend and a compass rose are included.]
FIGURE 2
 Spatial distribution of the coupled and coordinated development of digital economy and older adult care services in China.




4.3 Analysis of driving factors in the coordinated development of China's digital economy and older adult care services

This study hypothesizes that information communication, technological innovation, industrial applications, infrastructure, service capabilities, and organizational management all influence the coupling and coordinated development level of the digital economy and older adult care services. The dependent variable in this study is the coupling coordination degree between the digital economy and older adult care services, while the independent variables include information communication, technological innovation, industrial applications, infrastructure, service capabilities, and organizational management. Specifically, information communication is measured by indicators such as the number of internet broadband access users (X1), mobile phone penetration rate (X2), the length of long-distance optical cables per unit area (X3), and the number of websites per 100 enterprises (X4), with the highest q-value for the number of websites per 100 enterprises (X4) being 0.3542.

Technological innovation is evaluated by the R&D expenditure of industrial enterprises above a designated size (X5), the total value of technology contract transactions (X6), and the number of patents granted (X7), with the highest q-value for total technology contract transaction value (X6) being 0.3025. Industrial applications are measured by the proportion of information technology service revenue in GDP (X8), the proportion of e-commerce in GDP (X9), and the proportion of telecommunications business volume in GDP (X10), with the highest q-value for the proportion of information technology service revenue in GDP (X8) being 0.5072.

Infrastructure is assessed by the number of older adult care institutions (X11), the number of beds at the end of the year (X12), and the building area of institutions (X13), with the highest q-value for building area (X13) being 0.4422. Service capabilities are represented by the number of people in care institutions per day (X14) and the number of rehabilitation and medical outpatient visits (X15), with the highest q-value for the number of people in care institutions per day (X14) being 0.4733. Organizational management is measured by the number of management personnel (X16), the number of professional technical personnel (X17), and the number of social workers (X18), with the highest q-value for the number of professional technical personnel (X17) being 0.6806. The specific results are shown in Figure 3.


[image: Scatter plot showing a Q Statistic on the y-axis and items on the x-axis, with data points grouped by categories like Information and Communication, Technological Innovation, Industrial Application, Infrastructure, Service Capacity, and Organizational Management. Each category is color-coded, with darker shades representing higher values.]
FIGURE 3
 Analysis of driving factors for the coupled and coordinated development of digital economy and older adult care services in China.





5 Discussion


5.1 Key findings

The coupling and coordinated development level of China's digital economy and older adult care services has shown an overall upward trend, but the growth rate is uneven, presenting an “M-shaped” fluctuation pattern with characteristics of “rapid growth—gradual slowdown—bottoming out and recovery—continuous decline.” The reasons for this phenomenon can be summarized as follows:

(1)Policy guidance is the core driving force in the rapid growth stage. In July 2015, the State Council issued the “Guiding Opinions on Actively Promoting the 'Internet +' Action,” which clearly outlined the important direction for promoting the development of the smart older adult care industry. The policy advocated fully utilizing existing internet resources to build a comprehensive older adult care information service network, aiming to provide diversified, all-encompassing home care services for older adults, including nursing, health management, rehabilitation care, and more. On this basis, in December 2016, the General Office of the State Council further issued the “Several Opinions on Fully Opening the Older Adult Care Service Market and Improving the Quality of Older Adult Care Services,” emphasizing strong support for encouraging the design and development of smart products, health monitoring wearable devices, and health care mobile apps suitable for older adults. The implementation of this series of policies brought unprecedented development dividends to the smart older adult care industry, greatly stimulating market vitality and promoting the rapid development of the industry. By 2016, the market size of China's smart older adult care industry reached 1.31 trillion yuan, with a growth rate of 87.14% compared to the previous year, fully demonstrating the powerful driving role of policy guidance in the rapid development of the industry.

(2) Lack of momentum is the main reason for the gradual slowdown stage. In the early stages of the market, due to the presence of numerous gaps, many companies entered the market, collectively driving its rapid expansion. By 2018, the number of smart older adult care enterprises in China reached 887, representing a significant 46.13% increase compared to the previous year, and the market capacity reached a new peak. However, as the market gradually became saturated, these gaps were gradually filled by enterprises, and new growth points were difficult to emerge quickly. At the same time, market demand began to stabilize, with the growth rate of the older adult population being relatively limited. Consumers' demands and expectations for smart older adult care products also became more rational, no longer solely pursuing novelty and high-end features. This stabilization of market demand further intensified market competition, with an increasing number of enterprises, and competition across multiple dimensions, such as technology, quality, and service, became dominant. Against this backdrop, the growth rate of the smart older adult care market gradually leveled off, and the market entered a stage of development stagnation.

(3)Technological innovation is the key factor in the recovery stage. As the growth rate slowed down and market competition intensified, enterprises gradually realized that in order to stand out in fierce competition, they had to rely on technological innovation. By introducing advanced technologies such as artificial intelligence, big data, and the Internet of Things, smart older adult care enterprises could provide more precise and efficient older adult care services. For example, smart wearable devices could monitor the health status of older adults in real time, and remote medical services allowed older adults to enjoy professional medical care at home. By 2019, the number of smart older adult care products in China had reached 118, with a growth rate of 110.71% compared to the previous year, achieving exponential growth.

(4)The COVID-19 pandemic is a key factor in the continuous decline stage. During the pandemic, in order to effectively prevent the spread of the virus, older adult care institutions were forced to implement closed management measures, severely restricting the movement of people. While this greatly reduced the risk of the virus spreading within older adult care institutions and ensured the safety of older adults, it also directly led to a change in the supply-demand structure of the older adult care services market. As the main consumers of older adult care services, older adults found their daily lives and access to older adult care services greatly restricted under the closed management, no longer able to conveniently enjoy various older adult care services as they did before the pandemic. At the same time, the uncertainty and widespread fear brought about by the pandemic had a profound impact on the consumption psychology of older adults and their families. Faced with the unknown risks of the pandemic, they became more cautious and conservative when choosing older adult care services. Some families even temporarily abandoned older adult care services or drastically reduced their spending on older adult care services in order to lower the risk of infection. This clear reduction in consumption willingness further exacerbated the downward trend of the smart older adult care market.

The spatial differences in the coupling and coordinated development of China's digital economy and older adult care services are significant, forming a diverse spatial development pattern characterized by rapid growth in coastal areas, huge potential in inland areas, and relatively slow development in peripheral areas. At the same time, the geographic proximity effect is prominent, with neighboring areas interdependent and mutually promoting each other in the development process, forming a regional linkage development trend. The reasons for this phenomenon can be summarized as follows:

(1) Coastal areas, with their unique geographical advantages, actively engage in external exchanges and international trade. They have taken the lead in technological innovation and economic development, gradually accumulating a solid economic foundation, which provides favorable conditions for the integrated development of digital economy and older adult care services. As of 2022, the total GDP of coastal areas reached 63.57 trillion yuan, accounting for 52.53% of the national GDP. With the increasing degree of population aging, the demand for older adult care services is becoming more diversified and high-quality. The innovative capabilities and economic level in coastal areas can fully meet this market demand. As a result, coastal areas have achieved remarkable success in the coupling and coordinated development of the digital economy and older adult care services, becoming a national model.

(2) Although inland areas are relatively geographically isolated, their rich natural resources and human resources offer significant potential for the integrated development of digital economy and older adult care services. As of 2022, the population of inland areas reached 6.67 billion, accounting for 47.24% of the national population. At the same time, with the country's increasing focus on and support for inland development, infrastructure construction in inland areas is constantly improving, and technological innovation capabilities are gradually enhancing. As the degree of population aging gradually increases, the older adult care service market in inland areas will continue to expand, and the integration of digital economy and older adult care services will usher in new development opportunities.

(3) Peripheral areas, due to their remote geographical locations, relatively underdeveloped transportation and communication infrastructure, and weak economic foundation, as well as the evident monoculture of industrial structure, are severely limited in the integration and application of digital technology and economic development. Additionally, constrained by natural conditions such as climate, soil, and water resources, the population in peripheral areas is sparsely distributed. According to statistics, as of 2022, the average population density in China's peripheral areas was only 11.83 people per square kilometer, which is only 7.9% of the national average population density. This low population density further leads to relatively low levels of population aging in peripheral areas, resulting in insufficient market demand and further restricting the integrated development of the digital economy and older adult care services.

(4) Due to the similarity and complementarity in infrastructure such as transportation and communication between neighboring areas, it promotes the efficient flow and optimal allocation of production factors such as labor, capital, and technology between these areas. In this process, more developed areas can leverage their advantages to drive the progress of relatively underdeveloped areas. At the same time, underdeveloped areas can benefit from the radiation effect of more developed areas, seizing development opportunities to accelerate their own development. This positive interaction between regions helps achieve the circulation and sharing of resource factors, promoting the coordinated development of regions.

The coupling and coordinated development of China's digital economy and older adult care services are influenced by factors such as information communication, technological innovation, industry application, infrastructure, service capabilities, and organizational management. Among these, key drivers include the number of websites per 100 enterprises, the total value of technology contracts, the proportion of information technology service income in GDP, institutional building area, daily in-hospital visits, and the number of professional technical personnel. The reasons for this phenomenon can be summarized as follows:

(1) Number of websites per 100 enterprises measures the extent of digital transformation among local enterprises. As this indicator increases, more older adult care service enterprises establish online platforms to offer functions such as information consultation, service reservations, and health management. This not only enhances the convenience and accessibility of services but also enables older adult care services to achieve broader coverage and more efficient operations through online platforms, thus promoting the deep integration of older adult care services and the digital economy.

(2) Total value of technology contracts reflects the activity level of the local technology innovation market. An increase in the total value of technology contracts signifies the introduction and application of more advanced technologies and solutions. These technologies, such as smart wearable devices and remote medical monitoring, significantly improve the specialization of older adult care services and, through digital means, enable personalized and precise services, thus driving the deep integration of the digital economy and older adult care services.

(3) Proportion of information technology service income in GDP measures the contribution of the digital economy to the local economy. An increase in this proportion indicates the growing role of the digital economy in regional economic development. In the older adult care service sector, this means more resources are being invested in the digital transformation of enterprises, which strongly supports the innovation of older adult care service models and the improvement of service efficiency, providing solid support for the sector's transformation and upgrading.

(4) Institutional building area reflects the scale of older adult care service facilities. A larger institutional building area not only means that more older adults can be accommodated, providing them with more comprehensive services, but also provides the physical foundation necessary for the digital transformation of older adult care services. In such spaces, it becomes easier to install various smart devices and set up IoT facilities, thus improving the intelligence level of older adult care services, optimizing operational efficiency, and creating a more convenient and efficient environment for older adults.

(5) Daily in-hospital visits directly reflect the demand for older adult care services. An increase in daily in-hospital visits indicates sustained growth in the demand for older adult care services. To meet this demand, older adult care institutions need to continuously improve service efficiency and quality to better cater to the diverse needs of older adults. Digital transformation is the key path for institutions to achieve this goal. By introducing and applying advanced information technologies, institutions can optimize management processes, enhance operational efficiency, and provide more personalized and thoughtful services to older adults.

(6) Number of professional technical personnel reflects the level of specialization in the older adult care service industry. An increase in the number of professional technical personnel means a higher level of specialization in the sector. These professionals, with their deep knowledge and rich practical experience, can provide higher-quality and more specialized services to older adults. Their presence not only strengthens the service capabilities of older adult care institutions but also enhances the overall service standards and image of the industry, laying a solid foundation for the coordinated development of the digital economy and older adult care services.



5.2 Innovation

The innovation of this study lies in integrating the seemingly independent fields of the digital economy and older adult care services. By thoroughly analyzing their intrinsic connections and current development statuses, it aims to reveal the potential contribution of the digital economy to enhancing the quality and efficiency of older adult care services. Additionally, it explores how the demands of older adult care services can drive innovation and application of digital technologies. This interdisciplinary research not only enriches existing theories and promotes understanding of the integrated development of the digital economy and older adult care services but also provides new perspectives and data support for relevant policy formulation. This is crucial for building a more comprehensive and sustainable older adult care service system. Moreover, the study offers transferable insights for the application of the digital economy in other social service sectors, advancing society toward intelligent service transformation and striving to maximize dual economic and social benefits.



5.3 Limitations and future research directions

It is worth noting that this study may have certain limitations. In terms of temporal scale, data collection was only available up to 2022, with the latest year's data not yet obtained, which somewhat affects the timeliness and cutting-edge nature of the research findings. On the spatial scale, the analysis primarily focused on the provincial level and did not delve into more micro-levels such as city or county levels, thus limiting our ability to accurately capture and deeply explore the differences and characteristics of socioeconomic phenomena at finer spatial scales. Future research could refine these aspects by extending the analysis to the latest available year and expanding the scope to include more micro-levels such as cities and counties. This would help to more precisely reveal the differences and characteristics of socioeconomic phenomena among micro-level regions, thereby comprehensively understanding their developmental trends. Moreover, this approach could provide policymakers with more specific and targeted evidence, aiding in achieving precise governance and sustainable development of socioeconomic factors.




6 Conclusion and recommendations


6.1 Conclusions

This paper aims to explore the spatiotemporal evolution and driving factors of the coordinated development between China's digital economy and older adult care services. Official data from 2015 to 2022 were collected and analyzed using entropy method, coupling coordination degree model, and geographical detector model. The main conclusions are as follows: (1) The coupling and coordinated development of China's digital economy and older adult care services shows an upward trend, but with uneven growth, following an “M-shaped” fluctuation pattern of “rapid growth—gradual slowdown—bottoming out and recovery—continuous decline.” (2) There is notable spatial disparity in their development, with rapid progress in coastal areas, significant potential in inland regions, and slower development in peripheral areas. Geographical proximity also plays a key role, with neighboring regions interdependent and fostering mutual growth, creating a regional linkage trend. (3) Key factors influencing this development include the number of enterprise websites per 100 companies, total technology contract transactions, the share of IT service revenue in GDP, institutional building area, daily resident numbers in facilities, and the number of professional technical staff.



6.2 Policy recommendations

To achieve coordinated development between the digital economy and older adult care services, it is essential to analyze the inherent mechanisms of their integration and propose corresponding policy recommendations. Firstly, policy support is the fundamental guarantee for integrated development. During periods of rapid development, the government should introduce supportive policies such as research and development subsidies and tax reductions to encourage enterprises to increase their investment in research and development in the integration field, exploring new technologies and applications such as wearable devices and telemedicine services. Through technological innovation, the smart level of older adult care services can be enhanced, accelerating the integration process between the digital economy and older adult care services. In the phase of gradual slowdown, as the market gradually saturates and competition intensifies, the government should encourage enterprises to integrate and reorganize, increase industry concentration, create economies of scale, and guide companies to delve into niche markets, providing customized services.

Optimizing the industrial structure can improve the overall competitiveness of the industry and drive the sector toward high-quality development. In the phase of bottoming out and recovery, the government should encourage enterprises to explore new service models, such as the application of the sharing economy and platform economy in older adult care services, to expand market space and enhance the industry's innovation capabilities. By deepening innovation and development, new vitality can be injected into the sector, promoting new growth. In the phase of continuous decline, the government should closely monitor market dynamics, analyze the reasons for the industry's decline, and adjust relevant policies in a timely manner according to the actual situation. For example, providing transformation assistance to guide the industry to expand into emerging fields, strengthening regulation to ensure market order, and increasing publicity efforts to enhance social awareness and acceptance. By adjusting policies in a timely manner, the government can help the industry face challenges and achieve sustainable development.

Secondly, market demand is the intrinsic driving force for integrated development. Coastal areas, with their unique geographical advantages, have established an open external environment and nurtured a relatively mature market system. These foundational conditions greatly stimulate the urgent demand for improving the quality of older adult care services. Driven by this strong market demand, coastal areas should focus on cultivating and introducing leading enterprises in the digital economy, constantly updating ideas and technologies, and applying them to the older adult care sector, further enhancing the intelligence and specialization of older adult care services. In contrast, inland areas, while rich in natural and human resources, have a slower pace of economic development. As the aging process accelerates, the demand for older adult care services is becoming increasingly urgent, which endows inland areas with tremendous development potential in the older adult care market.

Driven by such market demand, inland areas should explore and fully utilize their own potential, relying on abundant natural resources, and explore development paths for the integration of digital economy and older adult care services with distinctive local characteristics, such as emerging models like smart tourism and wellness. At the same time, inland areas should actively strengthen exchanges and cooperation with coastal areas, learn from their successful experiences and development models, promote inter-regional collaboration, and jointly push forward the coordinated development of the digital economy and older adult care services to a new level. However, marginal areas, due to their lower population density and relatively underdeveloped infrastructure, have relatively limited market demand for older adult care services, and older adult care resources are also scarce. In this regard, marginal areas should base their efforts on local realities, ensuring that the core needs of older adults, such as basic daily care and medical services, are prioritized.

To this end, marginal areas can establish community older adult care service centers, promote home-based older adult care services, and provide door-to-door services to offer convenient and efficient older adult care. These initiatives not only help meet the basic needs of older adults but also lay a solid foundation for the sustainable development of the older adult care services market in marginal areas.

Thirdly, technological innovation-driven development is the key engine for integrated progress. As an important platform for enterprises to showcase their services and interact with customers, the ownership of corporate websites directly reflects the degree of external openness and the level of digital construction of the enterprise. Therefore, we should further strengthen the application of technological innovation in the development of corporate websites, optimizing website functionality and enhancing user experience. This will enable older adult care institutions to comprehensively display service information online, facilitate convenient and efficient appointment services, and enhance interaction and communication with older adults and their families, thereby building closer service relationships.

The value of technology contracts is an important indicator of the market application of technological innovation achievements. Thus, we should vigorously support technological innovation cooperation between enterprises and leverage technology contracts as an effective vehicle to deeply integrate cutting-edge technologies such as smart wearable devices, telemedicine, and health monitoring into the older adult care sector. This will accelerate the transformation of research and development achievements into actual services to meet the increasingly diverse older adult care needs. The proportion of revenue from information technology services is a key indicator for measuring the effectiveness of digital transformation in enterprises. Therefore, we should place special emphasis on the core driving role of technological innovation. By widely applying advanced technologies such as cloud computing, big data, and the Internet of Things, we can achieve automation and intelligent transformation of service processes, significantly improving service efficiency and quality, and providing older adults with higher-quality and more efficient older adult care services. The building area of older adult care institutions is directly related to the quality and efficiency of service provision. Therefore, we should intensify innovation efforts, actively introduce advanced architectural design concepts and intelligent management systems, maximize the utilization of space, and optimize resource allocation, thereby enhancing the comfort of living and the quality of services in older adult care institutions. The daily number of residents in the institution is an important indicator for measuring the service capacity of the institution. Therefore, we should fully leverage the advantages of technological innovation. By introducing intelligent appointment systems, online service platforms, and other technological tools, we can achieve an upgrade of services to be more convenient and efficient, further improving the service experience and satisfaction of older adults.

Finally, talent cultivation is an important support for integrated development. Talents who possess both digital skills and professional knowledge in older adult care services are indispensable key forces in driving this integration process. On one hand, the government should increase investment in talent cultivation within the older adult care service sector by establishing special funds and providing training subsidies as incentive measures. This would encourage and support universities, vocational colleges, and training institutions to offer courses closely related to older adult care services, focusing on cultivating professionals who are skilled in digital technologies while adhering to older adult care service principles. On the other hand, older adult care institutions themselves should place great emphasis on building their talent teams.

Not only should they improve the digital literacy and older adult care service skills of existing employees through internal training, but they should also regularly organize digital technology training courses, such as big data analysis, cloud computing applications, and smart device operation, to ensure employees stay up to date with the latest technological advancements and apply these digital technologies in older adult care practice. Additionally, they should actively recruit professionals with digital skills and older adult care experience through external recruitment and establish close partnerships with universities to bring in outstanding interns and graduates, continuously injecting new vitality into the institutions. This will drive the deep integration of the digital economy with older adult care services and promote high-quality development.
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Introduction: Investigating the network of firms in a specific industry helps explain industrial location and urban functions and provides guidelines for promoting industrial restructuring and high-quality development.
Methods: This study develops a network model for the relationship between firms and cities based on the data of listed Specialized, Refined, Distinctive, and Innovative (SRDI) medical device manufacturing firms in China to identify the spatial distribution and influencing factors of the urban network of such firms using network analysis and GeoDetector.
Results and disscusion: Three conclusions are obtained from the study. First, the urban network of listed SRDI medical device manufacturing firms exhibits a sparse structure, with the density decreasing from east to west, and the out-degree presenting significant spatial concentration. Suzhou, Shanghai, and Shenzhen are the core of the network power. The in-degree presents low spatial concentration. Clearly differentiated network functions are observed. Second, significant spatial differences are noted between high- and low-level linkage networks from the perspective of corporate governance structure. Third, economic level, labour costs, level of opening-up, talent base, and technological innovation capability have significant effects on the urban network of listed SRDI medical device manufacturing firms.
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1 Introduction

Medical devices are a key component of the national medical system. Medical device manufacturing firms not only improve therapeutic efficiency and medical service quality by developing and manufacturing medical device, but also play an essential role in military medicine, public health, and other fields (1–4). The Chinese government proposed the concept of Specialized, Refined, Distinctive, and Innovative (SRDI) firms in 2011 and officially promoted them nationwide in 2017, aiming to promote high-quality economic development and industrial restructuring, stimulate innovation in the medical device industry, and enhance international competitiveness. SRDI firms seek to take a leading position in market segments, which, in this study, refer to the medical device industry.

The first to fourth rounds of 9,279 “little giant” SRDI firms announced by the Ministry of Industry and Information Technology of the People’s Republic of China included 514 firms from the medical industry. Of them, 119 are listed firms, and they act as the powerhouse for the high-quality development of the medical device industry in China. By going public, the listed SRDI firms can attract investors and funding sources to increase production capacity and R&D investment to promote long-term development. In addition going public also enhances their social attention, helping them to attract talent (5, 6).

The concept of urban networks was initially analysed from two points of view: abstract inter-city economic linkages in a broad sense and concrete infrastructure networks in a narrow sense (7–10). Specifically, an urban network can be viewed from four different perspectives: (1) the spatial interaction perspective based on the gravity model, (2) the traffic flow perspective based on inter-city aviation, railways, and highways, (3) the information flow perspective based on inter-city population migration, information attention, and social data, and (4) the inter-firm linkage perspective based on inter-firm superior–subordinate and investor relations (11, 12). Of these, the inter-firm linkage perspective has been mainly applied due to firms’ crucial role in urban economic development (13, 14). Previous studies have examined the position of cities in the urban network and the strength of inter-city linkages using data from the APS firm database and the headquarter–branch data of multinational firms (15–23).

In terms of methodology, the chain network model, the affiliation model based on firm ownership, and the partitioned core (city) algorithm are mainly used to create data models to develop an urban network using data on listed firms, top 500 firms, financial firms, and other firms (24–28). Wall and van der Knaap (19) reported a high similarity between the inter-firm network of advanced producer services and that of the whole industry according to data from the world’s 100 largest transnational firms and their branches. Overall, as a result of improved methodologies, an increasing number of data types, and the deepening of perspectives, more realistic characteristics of the urban network linkages have been revealed, which provides useful information on actual urban production and life as well as better guidance for policy development.

In summary, previous studies have provided significant insights into urban networks and the impacts on firm and economic growth. However, few have investigated the spatial organization of SRDI medical device manufacturing firms from the perspective of corporate governance structure. Accordingly, this study aims to fill this gap by exploring the following questions: What is urban network structure of SRDI medical device manufacturing firms in China? Are Beijing, Shanghai, Guangzhou, and Shenzhen at the core of the network as in other urban network studies (29–31)? What factors affect the network? To answer these questions, this study intends to investigate the spatial arrangement of the urban network in China using linkage data of listed SRDI medical device manufacturing firms, their subsidiaries, and sub-subsidiaries from the perspective of corporate governance structure.

The findings will help to identify problems from an alternative perspective, depict the multilateral network relationships among medical device manufacturing firms in China, and promote the efficient allocation of factors among firms. This study will also help bolster research on urban network through the lens of corporate organization, extend research on cities with different industrial network functions, and identify the function of cities in industrial development. Furthermore, by delving into the mechanism of network formation, this study offers recommendations for promoting the SRDI medical device industry, and provides insights into the theoretical research on urban networks.



2 Methodology


2.1 Subjects

The data for this study came from the Qixin Huiyan big data platform.1 A list of listed SRDI medical device manufacturing firms was collected through this platform, and cross-checked against the website of the Ministry of Industry and Information Technology and another data platform, Qichacha.2 After excluding firms with abnormal registration status and missing branch office numbers, a total of 15 firms were included, as shown in Table 1. It should be noted that SRDI firms are required to adhere to the rigorous certification standards of “Specialized, Refined, Distinctive, and Innovative” as specified by the Ministry of Industry and Information Technology’s Interim Measures for the Gradual Cultivation and Management of High-Quality Small and Medium-Sized Enterprises. These enterprises lead their specific subfields, and those that are publicly listed demonstrate a high level of industry representativeness.



TABLE 1 Listed SRDI medical device manufacturing firms in China.
[image: Table listing firm names with corresponding numbers. The left column includes firms like Andon Health Co., Ltd., Sansure Biotech Inc., and Shenzhen Glory Medical Co., Ltd. The right column features firms such as Touchstone International Medical Science Co., Ltd. and Kontour (Xi’an) Medical Technology Co., Ltd. Total of fifteen entries.]

Furthermore, relevant data, included fields such as the company name, unified social credit code, registration address, and establishment date, of these firms along with their subsidiaries and sub-subsidiaries were collected using the firm genealogy section of the Qixin Huiyan platform. During the data cleaning phase, the address information was standardized using regular expressions, and the comprehensive relationships were further validated by adopting the equity penetration mapping from the Qichacha platform. As a result, 746 subsidiaries and 1805 sub-subsidiaries were included after data cleaning and processing.

In the network relationship modeling phase, a directed weighted graph G = (V,E) is constructed, where the node set V comprises 2,551 corporate entities, and the edge set E represents control relationships. For example, when listed SRDI medical device manufacturing firms A, B, and C have subsidiaries D, E, and F, subsidiaries G and H, and subsidiary I, respectively, and subsidiaries D and H have sub-subsidiaries J and K and sub-subsidiaries L, M, and N, respectively, the network linkages are (AD + AE + AF + BG + BH + CI) + (DJ + DK + HL + HM + HL). Network linkages in the cities where the firms are registered can then be established. Finally, a data matrix is constructed from the headquarter–branch relationship, and spatial network visualization is carried out using Gephi and ArcGIS.



2.2 Methods and data


2.2.1 Social network analysis

To identify the urban network characteristics of the listed SRDI medical device manufacturing firms, the changes in centrality, density, clustering coefficient, and average path length of the urban network were analysed through social network analysis using Gephi software (32–36).



2.2.2 GeoDetector

The city-weighted centrality and the proportions explained by production factors, technological innovation capability, financial development, and other influencing factors in the urban network of listed SRDI medical device manufacturing firms were determined by formulas proposed by Zhou et al. (37), Zhu et al. (38), Li et al. (39) using the factor detector in GeoDetector.





3 Results


3.1 Network structural characteristics

The primacy and 10-city indices of the network out-degree are calculated to be 0.307 and 0.348, respectively, indicating very significant spatial concentration. Most cities have a low out-degree. Because listed SRDI medical device manufacturing firms were mainly located in Suzhou and Shenzhen, these two cities are dominant in the network. Xi’an, Shanghai, Hangzhou, and Guangzhou also have dominance over network resources because they are the main locations of subsidiaries. All other eastern and central cities have a low out-degree, and 77 of them have an out-degree of zero, indicating that they are edge cities in the network power.

The primacy and 10-city indices of the network betweenness are 0.183 and 0.208, respectively. The top ten cities account for 87.78% of the total betweenness. Suzhou, Shanghai, and Shenzhen, each accounting for more than 10% of the total betweenness, are the core of the network power. Meanwhile, Hangzhou, Beijing, Guangzhou, Nanjing, and Chengdu are important bridging centres for network power. Furthermore, Hefei, Xi’an, Changsha, Jiaxing, and Wuhan, despite having low betweenness, are able to bridge cities and thus act as secondary bridging points for the network power. Conversely, Anqing, Foshan, Lishui, Taiyuan, Dalian, and Ma’anshan have a betweenness value of zero, indicating that they are edge cities in the network power bridging system.

The primacy and 10-city indices of the network in-degree are 0.093 and 0.158, respectively, compared to the out-degree and betweenness centrality, indicating low spatial concentration. The top ten cities in terms of in-degree are all provincial capitals and municipalities directly under the central government. The cities ranked 10th to 20th, including Zhuhai, Wuxi, Hefei, Tianjin, Jiaxing, Chongqing, Nanchang, Ningbo, Changzhou, and Xiamen, are all relatively economically developed cities. These findings demonstrate the strong economic dependence of the listed SRDI medical device manufacturing firms in the spatial layout of their subsidiaries and sub-subsidiaries.

In general, cities with high out-degree, betweenness, and in-degree are concentrated in the eastern coastal areas. The urban network of listed SRDI medical device manufacturing firms is highly affected by regional economic development, education, and scientific research, which is similar to previous reports (40, 41) (see Figure 1).
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FIGURE 1
 Spatial distributions of out-degree, in-degree, and betweenness in the urban network of listed SRDI medical device manufacturing firms. (a) Out-degree. (b) In-degree. (c) Betweenness.




3.2 Spatial differentiation of network functions

By measuring the out-degree, in-degree, and betweenness, the cities are classified into five categories according to network functions as shown in Figure 2. Core cities are defined as those ranked among the top five in terms of all three indices. Suzhou, Shanghai, and Shenzhen rank in the top three in terms of betweenness centrality, with their combined share exceeding 50%. Additionally, these cities rank in the top four based on out-degree, and their combined share also exceeds 50%. They are thus core cities in the power system of the SRDI medical device industry. Suzhou, Zhuhai, Changzhou, Xiamen, and Xi’an are among the top 20 in out-degree and have an out-degree higher than betweenness. This makes them the regional power centre cities in the SRDI medical device industry. Regional power bridge cities, defined as being among the top 20 in betweenness and having betweenness higher than out-degree, include Guangzhou, Chengdu, Nanjing, Wuhan, Hangzhou, Changsha, Wuxi, Hefei, Tianjin, Jiaxing, Jinan, and Yangzhou. These cities can thus be classified as regional bridges in the power system of the SRDI medical device industry. Capital base cities, defined as being among the top 30 in in-degree and ranked below 20th place in both out-degree and betweenness, include Chongqing, Nanchang, Ningbo, Chengmai, Xuzhou, Chuzhou, Xiangtan, Nantong, Foshan, Yibin, Lu’an, and Guiyang. They mainly serve as capital-gathering centres in the network. The remaining cities are edge cities in the power system.

[image: Map of China showing different types of cities marked with various symbols: orange triangles for regional power center cities, green pentagons for regional power bridge cities, blue diamonds for power edge cities, red circles for core cities, and pink crosses for capital base cities. There is a scale in kilometers at the top. A compass indicating north is on the left. An inset map is in the bottom right corner.]

FIGURE 2
 Spatial distributions of network functions in the urban network of listed SRDI medical device manufacturing firms.




3.3 Network linkages

Using UCINET software, the urban network density of listed SRDI medical device manufacturing firms is calculated to be 0.042, a gap as large as 0.958 from the saturated density. The number of network edges is 492, which is also much lower than the highest theoretical edge number of 11,772. These findings suggest that the overall network has a sparse structure and is in the development stage. At the current stage, maintaining an optimal distance between nodes within a sparse network can preserve their distinctiveness and expertise, while also creating “structural holes” that facilitate cross-boundary innovation and yield competitive advantages. Nevertheless, excessive sparsity may diminish opportunities for complementary benefits across regions, thereby impeding the formation of synergistic effects and hindering the overall development of the innovation environment. In terms of spatial distribution (Figure 2), the network density decreases from east to west. This spatial distribution characteristic reflects the regional disparities in the medical device industry. Specifically, the eastern regions exhibit higher levels of innovation and development density, with high-level edges clearly centered around Suzhou. Suzhou serves as the core for most of these high-level edges (75%), including nine first- and second-level edges, which, in order of weight, connect Suzhou to Beijing, Shenzhen, Shanghai, Wuhan, Changsha, Chengdu, Nanjing, Hangzhou, and Guangzhou, respectively. Thus, it can be concluded that Suzhou plays a supporting and driving role in the urban network of listed SRDI medical device manufacturing firms. Other high-level edges include Shenzhen and Guangzhou, Xi’an and Guangzhou, and Shenzhen and Beijing, representing linkages in the eastern, central, and western regions, respectively (see Figure 3).

[image: Map of China displaying a network graph with multicolored lines indicating different degrees of network connectivity. Colors range from white (low) to red (high). Inset shows a detailed view of Taiwan. Scale of zero to two thousand five hundred kilometers is included.]

FIGURE 3
 Urban network of listed SRDI medical device manufacturing firms.





4 Discussion

According to the hierarchy of parent firm > subsidiary > sub-subsidiary, two types of networks are constructed based on corporate governance structure: a high-level inter-firm network between cities where parent firms and subsidiaries are located (network A), and a low-level inter-firm network between cities where subsidiaries and sub-subsidiaries are located (network B). In this way, the spatial distribution of the urban network of listed SRDI medical device manufacturing firms is presented at the city level in a comprehensive multi-view manner.


4.1 Network topological features based on corporate governance structure

Networks A and B have a density of 0.028 and 0.04, with 79 and 105 nodes, respectively. Overall, the urban network of listed SRDI medical device manufacturing firm ownership has very weak linkages. There remains substantial room for improvement of factor flows between urban nodes. The density of network B is higher than that of network A, indicating that lower-level firms are more closely connected. The average path length of networks A and B is 2.078 and 2.238, respectively, and only a few strong direct connections exist between urban nodes.

In general, two or more intermediary cities are needed to establish a connection. Shanghai, Suzhou, and Shenzhen lead both networks in terms of betweenness. This suggests that these three cities have high control over the diffusion and transfer of investment resources of the listed SRDI medical device manufacturing firms. In addition, Guangzhou, Nanjing, Chengdu, Hefei, Jiaxing, and Changsha are at the second level. As regional economic centres and transportation hubs, these cities serve as important bridges in the network by virtue of their close connections with Shenzhen, Shanghai, and Suzhou. Most cities, including Urumqi, Shaoguan, Lanzhou, and Jingmen, are at the third level. These local cities play a vital supporting role in the urban network of listed SRDI medical device manufacturing firms. In general, provincial capitals and municipalities directly under the central government in the eastern coastal region have high betweenness and great control over the concentration and diffusion of resources (see Table 2).



TABLE 2 Ranking of cities by betweenness in the two networks.
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4.2 Network linkages based on corporate governance structure

In network A, in terms of linkage strength, investment in Guangzhou by Xi’an generates the most linkages, being at the first level. The linkages of investment in Changsha by Suzhou are at the second level. The third-level linkages occur between Suzhou, Xi’an, Shanghai, Shenzhen, Beijing, Nanjing, Chengdu, Hefei, and Tianjin, all due to the driving role of Suzhou, Xi’an, Shanghai, and Shenzhen. In terms of centrality, no cities have a centrality higher than 500. Only one city, Suzhou, has centrality between 301 and 500, and three cities, Shenzhen, Xi’an, and Shanghai, have centrality between 101 and 300.

In network B, in terms of linkage intensity, investment in Beijing by Suzhou and in Guangzhou by Shenzhen generate the most linkages, being at the first level. The linkages of investment in Wuhan, Shanghai, Shenzhen, and Hangzhou by Suzhou are at the second level. Third-level linkages occur between 13 cities, including Xiamen, Beijing, Wuhan, and Guangzhou. In terms of centrality, only one city, Suzhou, has centrality higher than 500; Shenzhen, Guangzhou, and Shanghai are at the second level; and Hangzhou, Beijing, Chengdu, Wuhan, and Nanjing are at the third level.

According to the findings, it can clearly be seen that high-strength linkages mostly occur between cities with high centrality, presenting significant rich-club features. In other words, the network exhibits obvious hierarchical characteristics. The low-level inter-firm (subsidiaries/sub-subsidiaries) linkages in the corporate governance structure in network B are decentralized and intertwined. Not all closely linked cities in the network are geographically adjacent, and economic development is the most important influencing factor (see Figure 4).

[image: Map of China showing two network diagrams (a and b) with colored nodes and lines indicating connections and densities. Nodes vary from yellow to red, denoting volume or frequency categories from one to six hundred nine. Lines are color-coded to represent connections ranging from one to fifty. An inset highlights a coastal region. Scale bar included.]

FIGURE 4
 Network linkages based on corporate governance structure. (a) Parent–subsidiary network and centrality. (b) Subsidiary–sub-subsidiary network and centrality.




4.3 Network overlay based on corporate governance structure

Networks A and B are overlaid to facilitate a more in-depth analysis of the differences in their network structures. The results show that only 95 out of 569 pairs of linked cities have both parent–subsidiary and subsidiary–sub-subsidiary linkages. Compared with high-level ones, low-level inter-firm linkages are extensive and close. Both adjacent and distant links exist in the urban network of listed SRDI medical device manufacturing firms. Short-range links are common within a province, whereas distant links mainly occur between provinces. The intertwining of the two modes of links shows a noticeable flattening trend.

In addition, when distinguished by corporate governance structure, different characteristics emerge about the linkages of the urban network of listed SRDI medical device manufacturing firms. For example, Xi’an is closely connected with the central cities in the Pearl River Delta through the investment linkages of the listed SRDI medical device manufacturing parent firms. Guangzhou and Hangzhou play a leading role among edge cities in the central and western regions through the investment linkages of subsidiaries, thereby optimizing the urban network structure of listed SRDI medical device manufacturing firms (see Figure 5).

[image: Map of China illustrating network edges. Pink lines represent edges unique to network B, categorized by quantity from one to eighty-five. Blue lines indicate edges unique to network A, with similar categorization. A legend clarifies categories, and a small inset map highlights the southeastern region.]

FIGURE 5
 Overlay of networks A and B.




4.4 Factors influencing the network

Considering comprehensiveness and data availability, and inspired by previous studies, e.g., Duranton and Puga (42), Nabelsi and Gagnon (43), Li et al. (44), Hu et al. (45), the weighted network centrality is used as the dependent variable, and GDP per capita representing the economic level, average salary of urban non-private-sector employees representing the labour costs, total imports and exports representing level of opening-up, number of undergraduates and college students representing the talent base, number of patents granted representing technological innovation capability, and administrative level of the city representing political resources are used as independent variables. The correlation coefficients between the weighted centrality of the urban network and the influencing factors were determined using GeoDetector after all variables were stratified into five groups by natural breaks using ArcGIS. In particular, in terms of administrative level, Beijing takes the value 5, Shanghai, Chongqing, and Tianjin take 4, provincial capitals take 3, sub-provincial cities take 2, and general cities take 1. Data on influencing factors were all sourced from China City Statistical Yearbook 2022.

GeoDetector analysis reveals that all factors, except political resources, have a significant influence on the weighted centrality of the urban network. It suggests that the urban network’s weighted centrality is influenced by economic level, labour costs, level of opening-up, talent base, and technological innovation capability. Individually, these five influencing factors explain from 19 to 74% of the results and are categorized into core and secondary influencing factors by the proportion explained. Specifically, the core influencing factors are level of opening-up and technological innovation capability; and the secondary ones are economic level, labour costs, and talent base.

The correlation with level of opening-up and technological innovation capability ranks first and second, respectively, in both the urban network of listed SRDI medical device manufacturing firms and networks A and B. Specifically, technological innovation capability is the key to the rapid and high-quality development of high-tech industries like the medical device industry (46–48). Open cities attract international capital and facilitate exports and financing (49, 50). Regression analysis of corporate governance structure reveals the highest correlation with level of opening-up for high-level inter-firm linkages (network A). This may be due to the greater demand of the listed SRDI medical device manufacturing firms for international capital and financing. Low-level inter-firm linkages (network B) show the highest correlation with technological innovation capability. Data analysis reveals that more than 60% of the sub-subsidiaries are technology or laboratory firms, which attach more importance to local technological innovation capability when selecting locations.

The correlation with labour costs, economic level, and talent base ranks third to fifth, respectively. Labour costs are positively related to the quality of human resources, and professional talent from colleges and universities are at the core of the medical device industry (51, 52). In addition, a high economic level substantially promotes the development of local medical device industry (53, 54). Regression analysis of corporate governance structure reveals higher correlation with labour costs, economic level, and talent base for low-level inter-firm linkages (network B).

No significant correlation is found with political resources in the urban network of listed SRDI medical device manufacturing firms. Although a high administrative level facilitates the collection of political resources by firms, it has a relatively small influence and is not a key factor in the location selection of these firms. One possible reason for the absence of localized advantages in the medical device industry is its predominantly national policy framework, which limits companies’ ability to secure preferential treatment through regional political connections. For example, the Chinese government has implemented nationwide policies to foster innovation in the sector, including the “14th Five-Year Plan for Biological Economy Development” and the medical device registrant system. These policies are not confined to high-administrative-level cities; rather, they are designed to benefit the entire industry, thereby offering companies in various locations equal access to policy advantages. Consequently, the impact of different administrative levels is diminished (see Table 3).



TABLE 3 Regression analysis in GeoDetector.
[image: Table comparing the Q values and significance of various influencing factors on urban networks of listed SRDI medical device manufacturing firms, Network A, and Network B. Influencing factors include economic level, labor costs, level of opening-up, talent base, technological innovation capability, and political resources. The data shows variance in Q values and significance levels across different networks for each factor.]




5 Conclusion

This study has developed a network model for the relationship between firms and cities based on the data of listed SRDI medical device manufacturing firms to identify the spatial distribution and influencing factors of the urban network of such firms in China using network analysis and GeoDetector. The following conclusions are obtained.

First, the urban network of listed SRDI medical device manufacturing firms has a sparse structure, with the density decreasing from east to west. Compared to the western regions, the eastern regions such as Shanghai, Suzhou, and Shenzhen have developed economies and abundant scientific and technological resources. These areas demonstrate industrial agglomeration and frequent inter-firm communication, resulting in higher network density. Suzhou is the core of most high-level edges, and only a few cities have a high out-degree and betweenness. These two indices present significant spatial concentration. The opposite is true for in-degree, and distinct network functions are observed. Accordingly, cities can be divided into core, power centre, power bridge, capital base, and power edge cities.

Second, both the parent–subsidiary urban network A and the subsidiary–sub-subsidiary urban network B constructed based on corporate governance structure have a sparse structure. Provincial capitals and municipalities directly under the central government in the eastern coastal region have high betweenness and great control over the concentration and diffusion of resources. High-strength linkages mostly occur between cities with high centrality, presenting significant rich-club features. In addition, the network exhibits noticeable hierarchical characteristics. Compared with high-level ones, low-level inter-firm linkages are extensive and close.

Lastly, the GeoDetector results reveal that all factors, except political resources, significantly influence the weighted centrality of the urban network. This finding suggests that the weighted centrality of the urban network is influenced by economic level, labour costs, openness to the outside world, talent base, and technological innovation capability.


5.1 Implications

First, guide the development of innovative industrial clusters. According to the study findings, the core nodes of the urban network of listed SRDI medical device manufacturing firms are concentrated in provincial capitals and municipalities directly under the central government, including Shenzhen, Xi’an, Shanghai, Hangzhou, and Guangzhou, as well as Suzhou, a city with industrial advantages. When designing strategies for developing the medical device industry, the Chinese government should promote strategic exchanges in the medical device industry between core cities while taking different regional advantages into account based on the network functions of each city. It is recommended to prioritize support for core cities in establishing technological innovation platforms and industrial clusters, thereby strengthening internal networks and reinforcing their leadership positions within the industry.

Second, establish cross-regional collaboration platforms. To address the challenges of low network density and limited inter-node connections, the government should assume a pivotal role in fostering regional or industry-specific technological alliances, information-sharing platforms, and collaborative innovation networks. Organizing regular technical seminars, joint training programs, and activities that bring together industry, academia, and research institutions can strategically align non-core regions with “hub” cities. Facilitating cross-regional technology transfer, joint research and development, and resource sharing can streamline the information flow, resulting in an innovation network with multiple interconnected nodes. Encouraging close collaboration between core cities and surrounding small to medium-sized cities will unlock the overall potential for collaborative innovation within the industry.

Third, pay attention to regional talent bases. It is important for nodes in the urban network of listed SRDI medical device manufacturing firms to nurture the local talent base. Specifically, efforts should be made to introduce relevant talents, enhance training mechanisms, and increase fund investment in education, especially higher education, thereby improving regional innovation and construction of knowledge networks in medical device manufacturing. In addition, regional cities should aim to enhance innovative exchanges and cooperation with core cities, such as Shenzhen and Xi’an, so as to improve the regional ability to absorb and transform medical device manufacturing knowledge.



5.2 Theoretical implications

First, this study investigates the position and role of each node city in the urban network of listed SRDI medical device manufacturing firms. By identifying the positions and roles of different cities within the network, this study enhances the understanding of urban economic geography at the provincial and municipal levels (13, 15). Traditional urban network research primarily focuses on infrastructure and administrative hierarchies; however, this study expands the field by revealing how businesses shape urban interactions and integrating industrial cluster theory with inter-city economic relations (10). This effort has not only helped to identify the industrial development functions and roles of different cities, but also advances theoretical research on provincial and municipal geography.

Second, the urban network of listed SRDI medical device manufacturing firms is analysed by social network analysis from the perspective of corporate governance structure, thereby extending and bolstering research on urban networks from the perspective of corporate organization. Unlike previous studies that emphasized transportation and administrative connections (11, 12), this research highlights the impact of ownership and control structures on the connectivity of urban networks. It provides a new perspective on how the SRDI firms can act as agents in shaping urban networks.

Lastly, this study analyses the urban network using data from medical device manufacturing firms based on industrial economics, which helps to extend research on cities with different industrial network functions and provides guidance for the development of the medical device industry. Additionally, the research challenges the perspective that cities with high administrative levels automatically attract businesses (55). It emphasizes the crucial role of a comprehensive business environment in enterprise location decisions, offering a new analytical framework for city-industry interaction.



5.3 Limitations

This study has investigated the characteristics and influencing factors of the urban network of listed SRDI medical device manufacturing firms in China. However, due to space limitations and the specific scope of the research topic of this paper, further research is required in three areas:

First, this study regarded subsidiaries and sub-subsidiaries as equally important in the construction of the urban network based on the corporate headquarter–branch relationship. However, great differences may exist between them in practical business management, and further work can be undertaken to consider this issue.

Second, the branches of listed SRDI medical device manufacturing firms were not classified by industry attributes. However, there are great differences in urban network linkages among branches with different industry attributes, such as research centre and sales promotion. Future research could utilize business registration data to conduct a more detailed classification of branch office functions, further deepening the understanding of the interaction mechanisms between micro-level organizational structures of enterprises and urban networks.

Lastly, the mechanism of network evolution could be expanded based on this study. For example, regional industrial policies could be quantified based on the level of policy implementation at the provincial, municipal, or district levels and their frequency. Additionally, transportation location could be quantified based on the distance from provincial or municipal government centers.
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Digital inclusive finance, with ‘universality’ as its core feature, can stimulate enterprises to increase capital investment in research and development (R&D) through diversified channels. Using the digital financial inclusion index of 337 prefecture-level cities in China and the empirical data of Shanghai and Shenzhen A-share-listed pharmaceutical manufacturing enterprises from 2011 to 2022, the article empirically examines the impact mechanism of digital financial inclusion on R&D investment of pharmaceutical manufacturing enterprises from the perspective of government subsidy by using a high-dimensional fixed-effects model, a two-stage systematic GMM, and a moderated-effects test method. It is found that digital financial inclusion has a positive incentive effect on pharmaceutical manufacturing enterprises to increase R&D investment, and this positive effect still holds after the endogeneity test and robustness test. The results of the moderating effect test indicate that government subsidies play a positive moderating role in the process of digital financial inclusion affecting enterprises’ R&D investment. Further analyses show that digital financial inclusion has a more significant role in promoting the intensity of R&D investment in pharmaceutical enterprises in private enterprises, small and medium-sized enterprises, and regions with lower levels of traditional financial development. Finally, policy suggestions are put forward according to the conclusion. Including the government to promote digital infrastructure and policy support, financial institutions to build data platforms to support pharmaceutical innovation, and enterprises to increase investment in research and development and expand financing channels to jointly promote the transformation and upgrading of the industry.
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1 Introduction

Pharmaceutical manufacturing is an important industry related to national health, national security and social and economic progress. It is not only an indispensable part of the national economy, but also regarded as a top priority for strategic development by countries around the world (1). In China, with the steady rise in the income level of the population, the growing awareness of health care, the aging problem, and the deepening and improving reform of the medical system, the domestic residents’ demand for medicines is showing a continuously expanding trend. Against this background, China’s pharmaceutical manufacturing industry has ushered in an opportunity for rapid development and is playing an increasingly important role in the national economic system.

In recent years, with the continuous updating of information technology such as big data and blockchain, the integration of digital technology with the financial industry has been deepening. This trend has not only reshaped the mode of traditional financial services, but also broadened the boundaries of its services and significantly improved its service efficiency (2). Digital inclusive finance has changed the competitive situation of the traditional financial system and promoted the adjustment of financial structure and the optimization of financial efficiency by means of simplifying the distribution of financial functions and reducing the matching cost of supply and demand. Digital inclusive finance has a significant role in promoting enterprise innovation. On the one hand, digital inclusive finance helps enterprises scientifically plan their financial assets through six businesses, including payment and monetary funds. It can broaden financing channels and effectively reduce enterprises’ financial burdens in their daily production and operation. This enables enterprises to continuously conduct technological innovation research (3). On the other hand, the characteristics of inclusiveness have prompted digital inclusive finance to show stronger marginal innovation effects in small and medium-sized enterprises (4), private enterprises (5), enterprises with poor internal governance (6), and enterprises in regions with lagging financial development (7) and backward economic development (8).

The existing literature on digital inclusive finance mainly focuses on the impact of digital inclusive finance on corporate financing capabilities. During the period of COVID-19, the development of digital inclusive finance enhanced the availability of corporate financing, effectively alleviated the financing constraints faced by enterprises, and helped enterprises to carry out scientific and technological innovation (9). Jiang (10) found that digital inclusive finance has improved the innovation input and innovation output of enterprises, and this effect is more significant when enterprises have high financing efficiency and many investment opportunities. Jia and Liu (11) take the listed companies on the small and medium-sized board and the GEM from 2012 to 2018 as samples, and study how the development of digital finance affects enterprise innovation. It is found that the development of digital finance has a significant role in promoting the innovation of enterprises in the jurisdiction, and the R&D technology background of executives has a significant positive adjustment to this role. The political connection background of executives has an inhibitory effect on enterprise innovation. Peng et al. (12) established a fixed effect model and a mediating effect model based on the data of 30 provinces from 2012 to 2020, and empirically proved that financing constraints play a mediating role in the innovation process of digital economy-driven enterprises. Pang et al. (13) empirically proved that digital inclusive finance reduces the financing cost of private enterprises and promotes the high-quality development of private economy by alleviating financing constraints. Fusteret al. (14) found in the study of digital inclusive financial lending cases that financial institutions can approve corporate loan applications faster by using online services of digital inclusive finance.

In conclusion, digital finance has gradually become an important tool for promoting the upgrading and transformation of China’s economy and has been a research hotspot in academia in recent years. Scholars at home and abroad have conducted in-depth discussions on the various aspects of the impact of the role of the mechanism. From the macro level, digital finance has a facilitating effect on regional economic development, which can reduce urban–rural inequality and improve the well-being of residents. From the micro-level analysis, the development of digital finance can help alleviate the financing constraints of enterprises, optimize investment behavior, and improve the risk management of commercial banks. However, most of the existing studies cover all A-share listed companies or focus on start-ups and SME groups, and there is a relative lack of studies for the pharmaceutical manufacturing industry. It is worth noting that there are differences in the impact of digital financial inclusion on different enterprises, and the diversity of innovation subjects, including the nature of their property rights, their size, and the level of financial development of the region in which they are located, is not to be ignored. Therefore, it is of great significance to conduct in-depth research on the impact of digital inclusive finance on enterprises’ R&D investment and explore its mechanism for promoting enterprise innovation.

Based on this, this paper matches the data of digital inclusive finance in prefecture-level cities from 2011 to 2022 with the data of pharmaceutical manufacturing enterprises listed in Shanghai and Shenzhen A-shares, establishes a high-dimensional fixed effect model for empirical analysis, and deeply discusses the mechanism of digital inclusive finance to promote enterprises to increase R & D investment. In addition, the paper comprehensively explores diversity across ownership, size, and regional attributes. On this basis, it provides insights into how government subsidies play a moderating role between digital inclusive finance and corporate R&D investment. It provides strong theoretical support for China’s pharmaceutical industry to make full use of the inclusive characteristics of digital finance to enhance corporate innovation.

Compared with the results of existing studies, this study may have the following contributions: first, this paper adopts a moderating effects model to clarify the mechanism of digital inclusive finance on corporate R&D investment by identifying and testing the influence path of government subsidies. Second, there are fewer studies on digital inclusive finance for Chinese pharmaceutical companies. Focusing on the pharmaceutical industry with Chinese characteristics, this paper explores the impact of digital inclusive finance on enterprise R&D investment, which provides realistic references and lessons for the current innovation of the pharmaceutical manufacturing industry. Third, in terms of research content, this paper carries out a meticulous examination according to the dimensions of enterprise ownership characteristics, scale, regional attributes, etc., and explores the possible reasons behind it in light of the actual situation of China’s economic transformation and upgrading.

The structure of this study is as follows. The “Introduction” points out the research background of the topic and briefly outlines the main content and overall framework of the paper. In the section of “Theoretical Analysis and Hypothesis,” previous research results are systematically sorted out, and the hypotheses of this paper are put forward based on these theoretical and empirical foundations. In the section of “Research Design,” the data source, variable selection, and model setting of this study are elaborated in detail. The “Analysis of Empirical Results” section discusses the results. Finally, “Conclusions and Recommendations” and “Shortcomings and Prospects” are drawn.



2 Theoretical analysis and hypothesis


2.1 Digital inclusive finance and R&D investment

Pharmaceutical manufacturing enterprises are famous for their intensive R&D, and drug R&D has gone through many key links, such as laboratory development, drug toxicology research, clinical trials and new drug declaration (15). These stages require a large and unpredictable amount of upfront investment. However, internal funds are often difficult to meet the financial needs of innovation activities. Therefore, external financing has become an important source of corporate innovation funds (16). However, there are some problems in the traditional financial system, such as the information asymmetry of financial market, the lack of financial supply in underdeveloped areas and the high cost of enterprise financing (17), which constitute the financing constraints of enterprise innovation. When the enterprise R&D investment funds are insufficient, it is necessary to use the financial market to find financing to maintain R&D activities.

In this context, digital inclusive finance came into being. It alleviates the financing constraints of enterprises through various ways, and then encourages enterprises to increase R&D investment. First, digital inclusive finance reduces the threshold of financial services and broadens the financing channels of enterprises. Digital finance has broken away from the limitations of traditional financial services in terms of infrastructure and geographical distance, allowing enterprises to use diversified service models to broaden financing channels from multiple dimensions and reduce the financing pressure of innovative projects (18). Second, digital inclusive finance has effectively reduced financing costs, successfully prevented credit risks, and alleviated the problem of information asymmetry. Digital inclusive finance has established a perfect risk control system and information processing and monitoring system with modern information technology, which reduces the information asymmetry in traditional lending activities, gives full play to the role of information screening and risk screening (19), and reduces the financing cost of enterprises. Third, digital inclusive finance has also built a more robust corporate credit system, improved financing efficiency, and promoted the sound operation of enterprises. Under the new model, digital inclusive finance more comprehensively collects, excavates, collates and analyzes the financial data of enterprises, predicts the future development trend, and establishes a more perfect enterprise credit system (20).

In addition to the above direct effects, the development of digital inclusive finance has also had a direct technology spillover effect on other industries. As a product of the integration and innovation of finance and technology, it contains advanced technology and innovative ideas, and has the unique advantages of information sharing (21). This has promoted enterprises outside the financial industry to learn advanced experience and carry out technological transformation, forming a significant demonstration effect.

Finally, thanks to the strong support of the state, digital inclusive finance will benefit more enterprises and provide them with sustainable and affordable financial support (22). The enrichment of financial resources will intensify competition in the industry, thus prompting enterprises to continuously improve the level of technological innovation to ensure survival in the competition. Based on this, we propose hypothesis H1.

 H1: Digital inclusive finance has a positive incentive effect on pharmaceutical manufacturing enterprises to increase R&D investment.





2.2 Digital inclusive finance, government subsidies and R&D investment

The theory of government intervention points out that the government plays an important macro-control role in the innovation R&D market, which can effectively curb the spread of risks (23). The positive externalities of enterprise innovation results are obvious, and the benefits obtained by enterprises from innovation results may be less than the benefits brought to society (24), which may lead to enterprises lacking innovation motivation and sticking to tradition. In order to stimulate the innovation power of enterprises, the government provides financial support for pharmaceutical manufacturing enterprises to innovate through subsidies and other means (25). This not only enhances the risk tolerance of enterprises, but also reduces the risk of innovation activities due to resource consumption. At the same time, the government subsidy funds do not need to be repaid by external financing, which provides a relatively loose trial and error environment for enterprises, and helps to promote enterprises to boldly try and innovate.

However, in the traditional financial system, the problem of information asymmetry between government and enterprises has always existed. It is difficult for the government to accurately evaluate the innovation projects of enterprises, which makes it difficult for many enterprises with innovation potential to obtain government subsidies (26). The development of digital finance has brought a turning point to this issue. With the extensive application and in-depth development of digital technology, the market environment has gradually become transparent. Big data technology has excavated and disclosed more enterprise information, so that the government can use modern information digital technology to conduct in-depth and comprehensive analysis of enterprise operations, form a precise portrait of the enterprise, and then correctly evaluate the development status and prospects of the enterprise, and more accurately determine the subsidy target (22). In addition, digital finance also enables the government to more effectively monitor the use and allocation of corporate funds. The government can carry out comprehensive supervision and management from the information before the engagement to the credit evaluation and communication after the engagement. This not only improves the pertinence and effectiveness of government subsidies, but also reduces the rent-seeking behavior and moral hazard of enterprises, and further improves the innovation performance of government subsidies (27). Based on this, we propose hypothesis H2.


H2: Government subsidies strengthen the positive incentive effect of digital inclusive finance on increasing corporate R&D investment.
 




3 Research design


3.1 Sample and data

The study selects China’s Shanghai and Shenzhen A-share listed pharmaceutical manufacturing enterprises as the research object, and the sample period is 2011–2022. Based on the availability and accuracy of the data, this paper follows the principles of previous scholars (28, 29) in dealing with the data of listed companies and excludes the companies that are labeled as ST or *ST during the study period. Companies with too many or incomplete missing values in the sample data are excluded, and the data of variables with few missing values are supplemented by using the interpolation method. A final sample of 1,939 observations from 252 listed companies was obtained. The data on pharmaceutical listed companies’ related indicators are obtained from the China Stock Market and Accounting Research Database (CSMAR)1 and Juchao Information Network.2 The data on economic and financial development at the regional level were obtained from the China Statistical Yearbook of the past years. The digital financial inclusion index is sourced from the “The Peking University Digital Financial Inclusion Index of China (PKU-DFIIC).” In order to avoid the negative impact of outliers on the model estimation, this paper uses Stata 16.0 statistical software to shrink the variables by 1% above and below the winsorize.



3.2 Variable selection and measurement

The main object of the study is the relationship between digital inclusive finance and innovation of pharmaceutical manufacturing enterprises. Therefore, R&D investment of pharmaceutical manufacturing enterprises is selected as the explained variable, the total index of digital inclusive finance as the explanatory variable, government subsidies as the mechanism variable, and other factors that may affect enterprise innovation as the control variable.


3.2.1 Explained variable

The explained variable of the study is the R&D investment of listed pharmaceutical manufacturing enterprises. For the measurement of R&D investment, the existing literature mostly uses the ratio of R&D investment (R&D expenditure or R&D expenses) to the total assets (or operating income) of the enterprise (30), while ignoring the important role of R&D personnel in innovation output. On the one hand, it may be due to the serious lack of R&D personnel data. On the other hand, it may be due to the great uncertainty of the benefits brought by R&D personnel to the enterprise (31). To this end, this paper draws on the research ideas of Cheng et al. (32), and uses the ‘proportion of enterprise R&D investment to operating income’ in the main regression to measure the level of enterprise R&D investment. At the same time, in order to ensure the accuracy of the measurement results, in the robustness test, the practice of Wang et al. (31) is used to measure the R&D investment of enterprises by the interaction term of the natural logarithm of the R&D investment intensity and the number of R&D personnel, so as to examine the interaction between the two on innovation output.



3.2.2 Explanatory variable

The core explanatory variable of the study is digital inclusive finance (index). Referring to the general practice of academia, it is measured by the Peking University Digital Inclusive Finance Index. This indicator covers three sub-dimensions: coverage breadth, depth of use, and degree of digital support services. It is the most authoritative and frequently used digital inclusive financial index in China. The time span is from 2011 to 2022, and the scope includes the total index of digital inclusive finance at the provincial, municipal and even some county levels. In order to further investigate the impact of digital inclusive finance on corporate R&D investment, this paper selects the total index of digital inclusive finance and its sub-indices in the prefecture-level cities where the sample enterprises are located to match the data of the sample enterprises, and discusses the impact of the three indicators on corporate R&D investment.



3.2.3 Mechanism variable

The moderating variable used in this paper is government subsidies. Government subsidies refer to financial contributions and price or income support provided by a member’s government or public institution (33). The amount of government subsidies is derived from the current amount of government subsidies in the ‘non-operating income’ project disclosed in the company’s financial statements, and is measured by the proportion of government subsidies to operating income.



3.2.4 Control variable

Based on the previous scholars’ research methods on the relationship between digital inclusive finance and enterprise innovation, this paper selects enterprise size (size), financial leverage (lev), fixed asset ratio (ppe), enterprise growth ability (growth), net asset profit rate (roa), equity concentration (share), and urban per capita GDP (lngdp) as control variables. The measurement and identification of the variables used for analysis are shown in Table 1.



TABLE 1 Variable names and identification.
[image: Table detailing variables used in a study. It includes four types: explained, explanatory, mechanism, and control variables. Each variable has a name, identification, and measurement method. For example, R&D investment is identified by intensity and measured by total R&D investment divided by year-end operating income. Other variables include digital finance, government subsidy, and urban GDP.]




3.3 Regression model


3.3.1 Benchmark regression model

The data used in this paper are annual unbalanced panel data. The Hausman test p value is less than 0.01, rejecting the null hypothesis, indicating that the sample data is suitable for the fixed effect model. Based on this, the following model is constructed to analyze the impact of digital inclusive finance on corporate R&D investment:

[image: Mathematical equation for intensity: Intensity_{i,t} equals alpha plus beta times Index_{c,t-1} plus the sum of phi times Control, plus the sum of year, plus the sum of province, plus epsilon_{i,t}.]

Intensityi,t represents the R&D investment intensity of company i in year t. Indexc,t-1 represents the prefecture-level city c in the t-1 year digital inclusive financial index. Control is a set of control variables, and εi,t is a random error term.

In the empirical process, considering that it takes a certain amount of time for digital inclusive finance to affect corporate R&D investment, this paper draws on the practices of Kang WG and others to lag the digital inclusive financial index, which can also appropriately mitigate the endogeneity problem of bidirectional causality (34). In the previous literature, many scholars have studied the effect of R&D inputs on the time lag of innovation output. Pang and Chen (35) found that on average, R&D investment contributes most to patent output 2 years after the investment, and the patent output of healthcare and biopharmaceuticals is positively correlated with the R&D investment in the first 4 years. Therefore, with reference to Su and Zhang (36, 39), model (Equation 2) is constructed to test the impact of lagged two-year digital financial inclusion on firms’ R&D investment.

[image: Mathematical equation for intensity: Intensity sub-i,t equals alpha plus beta index sub-c,t minus two plus the sum of phi control plus the sum of year, plus the sum of province, plus epsilon sub-i,t. Labeled as equation two.]

Indexc,t-2 represents the prefecture-level city c in the t-2 year digital inclusive financial index.



3.3.2 Moderating effect model

In order to explore how government subsidies regulate the relationship between digital inclusive finance and corporate R&D investment, the model is constructed as follows:

[image: Equation showing a model for intensity with parameters: alpha, beta index, subscript t-1; beta2 subscript i,t; summation phi Control; summations year and province; plus epsilon subscript i,t. Labeled as equation three.]

[image: Equation showing a model for intensity: \( \text{Intensity}_{i,t} = \alpha + \beta_1 \text{index}_{c,t-1} + \beta_2 \text{sub}_{i,t} + \beta_3 \text{index}_{c,t-1} \times \text{sub}_{i,t} + \Sigma \rho \text{Control} + \Sigma \text{year} + \Sigma \text{province} + \epsilon_{i,t} \).]

In Equation (3), [image: Mathematical notation showing "sub" with subscripts "i" and "t".] represents the government subsidy received by enterprise i in the t year. In Equation (4), [image: Mathematical expression showing the product of two variables: "index subscript c, comma t minus one" and "sub subscript i, comma t".] denotes the cross-multiplication of government subsidies and the digital inclusive financial index. The rest of the symbols mean the same as Equation (1).




3.4 Descriptive statistics

Table 2 reports the descriptive statistical results of the main variables. It can be found that the average value of R&D investment intensity is 6.744, and the standard deviation is 7.970, which indicates that there is a big difference in R&D investment level between pharmaceutical manufacturing enterprises. The average value of the digital inclusive financial index is 240.4, and the standard deviation is 73.27, which indicates that there are also great differences in the development level of digital inclusive finance among different cities.



TABLE 2 Descriptive statistics.
[image: Table displaying summary statistics for various variables. Columns are: Variable, N, Mean, p50 (median), sd (standard deviation), Min, and Max. Variables include intensity, index, L.index, L2.index, Size, lev, ppe, growth, roa, lngdp, share. N ranges from 1,688 to 2,200. Mean values vary from 0.0640 to 240.4.]



3.5 Correlation analysis

Before the regression of the variables, the Pearson correlation test is first performed. The calculation results are shown in Table 3. There is a correlation between the explanatory variables and the explained variables, and the correlation coefficient is basically less than 0.5. In addition, the VIF test of each variable shows that the VIF of each variable is less than 2. Therefore, it can be considered that there is no multicollinearity between the variables. In addition, the coefficient between the variable index and intensity is 0.301, and it is significant at the level of 1%, which preliminarily proves the positive correlation between digital inclusive finance and R&D investment.



TABLE 3 Correlation analysis.
[image: A correlation matrix table shows the relationship between variables: intensity, index, size, lev, ppe, growth, roa, share, and lngdp. Significant levels are indicated by asterisks: one, two, and three representing 10 percent, 5 percent, and 1 percent respectively. Key correlations include index with intensity at 0.301, size with lev at 0.239, and lngdp with index at 0.562. Negative correlations appear between roa and lev at -0.387 and ppe and growth at -0.105.]




4 Analysis of empirical results


4.1 Benchmark regression estimation

In this paper, models (1) and (2) are subjected to multivariate unbalanced panel data regression analysis, and the results are shown in Table 4. Columns (1) and (2) examine the relationship between the digital inclusive financial index of the city where the enterprise is located and the R%D investment of the enterprise, wherein (1) controls the year and the urban fixed effect, and (2) adds control variables on the basis of column (1). Similarly, columns (3) and (4) test the relationship between the lagged two-year digital financial inclusion index and firms’ R&D investment in the city where firms are located, with column (3) controlling for year and city fixed effects, and column (4) adding control variables to column (3). The estimated coefficient of both lagged one and lagged two digital inclusive finance index are positive at the 1% significance level, indicating that the development of digital inclusive finance has a significant role in promoting the increase of R&D investment in pharmaceutical manufacturing enterprises. When considering the impact of control variables on corporate R&D investment at the same time, the total digital financial index still has a positive impact on corporate R&D investment, and with the addition of enterprise-related control variables, this positive impact is more obvious (at this point the coefficients are 0.074 and 0.068, respectively). The regression coefficients of the lagged one-period digital financial inclusion index and current enterprise R&D investment are larger than those of the lagged two periods, and the model fit R2 is also higher (0.256 > 0.227). This indicates that the model fit superiority in the lagged period is better; there is a lag in the enhancement effect of digital financial inclusion on the R&D investment of listed companies in China’s pharmaceutical manufacturing industry, and the lagged effect is then better reflected in the first period.



TABLE 4 Benchmark regression estimation.
[image: Regression table with four columns showing intensity across variables. Variables include L.index, L2.index, size, lev, ppe, growth, roa, share, lngdp, and _cons. Standard errors in brackets. Significance levels: * p < 0.1, ** p < 0.05, *** p < 0.01. Sample sizes and R-squared values provided for each column.]

The results of Table 4 show that there is a significant positive impact between the digital inclusive financial index and the R&D investment of pharmaceutical manufacturing enterprises. Digital finance has significantly broadened the financing channels of enterprises by lowering the threshold of financial services. This change enables pharmaceutical manufacturing enterprises to get rid of the limitations of traditional financial services in infrastructure and geographical distance, and broaden the financing path from multiple dimensions with the help of diversified service models, thus effectively reducing the financing pressure of innovative projects and increasing the capital investment in R&D innovation. In addition, by reducing information collection, processing, risk assessment and transaction costs, digital inclusive finance further reduces the financing costs of pharmaceutical manufacturing enterprises and provides more solid financial support for enterprise R&D. Based on the above research, the previously proposed hypothesis H1 is verified.



4.2 Regression analysis of the sub-indicators

Previous studies have concluded that the overall indicators of digital inclusive finance help pharmaceutical manufacturing enterprises to increase R&D investment, that is, with the overall development of digital inclusive finance, the higher the technological innovation ability of pharmaceutical manufacturing enterprises. In the above correlation analysis, it can be seen that the three sub-indicators of digital inclusive finance have a positive impact on corporate R&D investment. In the benchmark regression, the three sub-indicators are further tested. As shown in Table 5, the depth of use, breadth of coverage and degree of digital support services of digital inclusive finance have a positive contribution to the increase of R&D investment of pharmaceutical manufacturing enterprises.



TABLE 5 Sub-indicators regression results.
[image: Statistical table displaying regression results for three models labeled (1), (2), and (3). Variables include L.breadth, L.depth, L.digitization, and others with coefficients and standard errors in brackets. Significance levels are indicated by asterisks: one for p < 0.1, two for p < 0.05, and three for p < 0.01. Each model specifies "Intensity" as the dependent variable with sample size (N) of 1939, showing R-squared values of 0.253, 0.255, and 0.254 respectively.]

By comparing the regression coefficients of the three models, it can be seen that the depth of use has the most significant impact on pharmaceutical manufacturing enterprises, followed by the breadth of coverage and the degree of digital support services, indicating that for pharmaceutical manufacturing enterprises, continuing to strengthen the depth of use is more likely to promote the innovation of pharmaceutical manufacturing enterprises. The depth of use reflects the degree of in-depth application of digital inclusive financial tools and services by enterprises. For pharmaceutical manufacturing enterprises, the in-depth use of digital inclusive finance can bring more financial support, risk management tools and market information. Deepening the use of digital inclusive finance can also help enterprises optimize production processes, improve production efficiency, and thus enhance overall competitiveness. Compared with the two indicators of digital inclusive financial coverage breadth and digital support service degree, the coverage breadth has a greater impact on pharmaceutical manufacturing enterprises. Coverage breadth refers to the number or scope of pharmaceutical manufacturing enterprises that digital inclusive finance can reach. Although the increase in coverage breadth means that more enterprises have access to digital inclusive financial services, simply increasing the coverage breadth is not enough to ensure that these services can truly be transformed into the technological innovation power of enterprises. Therefore, while expanding the coverage, it is also necessary to focus on the improvement of service quality and the precise matching of services to ensure that digital inclusive finance can truly benefit enterprises in need. The degree of digital support services reflects the quality of technical support, consulting and training services provided by the digital inclusive amount platform for enterprises. Although these services have a positive effect on improving enterprises’ digital capabilities and innovation capabilities, their impact may be relatively weak compared to the depth of use and breadth of coverage. However, with the in-depth application of digital inclusive finance by enterprises, the importance of digital support services may gradually become prominent. Therefore, the digital inclusive financial platform should continuously improve the quality of service to meet the growing digital needs of enterprises.



4.3 Robustness test and endogeneity discussion

In order to ensure the robustness of the regression, in addition to the above lag variable method test, this paper uses three methods to test the robustness of the basic model, which are to replace the explained variables, shorten the sample period interval, and eliminate some factors.


4.3.1 Replace the explained variable

To test the robustness of the benchmark regression results, this paper replaces the measure of R&D investment in the basic regression with the interaction term between the intensity of R&D investment and the natural logarithm of the number of R&D personnel. The robustness test results of the substitution variables in Table 6 show that the coefficients of the total indicators and the three sub-dimension indicators of digital inclusive finance are still significantly positive, indicating that digital inclusive finance can show a significant positive effect on the R&D investment of pharmaceutical enterprises, which further verifies the relevant assumptions proposed in this paper.



TABLE 6 Replace the explained variable regression results.
[image: A regression results table presents coefficients and standard errors for five columns labeled "Intensity". Variables include L.index, L.breadth, L.depth, and L.digitization, among others. Significant coefficients are marked with asterisks indicating levels of significance: * for 0.1, ** for 0.05, and *** for 0.01. Each variable lists the coefficient value followed by its standard error in brackets. The table also includes N equals 1939 and R-squared values ranging from 0.137 to 0.265.]



4.3.2 Shorten the sample period interval

The development degree of enterprise innovation activities and digital inclusive finance is closely related to the financial environment of the whole country and even the whole world. If the impact of these external factors is ignored, it may lead to a certain degree of deviation in the regression analysis results. In the time dimension of this paper, the impact of the 2015 Chinese stock market crash, a major financial event, cannot be ignored. However, from a practical point of view, it is difficult to accurately measure and evaluate the impact of such sudden financial events through certain specific variables. Therefore, to ensure the accuracy and reliability of the research, this paper excludes the impact of the 2015 Chinese stock market crash. In addition, considering the more rapid development of China’s digital inclusive finance after 2016, this paper adjusts the sample interval of the study to 2016–2022. Table 7 reports the regression results, and the research conclusions are still robust.



TABLE 7 Replacement sample period interval regression results.
[image: Regression table with five models labeled 1 to 5, all showing "Intensity" as the dependent variable. Each model lists variables like L.index, L.breadth, L.depth, and others, with corresponding coefficients and standard errors in brackets. Significance levels are indicated by asterisks, with *, **, and *** representing p < 0.1, 0.05, and 0.01 respectively. Sample size N is 1,459 for all models, with R² values ranging from 0.143 to 0.267.]



4.3.3 Excluding some factors

Because of its unique position, China’s municipalities show obvious particularity in economic development, central policy tilt and other aspects compared with other prefecture-level cities. They have stronger policy independence, more prosperous economic development environment and more prominent resource absorption capacity. These characteristics may lead to significant differences in the development of digital inclusive finance and technological innovation between municipalities and general prefecture-level cities. To ensure the accuracy and pertinence of the research, this paper deletes the samples of municipalities directly under the central government to conduct regression again, and Table 8 reports the regression results. The conclusion of the study did not change significantly.



TABLE 8 Excluding some factors affecting the regression results.
[image: Statistical results table showing coefficients for five regression models labeled (1) to (5). Each column represents a model with variables such as L.index, L.breadth, L.depth, and others. Coefficients are given beside the variables with standard errors in brackets. Significance levels are indicated by asterisks: one asterisk for p < 0.1, two for p < 0.05, and three for p < 0.01. The bottom row shows sample size (N) of 1,536 and R-squared values ranging from 0.161 to 0.215.]



4.3.4 Endogenous discussion

In this paper, a two-stage system GMM is used to solve the endogenous problem of the model. The instrumental variable uses the average spherical distance from each city to Hangzhou (37) and the Internet penetration rate of each city (38). The instrumental variable is used as the first-order lag term of the explanatory variable to estimate the regression of the model, and the AR (2) and Hansen values are used to test the validity of the model. AR (1) and AR (2) show that the first-order difference has autocorrelation, and the second-order difference does not have autocorrelation, so the GMM estimation is effective. The Hansen J test statistic is not significant, indicating that the model does not suffer from over-identification, the instrumental variables are valid, and the model set-up is reasonable. The results of Table 9 show that after considering the possible endogenous problems, the promotion effect of digital inclusive finance on the increase of R&D investment of pharmaceutical manufacturing enterprises is still established, and the regression results are positively correlated at the 5% significance level.



TABLE 9 Two-stage system GMM regression results.
[image: Regression results table displaying variables and their coefficients with standard errors in brackets. Significant values are marked with stars: L.intensity (0.931***), L.index (0.046**), ppe (-5.360***), share (0.023*). Other variables include size, lev, growth, roa, lngdp, with a constant of 7.399. Number of observations is 1939. Significance levels are indicated by p-values: *p < 0.1, **p < 0.05, ***p < 0.01. Standard errors are provided for each coefficient.]




4.4 Mechanism analysis

Table 10 shows that the interaction coefficient between digital inclusive finance and government subsidies (L.index × sub) is significantly positive at the level of 1%, indicating that the acquisition of government subsidies enhances the role of digital inclusive finance in promoting R&D investment of enterprises. Hypothesis 2 is supported. The main reason is that government subsidies not only directly alleviate the financial pressure faced by enterprises due to innovative R&D and meet their capital needs, more importantly, it also sends a positive signal to social investors, indicating that these enterprises and their innovative projects have high quality and potential. This signal effect enhances the recognition and financing intention of the capital market for innovative R&D projects, and promotes a more balanced and efficient flow of financial resources between the supply and demand sides of innovative projects, thus continuously injecting new vitality and motivation into corporate innovation activities.



TABLE 10 Test results of moderating effect.
[image: A table displays regression analysis results with variables and their intensity coefficients. Notable coefficients include L.index: 0.075, L.index x sub: 0.019, lev: -5.974, ppe: -3.481, growth: 2.047, roa: -22.387, and share: 0.035, all significant at p < 0.01. Standard errors are in brackets. The model's R-squared is 0.419 with a sample size of 1939.]



4.5 Heterogeneity analysis


4.5.1 Equity nature

Due to the heterogeneous impact of equity attributes on business behavior and external financing environment of enterprises, to explore the potential differential effects of the development of digital inclusive finance on enterprises of different ownerships, the sample is divided into state-owned enterprises and private enterprises according to the equity attributes of enterprises. Columns (1) and (2) in Table 11 show the sample regression results. The results show that digital inclusive finance can significantly enhance the technological innovation ability of private enterprises, but has no significant impact on state-owned enterprises. The reason may be that private enterprises often face financing difficulties due to the limitations of the traditional financial system, but the rise of digital inclusive finance has broken this deadlock. By reducing the information asymmetry between banks and enterprises, optimizing the allocation of financial resources, it provides more financing opportunities for private enterprises. This not only alleviates the financial pressure of enterprises, but also injects a steady stream of power into the technological innovation of enterprises. In contrast, the situation of state-owned enterprises is different. Although digital inclusive finance also brings them the convenience of financing, because the business objectives of state-owned enterprises are not only to maximize benefits, but also to shoulder social responsibilities, they have not shown the same enthusiasm as private enterprises in technological innovation. In addition, there are differences between state-owned enterprises and private enterprises in the executive incentive system, which also leads to their differences in technological innovation willingness. To clarify whether there is a significant difference between the two sub-samples after grouping, this paper uses Chow Test to test the regression coefficients of sub-samples of state-owned enterprises and private enterprises. The calculation results show that there are significant differences between the two sub-samples, so sample grouping analysis can be carried out according to equity heterogeneity.



TABLE 11 Heterogeneity analysis.
[image: A table comparing six different categories: Private, State-owned, Lower, Higher, Small and medium, and Large, with variables such as L.index, size, lev, ppe, growth, roa, share, lngdp, _cons. Each cell contains coefficients with associated standard errors in brackets. Significance levels are indicated by asterisks, where * denotes p less than 0.1, ** p less than 0.05, and *** p less than 0.01. The table includes additional statistics like the Chow test and sample sizes (N) with R-squared values.]



4.5.2 Regional heterogeneity

When we discuss the impact of digital inclusive finance on corporate R&D investment, we must also consider the key factor of regional traditional financial development level. Columns (3) and (4) in Table 11 examine the different effects of digital inclusive finance on R&D investment of pharmaceutical manufacturing enterprises in regions with low and high levels of traditional financial development. The results show that, on the whole, digital inclusive finance has significantly increased the R&D investment of enterprises, and the Chow test of the coefficient of difference between groups is significant. In areas with low levels of traditional financial development, enterprises are facing more severe financing challenges. Due to the lack of service coverage and high financing threshold of traditional financial institutions, it is often difficult for enterprises in these areas to obtain sufficient financial support. However, the rise of digital inclusive finance has brought new hope to these enterprises. It uses digital technology to reduce the threshold and cost of financial services, making it easier for companies to obtain financing support. Therefore, digital inclusive finance has played an important role in improving the shortage of traditional finance and helping the rational allocation of financial resources. Especially in areas with low levels of traditional financial development, this positive impact is more profound and significant.



4.5.3 Scale heterogeneity

Enterprise scale is a key indicator to measure enterprise resources and strength. Enterprises of different sizes have different social resources, market competitiveness and profitability. Therefore, the impact of digital inclusive finance on R&D investment of pharmaceutical enterprises may be significantly different due to the size of enterprises. By analyzing the data of listed companies, pharmaceutical manufacturing enterprises are divided into two sub-samples: large enterprises and small and medium-sized enterprises. From the regression results of column (5) in Table 11, it can be seen that the regression coefficient of the digital inclusive financial index is significantly positive under the sample of small and medium-sized enterprises, which indicates that the development of digital inclusive finance can promote the R&D investment of small and medium-sized pharmaceutical enterprises. From the regression results of Column (6) of Table 11, it can be seen that under the sample of large pharmaceutical enterprises, the digital inclusive financial index is significantly positive at the 10% level, which indicates that the development of digital inclusive finance can play a role in promoting large pharmaceutical enterprises. Comparing the results of Column (5) and Column (6) in Table 11, it can be found that under the sample of small and medium-sized enterprises, the regression coefficient of the digital inclusive financial index is larger and the significance level is higher, which indicates that the development of digital inclusive finance has a greater marginal effect on small and medium-sized pharmaceutical enterprises. For large enterprises, they usually have strong market competitiveness and financing ability, and can easily obtain the required funds from traditional financial institutions. Therefore, the development of digital inclusive finance is more of an additional boost for them. These enterprises often have more robust and long-term planning in terms of technological innovation. Digital inclusive finance provides them with more financing channels and choices, allowing them to respond more flexibly to market and technological challenges. However, for small and medium-sized enterprises, the situation is very different. Small and medium-sized enterprises are often difficult to obtain sufficient financing support from traditional financial institutions because of imperfect financial system, weak profitability and high risk. Digital inclusive finance can effectively broaden the financing channels of small and medium-sized enterprises. Through the digital inclusive financial platform, small and medium-sized enterprises can more easily obtain the required funds, thus promoting technological innovation and industrial upgrading.





5 Conclusion and recommendations


5.1 Conclusion

The modern financial system, empowered by digital technology as an innovative form of in-depth integration of technological revolution and capital services, is continuing to release its catalytic effect on the real economy. Especially in the field of strategic emerging industries such as biomedicine, this new financial model shows unique value creation ability. This paper matches the prefecture-level city data of digital inclusive finance from 2011 to 2022 with the data of Shanghai and Shenzhen A-share listed pharmaceutical manufacturing enterprises and selects the high-dimensional fixed effect model for empirical analysis. The study found that, first, the development of digital inclusive finance has a significant role in promoting the R&D investment of pharmaceutical manufacturing enterprises. The results remain significant after considering endogeneity issues. Its coverage breadth, depth of use, and digital support services degree have played a positive role in promoting. Second, based on the moderating effect model, government subsidies are found to have a moderating effect on the impact of digital inclusive finance on corporate R&D investment. Third, through the subsample regression, the impact of digital inclusive finance on R&D investment of enterprises is heterogeneous in terms of the nature of equity, enterprise size, and regional attributes. With the different nature of equity, digital inclusive finance promotes R&D investment in private enterprises more significantly than in state-owned enterprises. In terms of enterprise size, the impact of digital inclusive finance on R&D investment in small and medium-sized enterprises is greater than that of large enterprises. In terms of the level of traditional financial development in the region where the enterprise is located, digital inclusive finance has a more significant effect on the promotion of R&D investment in pharmaceutical enterprises in regions with a lower level of traditional financial development.



5.2 Recommendations

Based on the development of digital inclusive finance and the current status of innovation investment of pharmaceutical listed companies in China, this paper makes suggestions from three levels: government, financial institutions, and enterprises.

At the government level, the government needs to focus on promoting the construction of a digital technology innovation and application system. Through government guidance, it should narrow the differences in regional digitalization processes, focus on strengthening the construction of basic service networks in less developed regions, and give priority to guaranteeing the balanced layout of new types of infrastructure such as telemedicine systems and intelligent supply chain platforms. At the same time, the government should improve the promotion of relevant support policies to provide institutional guarantees for enterprise development. Firstly, strengthen the incentive mechanism for R&D, and implement targeted support for knowledge-intensive industries such as biomedicine and other knowledge-intensive industries, such as additional deductions for R&D expenses and special subsidies to alleviate the pressure of R&D investment by enterprises. Secondly, it should build a closed loop of intellectual property protection, improve the data protection system for new drugs, enhance the rate of return on innovation through measures such as patent term compensation and market exclusivity period setting, and optimize the review standards for generic drugs in order to guide industrial upgrading. In addition, regulators need to establish a dynamic monitoring mechanism for digital finance to prevent the risk of disorderly capital expansion.

At the level of financial institutions, the digital transformation of financial institutions should be promoted, a cloud database of pharmaceutical manufacturing enterprises should be established, and more favorable financial support should be given to enterprises with good credit. Financial institutions should actively promote digital reform, take the initiative to integrate artificial intelligence, cloud computing, blockchain, and other cutting-edge technologies, break the constraints of the traditional financial model, and promote the internal upgrading and innovation of financial institutions. Carve a more accurate corporate credit portrait and promote the diversification of financial services through digital technological means. Encourage the establishment of stable information exchange channels through digital financial means to strengthen close cooperation between banks and enterprises. Construct a cloud database covering government regulators, all financial institutions, and business entities in the region to break the last barrier of data circulation channels. It can be further subdivided under the main database to set up a special sub-database for the pharmaceutical manufacturing industry so as to achieve fine management and in-depth analysis of data.

At the corporate level, companies need to pay attention to cultivating their own research teams, as well as strengthening cooperation with universities and research institutes, and using digital financial tools to enhance R&D. Companies need to frequently understand the news of the financial market, grasp the latest government support policies, get timely access to industry dynamics, and eliminate the problem of poor information. Pharmaceutical manufacturing companies, in particular, need to understand the key role of science and technology innovation in the survival and development of enterprises. We should focus on building a professional R&D team, attracting technical talents by improving remuneration packages, and enhancing the overall R&D capability. Enterprises that do not have independent R&D capabilities for the time being can take the initiative to contact scientific research organizations for cooperation and break through geographical constraints with the help of new technologies such as remote collaboration to initiate innovative R&D projects. Enterprises should also continue to explore new uses of digital finance to enhance R&D efficiency through more application scenarios. By the smooth development of individual enterprises to drive the progress and upgrading of the entire pharmaceutical manufacturing industry in China.




6 Shortcomings and prospects

There are still many shortcomings in this study, which may also be worth further exploration. Firstly, this paper selects the ratio of R&D investment to operating income to measure the level of enterprise R&D investment, due to the fact that China’s enterprise patent data is not easy to obtain, and the credibility is not high, so it does not measure the innovation level of the enterprise from the aspect of output, and it is only researched from the perspective of enterprise innovation input. Secondly, some data, such as per capita GDP of prefecture-level cities and business income data of enterprises, have more missing values in the database, so there may be some errors by looking up statistical yearbooks and annual reports of companies and enterprises. Third, this paper analyzes the correlation only in terms of the relationship between digital financial inclusion, government subsidies, and firms’ R&D investment, but in practice, there may be other unobserved factors (e.g., technology diffusion, risk pricing, policy incentives, etc.) affecting firms’ innovation. Therefore, a more in-depth analysis of the correlation is necessary in the future.
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Objective: Health inequality is a global challenge, with low-income populations often facing higher health risks. This study aims to systematically analyze the current status, trends, and influencing factors of health inequalities for China’s low-income population.
Methods: Utilizing panel data from the China Family Panel Studies (CFPS) from 2010 to 2022, the low-income population was identified using a threshold of 67% of median income. Health inequalities were measured across four dimensions: self-rated health, mental health, two-week health, and chronic diseases status, using the Erreygers Index (EI) and Wagstaff Index (WI). Recentered Influence Function (RIF) regression and RIF-Oaxaca decomposition were employed to examine influencing factors of health inequalities and sources of disparities across urban–rural, gender, and age dimensions.
Results: From 2010 to 2022, the degree of health inequality was significantly higher for the low-income group compared to the middle and high-income groups in China. Inequalities in self-rated health and chronic diseases status showed an increasing trend for the low-income population. Per capita household income (PCHI) was a key factor, exhibiting a significant negative impact on inequalities in self-rated health and mental health (p < 0.01). Age had an inverted U-shaped effect on health inequalities, while household size significantly and negatively influenced disparities in self-rated health and two-week health (p < 0.01). Differences in the level of medical expertise of the visited institutions significantly affected chronic disease status inequalities (p < 0.01). The PCHI was the primary source of health inequality disparities across urban–rural, gender, and age groups, with the older adult low-income group experiencing significantly higher levels of health inequality compared to the non-older adult group.
Conclusion: Health inequalities for the low-income population in China are becoming increasingly severe, particularly pronounced among older adult and rural groups. The study recommends implementing interventions across multiple dimensions, including income support, healthcare accessibility, and family care support, while adopting differentiated policies tailored to the characteristics of various groups. Particular attention should be given to intersectionally disadvantaged groups such as low-income older adult individuals in rural areas.
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1 Introduction

Health is the foundation of individual well-being and social development. Health inequalities not only affect personal welfare but also relate to social cohesion and economic growth, posing a significant global challenge. Health inequalities refer to the systematic, avoidable, and unjust differences in health outcomes that exist between different populations, between different social groups within the same population, or among populations ranked by social status (1). This phenomenon is widespread both within and between countries (2–4). Despite the remarkable progress made by countries in recent years in improving population health, inequalities in health outcomes resulting from disparities in health resource allocation and socioeconomic factors persist and are widening (5). Particularly in countries with rapid economic development, the expansion of income gaps often accompanies the exacerbation of health inequalities (6). The United Nations Sustainable Development Goals advocate for achieving universal health coverage, emphasizing that everyone should have access to quality essential healthcare services and essential medicines, and promoting equality within and among countries (4). In response to this global initiative, countries have successively implemented multiple healthcare reforms and policies to promote health equity.

As the world’s largest developing country, China’s experience in addressing health inequalities has important implications for other emerging economies. In 2016, China proposed the “Healthy China 2030” initiative, aiming to comprehensively improve the health of the entire population and significantly enhance health equity (7). To achieve this goal, China has established a social basic medical insurance system covering the entire population, with the medical insurance participation rate reaching 95% by the end of 2023 (8). Simultaneously, China has promoted the reform of the tiered diagnosis and treatment system (classifying diseases according to severity and urgency and the difficulty of treatment, with healthcare institutions at different levels responsible for treating different diseases) and the reform of the medical insurance payment model to promote the equalization of basic healthcare services (9, 10).

However, despite these efforts driving the overall improvement of the health status of Chinese residents, health inequalities remain prominent, with the low-income group experiencing significantly worse health outcomes compared to middle and high-income groups. According to data from the Sixth National Health Service Survey conducted by the National Health Commission of the People’s Republic of China, in 2018, the two-week prevalence of illness among the low-income group (41.1%) was significantly higher than that of the high-income group (28.7%). Moreover, the non-poor low-income group had the lowest average hospitalization expense reimbursement ratio, at only 52.5% (compared to 58.5% for the high-income group), and the proportion of household medical expenditure to income for the low-income group was more than three times that of the high-income group (11). The Low-income group not only significantly lag behind the high-income group in self-rated health, chronic disease prevalence, and life expectancy but this gap is also widening (12). In 2018, the disparities in two-week prevalence of illness and chronic disease prevalence between the low-income and high-income groups in China increased by 10.3 and 11.2 percentage points, respectively, compared to 1993 (11).

Existing studies have explored the issue of health inequalities from various perspectives. Firstly, a substantial body of research has focused on the relationship between income and health, revealing a significant association between income inequality and health outcomes. Studies have shown that even after controlling for other socioeconomic factors, the risk of developing health problems among the low-income group is three times higher than that of the high-income group (13). A study in Colombia found that the association between income inequality and poor health status was more pronounced among the low-income group (6). Research in China has revealed that the low-income population experiences suboptimal health outcomes and face financial barriers to accessing healthcare services, perpetuating a vicious cycle of poor health and economic disadvantage (14). Longitudinal studies in the United States have also found that as income inequality worsens, life expectancy among low-income groups stagnates or even declines in some populations (5). Furthermore, income inequality not only affects inequalities in physical health but also significantly impacts inequalities in mental health, with economic status contributing up to 44.7% of the socioeconomic inequalities in mental health (15).

Research has identified that, in addition to income, health inequalities are influenced by numerous factors. A cross-national study by Li et al. (16) found that individual marital status, education level, and healthcare infrastructure were significantly associated with health inequalities. A study in rural western China showed that income and education were the main sources of health inequalities (17). Researchers have extensively explored the impact of social capital on health inequalities, finding that social capital can buffer the negative effects of poverty on health (18, 19). The role of healthcare insurance systems has also received considerable attention. Studies have found that the impact of healthcare insurance systems on health inequalities is rather complex. The implementation of instant medical reimbursement policies has significantly increased the hospitalization utilization rate among migrant populations, promoting health equity (20). However, in rural China, the urban and rural resident basic medical insurance may exacerbate health inequalities between different income groups (21). Some studies have also found that health insurance has no significant effect on health inequalities among the older adult (22). Spatial environmental differences are also important factors influencing health inequalities (23, 24). This is because the quality of the environment, such as access to healthcare services, water, and sanitation facilities, is consistently better in urban areas and eastern regions of China compared to rural areas and central and western regions (23). Factors such as living conditions, accessibility of healthcare services, household size, and household composition can all affect health inequalities (22, 24).

When measuring health inequalities, the Concentration Index (CI) and its variants, such as the Wagstaff Index (WI) and Erreygers Index (EI), are the most commonly used methods to assess the unequal distribution of health outcomes across socioeconomic status (17, 20–22, 24, 25). Some studies have also employed the Gini coefficient (26), Kakwani index (19), relative index of inequality, and slope index of inequality (23) to measure health inequalities. In analyzing the influencing factors, existing studies primarily adopt the following approaches: Firstly, health variables are used as dependent variables to construct regression models, such as logistic regression and ordered logistic regression, to identify key factors influencing health inequalities (19, 27). Secondly, health inequality indices are used as dependent variables, employing Wagstaff decomposition to quantify the contribution of different factors to health inequalities (17, 21, 22) or utilizing Oaxaca-Blinder decomposition to analyze the sources of health disparities between groups (28). A few scholars have also employed Recentered Influence Function (RIF) regression to examine the distributional characteristics of health inequalities (24).

Despite the multidimensional and multi-perspective exploration of health inequalities in the existing literature, several shortcomings remain. Firstly, current research often focuses on health inequalities between countries, urban and rural areas, regions, and specific populations (such as the older adult, pregnant women, and children), while systematic attention to the low-income population is relatively insufficient, particularly lacking long-term trend analyses based on panel data. Secondly, existing studies tend to concentrate on a single health dimension, lacking a comprehensive examination of multidimensional health outcomes such as self-rated health, mental health, two-week health, and chronic diseases status. Thirdly, in terms of methodological application, most studies have employed traditional methods such as the CI and its decomposition, as well as Shapley decomposition, while few have adopted newer methods like the RIF regression and RIF-Oaxaca decomposition, which have advantages over traditional methods, including fewer assumptions and restrictions, and easier estimation and interpretation. Fourthly, a systematic analysis of the multiple factors influencing health inequalities for the low-income population, such as socioeconomic status characteristics, demographic characteristics, psychological attitudes, and health behaviors, requires further in-depth investigation.

As China’s economy has grown rapidly, health inequalities between different income groups have become increasingly prominent. Clarifying the current status, trends, and influencing factors of health inequalities for the low-income population in China is not only a theoretical issue that urgently needs to be addressed by academia but also a practical challenge that the government must tackle. Based on this, we utilize data from the China Family Panel Studies (CFPS) from 2010 to 2022, employing a threshold of 67% of median income to define the low-income population, and applying methods such as the EI and WI to systematically examine the current status and evolution of health inequalities for the low-income population in China across four dimensions: self-rated health, mental health, two-week health, and chronic diseases status. Furthermore, this study will comprehensively employ econometric methods such as the RIF regression and RIF-Oaxaca decomposition to conduct an in-depth analysis of the factors influencing health inequalities for the low-income population from multiple dimensions, including socioeconomic status characteristics, demographic characteristics, psychological attitudes, health behaviors, and structural factors. The research findings will not only contribute to revealing the current state and influencing factors of health inequalities for the low-income population in China, providing empirical evidence for formulating targeted health intervention policies, but also offer valuable insights into understanding the challenges of health equity during the transitional period of emerging economies, thereby contributing to the promotion of global health equity and social justice.



2 Materials and methods


2.1 Data sources and preprocessing

This study utilized data from the China Family Panel Studies (CFPS), a nationally representative, longitudinal survey conducted by the Institute of Social Science Survey at Peking University. The CFPS is carried out every two years, covering 25 provinces, municipalities, and autonomous regions, representing more than 95% of the Chinese population. The study utilizes a complex sampling design, involving multiple stages and levels, with probability proportional to size. Appropriate weights are assigned to each observation. To ensure the representativeness of our study findings, we applied standardized sampling weights to CFPS data across all years. Since standardized weights were not available for the period between 2010 and 2016, we performed weight standardization after data processing. Additionally, we matched data across different years and CFPS sub-databases using family and individual identifiers to construct the analytical dataset. Regarding missing data and sample attrition, we followed the CFPS official manual to determine the causes and nature of missing values. For variables that remain stable over time (e.g., gender), we replaced missing values with observed data from adjacent years. For randomly missing variables (e.g., self-rated health), we prioritized imputations using highly correlated variables or logically consistent values from adjacent years. If, after imputation, a variable still exhibited a high proportion of missing values (above 10%), it was excluded from the analysis. If the missing rate was minimal (below 0.1%), the corresponding cases were directly removed to maintain the completeness and representativeness of the dataset. Additionally, as with most longitudinal studies, panel sample attrition was present in our dataset due to individual migration, mortality, refusal, or loss to follow-up. Given that we strictly applied the CFPS-provided individual panel standardized weights, we believe that the impact of sample attrition on the robustness of our analysis is limited. Ultimately, we constructed two main types of databases. The first type consisted of seven cross-sectional databases from 2010 to 2022. We first calculated the annual median per capita household income using weighted data from the family economic database. From the individual-level database, we then constructed two samples: one representing the national population and another for the low-income population. The national sample was used to compare the differences in health inequalities between the low-income group and other groups, while the low-income population sample was used to analyze the current status and trends of internal health inequalities. These cross-sectional data were weighted using the individual database’s cross-sectional standardized weights for the corresponding year. The sample sizes of the low-income population from 2010 to 2022 were 10,587, 9,685, 10,086, 11,157, 9,261, 6,631, and 5,981, respectively, totaling 63,389 individuals. The national sample sizes were 31,173, 29,444, 29,158, 29,703, 25,803, 19,967, and 18,176, respectively, totaling 183,423 individuals. The second type was an unbalanced panel data of the low-income population from 2016 to 2022 (with sample sizes of 10,747, 7,646, 5,466, and 4,911, respectively), weighted using individual panel standardized weights, and employed to construct RIF regression and decomposition models to explore the factors influencing health inequalities for the low-income population.



2.2 Variables


2.2.1 Core dependent variables

The core dependent variables were health inequality indices. Considering data availability and existing research, we selected four health variables from multiple perspectives, including subjective and objective, long-term and short-term, and mental and physical health: self-rated health (24, 29) (represents respondents’ overall perception of their health status), mental health (27), two-week health (whether physical discomfort occurred within two weeks) (11), and chronic disease status (13, 17, 30) (whether suffering from chronic diseases in the past six months). We measured health inequality indices using the PCHI as the ranking variable (31). It should be noted that due to changes in the CFPS questionnaire design, the self-rated health and mental health variables in some years were only suitable for horizontal comparison and not for longitudinal comparison. The classification of self-rated health in 2010 differs slightly from that in 2012–2022, making it incomparable for direct longitudinal analysis with other years. Regarding the measurement of mental health, CFPS employed two different scales across survey years: the K6 scale in 2010 and 2014, and the CESD-8 scale in 2012 and 2016–2022. Since these two scales have different scoring criteria and cannot be converted between each other, we processed the data from different periods separately. For the CESD-8 scale (2012, 2016–2022), following the research of Briggs et al. (32), we reassigned the options of the eight items to scores of 0–3, and a total score of ≥9 was defined as mentally unhealthy and assigned a value of 0. For the K6 scale (2010 and 2014), referring to Furukawa et al. (33), the items were reassigned to scores of 4–0 and summed. Based on the results of Sakurai et al. (34), a score of ≥5 was defined as mentally unhealthy and assigned a value of 0. In our trend analysis, we analyzed these two periods separately, while for panel data analysis, we only used data from 2016–2022 (where the same scale was consistently used) to ensure measurement consistency.



2.2.2 Explanatory variables

According to the conceptual framework of social determinants of health proposed by the World Health Organization (WHO) (35), health equity is influenced by structural determinants and intermediary determinants. Structural determinants encompass socioeconomic and political context (governance, policies, cultural values, etc.) and socioeconomic position (education, occupation, income, gender, ethnicity, etc.), which affect health equity through intermediary determinants (material circumstances, behaviors and biological factors, psychosocial factors, and the health system). Although the WHO framework emphasizes the pathways between these factors, this study primarily focuses on examining the overall impact of various factors on health inequalities rather than verifying specific causal mechanisms. Based on data availability, model stability considerations, and relevant literature, we simplified and adapted the WHO framework through rigorous statistical tests (such as chi-square tests and correlation coefficient analysis) to select variables with the strongest explanatory power and lowest multicollinearity as parallel explanatory variables in our analysis. Specifically, socio-demographic characteristics included age (36), gender (37), ethnicity, marital status (14, 38), and household size (22, 28, 38), reflecting an individual’s basic social attributes, which are usually beyond personal control. Considering the potential nonlinear relationship between age and the dependent variable, and to avoid multicollinearity, we applied mean-centering (the difference between age and the sample mean of 48.54) and quadratic terms of age in the panel data models. Socioeconomic status characteristics included urban–rural attribute, years of education (37), agricultural occupation (agricultural or non-agricultural) (39), personal income (PI), and per capita household income (PCHI) (40), which can be changed to a certain extent by individual efforts and reflect an individual’s position in the socioeconomic hierarchy. Material circumstances (41, 42) included the source of cooking water (Cooking water source) and the type of cooking fuel (Cooking fuel type, i.e., whether the cooking fuel was clean energy such as bottled gas, liquefied gas, natural gas, piped gas, solar energy, biogas, or electricity). Health behavior variables (43) included whether smoking in the past month (Past-month smoking) (28, 44), whether drinking alcohol more than three times per week in the past month (Frequent past-month alcohol use) (45), whether having a nap habit, and whether exercising weekly (14, 46). Psychological and attitude variables included life satisfaction and self-rated social status (26, 35). Structural factors included medical insurance reimbursement ratio (MIRR), basic social medical insurance enrollment (21, 22), and the visited institution’s level of medical expertise (patients’ evaluation of their visited healthcare institutions, excluding medical service, where medical service encompasses conditions of doctors, medicine, hospitalizations, travel distance and transportation convenience) (14). The specific variables and their assignments are shown in Table 1.



TABLE 1 Variable assignment and characteristics of the low-income population in China, 2016–2022.
[image: A detailed table presents various health and lifestyle data across the years 2016, 2018, 2020, and 2022. It covers variables such as self-rated health status, mental health, chronic disease status, residence, gender, ethnicity, marital status, occupation, smoking and alcohol use, exercise, and life satisfaction, along with several demographic factors like age, education, and income. Numeric data are shown as number/mean and percentage/standard error for each category, analyzed over each year, illustrating trends and changes in the population studied.]




2.3 Definition of low-income population

We used the per capita annual household net income from the CFPS family economic database as the PCHI. After weighting for population size and income, we calculated the median PCHI for each year. We adopted a relative standard, using 67 and 200% of the median PCHI as thresholds to divide the population into three categories: low-income group (below 67% of the median), middle-income group (between 67 and 200%), and high-income group (above 200%). The threshold of 67% of the median income for defining the low-income group is primarily based on mainstream international practices in relative poverty research, such as the OECD standard, which commonly uses 50 to 75% of the median income as the poverty line (47), as well as relevant domestic studies in China (48, 49). This threshold effectively identifies vulnerable groups at actual risk of health inequality, avoiding the potential drawbacks of overly narrow classification with a 50% threshold or an excessively broad categorization with a 75% threshold. To facilitate subsequent analyses, we generated a binary income group variable to distinguish whether a sample belongs to the low-income group. For analyses focusing on the low-income population as a whole, we refer to it as the low-income population. When comparing income groups or discussing subgroups within the low-income category, we use the term ‘group’.



2.4 Measurement of health inequalities: Erreygers index, and Wagstaff index

Considering that the health variables used in this study are ordinal categorical variables, we selected the Erreygers Index (EI) (50) and the Wagstaff Index (WI) (51) to measure inequalities in four health dimensions from 2010 to 2022 (52). Both indices are improvements on the traditional Concentration Index (CI) (53), with EI being an absolute inequality index adjusted for bounded variables and WI being a relative inequality index adjusted for bounded variables (54). We chose EI as the primary measurement indicator and used WI for robustness tests, mainly based on the following considerations. First, EI satisfies scale invariance and mirror consistency, making the degree of inequality between different health indicators comparable (55). Second, as an absolute inequality index, EI is not affected by changes in the average level of the health variable, making it more suitable for comparisons across time periods and groups. Finally, when dealing with binary or ordinal categorical health variables, EI can avoid the influence of the bounded variable effect (56). Although WI does not satisfy the mirror condition, it provides a complementary verification from the perspective of relative inequality (57). The consistency of the results from the two indices can increase the reliability of the research conclusions, while differences suggest that health inequalities may have multidimensional characteristics.

The specific calculation formulas (50) are shown in Equations 1, 2.

[image: Equation for expected improvement: EI equals eight divided by N squared times b minus a, multiplied by the sum from i equals one to N of z subscript i times l subscript i.]

[image: Mathematical equation showing \( WI = \frac{2(b-a)}{N^2(b-\mu_h)(\mu_h-a)} \sum_{i=1}^{N} z_i l_{hi} \), labeled as equation (2).]

In these equations, [image: Mathematical expression showing "EI" with a dot over "E" and a curved arrow above "I".] is the Erreygers Index, and [image: Stylized italicized letters "WI".] is the Wagstaff Index. [image: Mathematical symbol for the uppercase italic letter "N" on a plain white background.] is the sample size, and [image: Please upload the image or provide a URL so I can generate the alternate text for you.] is the health level of the [image: It seems there was an issue uploading your image. Please try again, ensuring the file is attached correctly. If you have any specific details or context about the image, feel free to include them.]-th individual. [image: Summation notation with the expression: sum from i equals 1 to N of z sub i times h sub i.] expresses the rank-dependence character, which is a weighted sum of all individual health levels, where [image: Mathematical formula shown: \( z_i = \frac{n+1}{2} - r_i \).], and [image: The image shows a mathematical expression with the variable "n" subscripted by "i" and a tilde accent above it.] is the relative rank of the [image: It seems there is a display issue with your image. Please ensure the image is uploaded correctly, and feel free to add a caption for context if needed.]-th individual after sorting by per capita annual household net income (rank divided by sample size [image: The letter "N" in a serif font, resembling Times New Roman.]). [image: Greek letter "mu" followed by a subscript "h".] is the mean of the health variable [image: The image shows a mathematical symbol for the letter "h" written in a serif typeface, resembling handwriting.], while [image: It seems there isn't an image attached. Please upload the image or provide a URL so I can assist you in generating the alternate text.] and [image: Lowercase italic letter "a".] are the upper and lower bounds of the health variable [image: An image illustrating the math symbol "h" in a stylized italic font, commonly used in mathematical notation. The background is white, highlighting the character.], respectively. For both indices, a positive value indicates that the health distribution favors groups with higher socioeconomic status, while a negative value indicates the opposite. A value of zero represents a completely equal health distribution. The larger the absolute value of the index, the higher the degree of health inequality.



2.5 RIF regression for health inequalities

To explore the influencing factors of health inequalities among the low-income population, we conducted RIF regression analysis based on four waves of panel data from 2016 to 2022. RIF is the re-centered influence function method developed by Firpo et al. (58). Heckley et al. (54) introduced it into the field of health inequality research, and Rios Avila (59) further improved the RIF regression and its decomposition method. Compared with traditional concentration index decomposition methods, RIF regression has many advantages. It directly decomposes the weighted covariance of health and socioeconomic rank, more accurately explaining socioeconomic-related health inequalities. It is applicable to various inequality indices (such as EI, WI, etc.), expanding the scope of research. It has fewer assumptions and restrictions, effectively reducing endogeneity bias caused by omitted variables. Its results are easier to estimate and interpret. It can simultaneously examine the impact of multiple explanatory variables on health inequalities, providing a more comprehensive analytical perspective. RIF regression is performed in two steps:

Step 1: Calculate the RIF value of the health inequality indices

[image: Mathematical equation for \( RIF(health, index)_i = index + IF_i^{index} \), labeled as equation (3).]

In this equation, [image: The text "index" is shown in italics.] is the health inequality indices, which is EI or WI in this study, and the calculation methods are shown in Equations 1, 2. [image: Mathematical notation showing the index function \(IF_i^{index}\), with the subscript "i" and the superscript "index".] is the influence function of the [image: The word "index" is displayed in italicized serif font.] on individual [image: Please upload the image or provide a URL, and I can help generate the alternate text for it.], capturing the impact of a small perturbation at the health level [image: Please upload the image or provide a URL to it so I can generate the alternate text for you.] on the inequality index. The specific form of the influence function differs for different inequality indices, and the specific calculation methods and formulas can be found in Heckley et al. (54).

Step 2: Construct the RIF regression model

[image: Equation labeled (4) involves a Recentered Influence Function (RIF) for health index: \( RIF(health, Index)_{it} = \beta_0 + \sum_j \beta_j x_{jit} + \gamma_i + u_{pt} + \epsilon_{it} \).]

[image: RIF subscript i, t with arguments health and index.] is the RIF value of the [image: The word "index" is displayed in italics.] for individual [image: Please upload the image or provide its URL, and I will help you generate the alt text.] at time [image: Stylized lowercase letter "t" in black with a flowing, handwritten appearance, set against a white background.]. [image: Greek letter "mu" with a subscript "h".] and [image: It seems there might have been an error with the image upload. Could you please try uploading the image again or provide a URL? If there's a specific context or caption you'd like to include, let me know.] are explained in the same way as in Equation 1. [image: Greek letter beta with subscript zero is displayed in a mathematical context.] is the constant term. [image: Mathematical expression with the variable \(x\) subscript \(jit\).] represents the value of the [image: Please upload the image or provide a URL, and I will generate the alternate text for you.]-th explanatory variable for individual [image: Please upload the image so I can help generate the alternate text for it.] at time [image: A stylized lowercase italic letter "t" with a curved serif, rendered in a serif font.], which are the same as the other variables mentioned above, i.e., the independent variables that may affect health inequalities. [image: Lowercase Greek letter beta with a subscript j.] is the coefficient of the [image: To generate alt text, please upload the image or provide a URL. Optionally, you can add a caption for context.]-th explanatory variable. If [image: Lowercase Greek letter beta with a subscript lowercase letter j.] is positive, it indicates that an increase in [image: Mathematical expression showing "x" with subscript "j i t".] will widen the degree of health inequality, and vice versa. [image: It seems like there is an error or missing piece in your request. Please upload the image or provide a URL, and you can add any necessary context for more accurate alt text creation.] is the individual fixed effect, capturing the unobservable factors at the individual level. [image: Mathematical notation showing the term "u" with a subscript "p" and "t".] represents the province-year fixed effect, capturing all unobservable factors that vary over time at the province level and all unobservable factors that vary across provinces over time. [image: Lowercase Greek letter epsilon with subscripts "i" and "t".] is the random error term for individual [image: Please upload the image or provide a URL so I can generate the alternate text for you.]. The specific derivation process can be found in Nie et al. (60) and Heckley et al. (54).

To ensure the reliability of the estimates, we performed difference tests (chi-square tests between categorical variables and analysis of variance between categorical and continuous variables) and multicollinearity tests on all independent variables during the model construction process. At the same time, we included multidimensional fixed effects to control for the influence of unobservable factors. The reasons for choosing province-level fixed effects rather than city or community fixed effects are twofold. First, policy formulation and implementation in China mainly occur at the provincial level, with policy differences primarily manifesting between provinces and between urban and rural areas. Second, introducing city fixed effects would not only significantly increase the complexity of the model but would also be limited by data availability.



2.6 RIF-Oaxaca decomposition for health inequalities

To analyze the sources of health inequality differences within the low-income population across dimensions such as urban–rural, gender, and age (with a cutoff at 60 years old), we combined RIF with Oaxaca-Blinder decomposition, following the research of Firpo et al. (61) and Rios-Avila (62). This combined approach not only retains the advantages of RIF regression but also enables accurate decomposition of the sources of health inequality differences between groups. To control for the influence of time trends, such as changes in the macroeconomic environment and policies, on health inequalities, we included year fixed effects in the decomposition model. The reason for not incorporating individual fixed effects is that introducing a large number of individual effects in RIF-Oaxaca decomposition would not only lead to complex model calculations and convergence difficulties but also absorb individual-level variability, affecting the identification of determinants of health inequalities. Simultaneously, considering that province fixed effects may exhibit collinearity with key covariates and that regional differences themselves are important sources of health inequalities, we did not include province fixed effects in this study. The analysis process is as follows:

Step 1: Construct group regression models.

For a binary group variable T (such as urban–rural, gender, age), let T = 1 represent the first group (e.g., rural, female, under 60 years old) and T = 2 represent the second group (e.g., urban, male, 60 years old and above). For each group, establish an RIF regression model that includes year fixed effects and calculate the expected value of the health inequality indices. The models for the first and second groups are shown in Equations 5, 6, respectively.

[image: Equation showing statistical formula: v sub 1 equals expected value of RIF of h sub i, v, given F sub H sub N equals 1, which equals beta prime X bar sub 1 plus delta sup 1 D plus epsilon sup 1.]

[image: Mathematical equation labeled as equation six, showing: gamma sub two equals E of RIF of h sub i, v of F sub H sub T equals two, equals beta squared X bar squared plus delta squared D plus epsilon squared.]

[image: The image shows a lowercase letter "V" followed by the subscript "1."]and [image: Please upload the image or provide a URL for me to generate the alt text. If you want to add a caption for additional context, you can include that as well.] represent the inequality index 𝑣 (such as EI or WI) for the first and second groups, respectively. [image: Mathematical notation showing the expected value operator, represented as "E" followed by square brackets containing a dot, signifying a placeholder for a random variable.] denotes the expected value. [image: Please ensure to upload the image or provide a URL for me to generate the alternate text.] represents the health level of the [image: Please upload the image or provide a URL so I can help generate the alternate text for it.]-th individual. [image: Mathematical expression depicting v(F subscript H \ T equals 1).] is the value of the health inequality index 𝑣 for the first group, and [image: The expression shows the value \( v(F_H \setminus T = 2) \).] is the value of the health inequality index 𝑣 for the second group. [image: Greek letter beta with a superscript one.] and [image: Lowercase Greek letter beta, raised to the power of two.] are the regression coefficient vectors for the two groups, respectively. [image: Mathematical notation showing "X bar" with a superscript one, indicating a statistical or algebraic expression.] and [image: Mathematical notation showing X-bar squared, with X having a line over it, followed by a superscript two.] are the mean vectors of the covariates (independent variables) for the two groups, representing sample characteristics. [image: Greek letter delta in subscript, followed by the numeral one in superscript.] and [image: Greek lowercase letter delta, followed by a superscript two, representing "delta squared."] are the year fixed effects coefficient vectors for the corresponding groups. [image: It looks like there might have been an attempt to upload an image, but I did not receive it. Please try uploading the image again or providing a URL. If you have any additional context or a caption, feel free to include it.] is the matrix of year dummy variables (shared by all groups). [image: The expression shows the Greek letter epsilon raised to the power of 1.] and [image: Lowercase Greek letter epsilon raised to the power of two.] are the error terms for the corresponding groups.

Step 2: Construct the counterfactual group.

Construct the counterfactual inequality index [image: Mathematical symbol for lowercase nu with a subscript "c", represented in italics.], assuming that the first group has the regression coefficients of the second group:

[image: Mathematical equation: \( v_c = \beta^2 \bar{X}^1 + \delta^2 D \) with equation number (7).]

Step 3: Decompose the total difference, i.e., the difference between the inequality indices of the two groups, and decompose it into the coefficient effect and the composition effect.

[image: Equation showing the change in a variable, Δ, as the difference between ν₁ and ν₂, expressed using various parameters. It includes components with divisions Δvₛ and Δvₓ, expressions with β and δ, and different terms represented by X̄ and D, concluding with the number eight in parentheses.]

[image: Greek letter delta symbol in black on a white background.] is the total effect of the group difference, which can be decomposed into [image: Greek letter delta followed by lowercase "v" and subscript "s".] and [image: Delta nu sub x, representing a change in frequency or velocity component.] [image: Delta vs, representing a change or difference in a variable labeled as v with a subscript s.] is the coefficient effect, reflecting the “treatment difference” in health inequalities between the two groups when characteristics such as education and occupation are the same, capturing some unobservable factors and representing the unexplained portion. [image: Greek letter delta followed by the Greek letter nu subscript x.] is the composition effect, reflecting the contribution of differences in characteristics such as education and occupation between the two groups to health inequalities, representing the explained portion.

Step 4: Decompose the contributions of each covariate.

[image: Mathematical equation showing delta v x,j equals beta squared j times the difference between X bar superscript 1 j and X bar superscript 2 j, labeled as equation nine.]

[image: The equation shows Δv sub s,j equals the difference of β superscript 1 sub j and β superscript 2 sub j, multiplied by X bar superscript 1 sub j. It is labeled as equation ten.]

[image: The mathematical notation shows the Greek letter beta with superscript one and subscript j.] and [image: Beta subscript j squared.] are the coefficients of the [image: Please upload the image or provide a URL to generate alternate text.]-th covariate in the regressions for the first and second groups, respectively. [image: Mathematical expression showing \( \overline{X}_{j}^{1} \).] and [image: Mathematical notation showing \( \overline{X}_j^2 \), where a variable X with subscript j is squared and has a bar over it, typically indicating the mean of X.] are the means of the [image: Please upload the image or provide a URL for me to generate the alternate text.]-th covariate in the first and second groups, respectively.



2.7 Analytical strategy

All data in this study were processed and analyzed using Stata 17.0. The significance test level was set at 0.05.




3 Results


3.1 Basic characteristics of China’s low-income population

From 2010 to 2022, the proportion of China’s low-income population in the total population followed an inverted U-shaped trend, reaching a peak of 37.56% in 2016 and then gradually declining to 32.91% in 2022 (Figure 1). Although the PCHI of Chinese residents showed an upward trend, the dividing line for the middle-and high-income groups (200% of the median PCHI) rose faster than the upper limit of income for the low-income group (67% of the median PCHI), indicating a widening gap between the rich and the poor (Figure 2). Additionally, the growth rate of the PCHI slowed down from 2018 to 2022, with a slight improvement during 2020–2022, though not reaching the pre-2018 growth rates.

[image: Stacked bar chart showing the proportion of income groups from 2010 to 2022. The chart indicates low-income (red) fluctuating between 32.89% and 37.56%, middle-income (blue) ranging from 43.77% to 46.65%, and high-income (green) declining from 22.27% to 20.44%.]

FIGURE 1
 Proportion of each income group in China from 2010 to 2022.


[image: Line graph depicting income trends in China from 2010 to 2022. It shows the median annual per capita household net income, 200 percent, and 67 percent of this median. All lines show consistent growth over the years, with 200 percent peaking at 51,333 Chinese yuan, median at 25,667 Chinese yuan, and 67 percent at 17,197 Chinese yuan in 2022.]

FIGURE 2
 The annual per capita household net income in China from 2010 to 2022.


The changes in health status for the low-income population varied across different dimensions (Table 2). Self-rated health showed an improving trend, with the proportion of positive evaluations (relatively healthy, very healthy, extremely healthy) rising from 60.85% in 2012 to 71.23% in 2022. However, mental health continuously deteriorated, with the proportion of healthy individuals in 2022 decreasing by 7.09 percentage points compared to 2012. The proportion of healthy individuals showed a U-shaped pattern in terms of two-week health status with 2018 as the turning point, while the proportion of individuals without chronic diseases showed a slight overall decline. The trends in various health dimensions for the low-income group were generally consistent with the national situation, but the health levels remained lower than the national average. For example, in 2022, the proportion of positive self-rated health evaluations for the low-income group was 6.08 percentage points lower than the national level (Table S1).



TABLE 2 Health status and trends of low-income population in China, 2010–2022.
[image: Table displaying health status data from 2010 to 2022. Categories include self-rated health status, mental health status, two-week health status, and chronic disease status. Values are provided as numbers and percentages with standard errors. Self-rated health status shows a decrease in those reporting extremely healthy over time. Mental health status indicates fluctuating unhealthy numbers. Two-week health status shows more healthy than unhealthy. Chronic disease status lists most without diseases. Total numbers for each year are included.]

Regarding socioeconomic characteristics (Table 1), the PI and PCHI of the low-income population increased by 1.89 times and 1.73 times, respectively, between 2016 and 2022. The average years of education increased by 1.21 years, and the proportion of agricultural workers decreased by 3.46 percentage points. In terms of psychological attitudes, the proportion of individuals with low self-rated social status and low life satisfaction (dissatisfied/neutral) decreased by 11.06 and 15.19 percentage points, respectively, in 2022 compared to 2016. Regarding health behaviors and material circumstances, the proportion of individuals with a nap habit and those using tap water and clean fuel increased, while smoking and drinking behaviors decreased. In terms of sociodemographic characteristics, there was a trend towards smaller household sizes. Regarding structural factors, approximately 90% of the population was enrolled in basic social medical insurance, but the participation rate slightly decreased. Regarding the level of medical expertise of the visited institution, the evaluations showed a polarization, with the proportion of evaluations as high and low increasing by 26.41 and 4.85 percentage points, respectively. The MIRR remained at around 11%.



3.2 Status and trends of health inequalities for the low-income population in China

Given the high consistency in direction, significance, and trend changes between EI and WI, we primarily focused on analyzing EI results.

From 2010 to 2022, except for the chronic disease dimension from 2010 to 2014, significant pro-rich health inequalities existed in China (p < 0.05). Between 2016 and 2022, apart from mental health, significant differences in health inequalities between the low-income and middle-to-high-income groups were generally observed in the other three dimensions (p < 0.05). For example, in the self-rated health dimension in 2022, the between-group Z-value of EI was −3.05 (p < 0.0001). The extent of health inequalities among the low-income group was significantly higher than that of the middle-to-high-income group. In 2022, the EI for self-rated health in the low-income group was 0.07 (p < 0.0001), significantly higher than the middle-to-high-income group (0.014, p > 0.05) and the national level (0.051, p < 0.0001). From 2012 to 2022, although the inequality indices for self-rated health and chronic disease status of the low-income group fluctuated, they showed an overall upward trend, reflecting a deepening of health inequalities (Table 3).



TABLE 3 National health inequality indices in China, 2010–2022.
[image: A table presenting health variables across different years, showing weighted index (WI) and effect index (EI) values for national, low-income, and middle-high-income groups. Categories include self-rated health status, mental health status, two-week health status, and chronic disease status from 2010 to 2022. Data is marked with significance levels, denoted by asterisks, indicating degrees of statistical significance.]

Table S2 revealed the differences in health inequalities within the low-income population in terms of urban–rural, gender, and age dimensions. The differences in health inequalities between urban and rural groups, as well as between genders, were not statistically significant. However, age-related disparities were significant in certain dimensions and years. Overall, except for chronic disease status, the EI values for all subgroups across other health dimensions have remained positive and generally significant since 2016. This indicates that while the between-group differences were relatively small, within-group health inequalities were more pronounced. Specifically, in the urban–rural dimension, from 2012 to 2022, the self-rated health inequality indices of the rural low-income group showed an upward trend (EI increased from 0.018 to 0.076) and consistently exceeded that of the urban group since 2014. From 2016 to 2020, the mental health inequality indices of both urban and rural low-income groups showed a downward trend, with the rural group experiencing a higher degree of inequality than the urban group. However, in 2022, the inequality level of the urban low-income group began to surpass that of the rural group. From a gender perspective, between 2012 and 2022, the self-rated health inequality levels of both males and females generally showed an upward trend. From 2016 to 2020, the mental health inequality levels of both genders declined year by year but rebounded in 2022. Starting from 2020, the two-week health inequality level of males exceeded that of females. Since 2016, the chronic disease status inequality indices of both genders increased annually, with males being higher than females, but females began to surpass males in 2022. In the age dimension, the health inequality level of the older adult low-income group (aged 60 and above) was generally higher than that of the non-older adult group, with this difference being most significant in the mental health dimension. In 2022, the EI for mental health was 0.114 (p < 0.001) for the older adult group and 0.047 (p > 0.05) for the non-older adult group. From 2018 to 2022, the mental health inequality level of the older adult group continued to rise, and their two-week health inequality level was also significantly higher than that of the non-older adult group. Furthermore, from 2020 onwards, while the older adult group maintained strong statistical significance in mental health inequality, other groups showed decreased significance levels. Similarly, urban areas experienced a notable decrease in significance levels for both self-rated health and mental health inequality from 2020, with 2020 showing no statistical significance. During 2018–2020, the significance levels of two-week health inequality across all groups changed, though the direction of the indices remained unchanged, with these changes becoming less pronounced in 2022.



3.3 Factors influencing health inequalities for the low-income population in China

Table 4 showed that the absolute values of WI regression coefficients were slightly higher than those of EI, but the direction, significance, and relative magnitude among variables remained consistent. This indicated that regardless of whether EI or WI was used, the identified factors influencing health inequality were robust and reliable. To simplify the analysis, the following discussion only focused on the model results with EI as the dependent variable.



TABLE 4 RIF regression results of health inequalities for the low-income population in China, 2016–2022.
[image: A table presents regression coefficients for health status across various variables. Columns include self-rated health, mental health, two-week health, and chronic disease status, with external income (EI) and work income (WI) subcategories. Row variables include income indices, demographics, lifestyle factors, and social status. Statistical significance is indicated with asterisks. The table includes constant values and notes significance levels at ten percent, five percent, and one percent.]

In terms of sociodemographic characteristics, age was an important factor influencing health inequalities. Except for mental health, age exhibited a significant inverted U-shaped effect on the other three health dimensions (coefficients of the de-centered quadratic terms were all −0.001, p < 0.01, with turning points ranging from 42.22 to 66.52 years) (Figure 3). The impact of age on health inequalities reached its peak at these turning points and subsequently weakens with increasing age. This indicated that except for mental health, inequalities in other health dimensions peaked among middle-aged and young-older adult populations, while they were remaining lower among both younger and older age groups. The self-rated health and mental health inequalities of males were significantly higher than those of females (β = 0.364, p < 0.01). The impact of marital status was reflected in the significantly lower levels of self-rated health and mental health inequalities among single individuals compared to married individuals (β = −0.217 and − 0.268, respectively, p < 0.05). Household size was negatively correlated with self-rated health and two-week health inequalities (β = −0.035 and − 0.033, respectively, p < 0.01). The influence of ethnicity was not significant.

[image: Line graph showing RIF estimates versus age. Six curves represent different health indicators, including self-rated health, chronic disease status, and two-week health, across imputed and non-imputed data. Peaks and inflection points are marked with specific age and value labels. The x-axis represents age, ranging from 0 to 100 years, and the y-axis represents RIF estimates, ranging from -4 to 1. A legend identifies each curve by color and style.]

FIGURE 3
 Age effects on different types of health inequalities.


Regarding socioeconomic status characteristics, the PCHI had a negative impact on health inequalities, but this impact was more significant for self-rated health and mental health (p < 0.01) and not significant for two-week health and chronic disease status inequalities (p > 0.05). The urban group only exhibited a significant positive influence on chronic disease health inequalities (β = 0.138, p < 0.05). Years of education were positively correlated with mental health inequalities only at the 10% significance level (β = 0.027). The impact of agricultural occupation on health inequalities was not significant.

The effects of health behaviors (drinking, smoking, napping, exercise) and psychological attitudes (self-rated social status, life satisfaction) on health inequalities in various dimensions were not significant. Among the structural factors, the MIRR had no significant impact on health inequalities, but enrollment in basic medical insurance increased inequalities in chronic disease status (β = 0.067, p < 0.05). Lower level of medical expertise of the visited institutions also exacerbated inequalities in chronic disease status (β = 0.118, p < 0.01). Among the material circumstances factors, only the use of tap water had a significant negative impact on mental health and two-week health inequalities (p < 0.05).



3.4 Heterogeneity analysis of health inequalities within the China’s low-income population

The decomposition results in Tables S3–S5 revealed the heterogeneity of health inequality within the low-income population across urban–rural, gender, and age dimensions. The absolute values of WI regression coefficients were slightly higher than those of EI, but their direction, significance, and relative impact magnitudes remained consistent, demonstrating the robustness of the study’s findings. Given the high consistency between EI and WI results, subsequent analyses were based on the EI model results, with Tables S3–S5 simplified to Tables 5–7. Regarding urban–rural differences (Table 5), only two-week health inequalities exhibited significant total differences (β = 0.046, p < 0.05). The PCHI was the main source, manifesting as significant composition effects (−0.003, p < 0.05) and coefficient effects (−0.892, p < 0.05). Urban–rural differences in fuel use and the level of medical expertise of the visited institution significantly widened the between-group differences in urban–rural two-week health inequalities (composition effects of 0.024 and 0.003, respectively, p < 0.05). Although other health dimensions did not present significant total differences, the pure composition effects were significant for self-rated health and mental health, amounting to 0.018 (p < 0.01) and 0.024 (p < 0.05), respectively. Among them, the urban–rural difference in years of education significantly widened the between-group differences in urban–rural self-rated health and mental health inequalities, with pure composition effect coefficients of 0.007 (p < 0.05) and 0.010 (p < 0.05), respectively. The mean difference in age between urban and rural areas expanded the urban–rural disparity in mental health inequalities. The mean difference in the proportion of individuals visiting high-level medical institutions widened the urban–rural differences in self-rated health and two-week health inequalities. The urban–rural difference in the proportion of individuals using clean energy expanded the urban–rural disparities in self-rated health, mental health, and two-week health inequalities. The differences in the proportion of agricultural workers, those with low self-rated social status, and those with high life satisfaction primarily served to narrow the urban–rural disparities. Other factors had no significant impact on the urban–rural differences in health inequalities.



TABLE 5 RIF-Oaxaca decomposition of rural–urban health inequality (EI) in China, 2016–2022.
[image: A statistical table presents variables with coefficients for four health statuses: self-rated, mental, 2-week, and chronic disease. Categories include rural/urban settings, demographics, marital status, education, occupation, health behaviors, and socio-economic factors. Significance is denoted with asterisks. PI, PCHI, and MIRR metrics are included alongside reference groups. Only significant coefficients are shown.]



TABLE 6 RIF-Oaxaca decomposition of male–female health inequality (EI) in China, 2016–2022.
[image: A table displaying variables related to health, separated into categories: self-rated health, mental health, two-week health, and chronic disease status. Each category contains explained and unexplained variables with statistical significance noted by asterisks. The table includes demographic factors such as gender, age, residence, marital status, and behaviors like smoking, alcohol use, and exercise. Statistical significance levels are indicated, with various numeric values showing different impacts on health metrics. The table ends with a note explaining significance levels and abbreviations.]



TABLE 7 RIF-Oaxaca decomposition of age-related health inequality (EI) in China, 2016–2022.
[image: A detailed table analyzing health variables: self-rated health, mental health, 2-week health, and chronic disease status. It lists factors like age, income, gender, education, occupation, social status, smoking, alcohol use, exercise, life satisfaction, and environmental aspects. It includes explained and unexplained components with significance levels denoted by asterisks. Data highlight statistically significant coefficients, offering insights into health determinants.]

The gender difference analysis showed no significant total differences in any health dimension (Table 6). However, the PCHI remained a significant source of gender differences in health inequalities across multiple dimensions: the pure composition effects on gender differences in self-rated health and mental health inequalities were 0.003 (p < 0.05) and 0.008 (p < 0.05), respectively; the pure coefficient effect on chronic disease health inequalities was −0.64 (p < 0.05). The between-group mean difference in age narrowed the gender difference in mental health inequalities. The gender difference in the proportion of individuals visiting high-level medical institutions widened the gender differences in self-rated health and chronic disease status inequalities. The impact of marital status differs between males and females: being divorced, widowed, or engaged in agriculture had significant positive coefficient effects on the gender differences in mental health inequalities. The PCHI, ethnicity, napping, and being single had negative coefficient effects on the gender differences in health inequalities. Years of education and exercise had positive coefficient effects on the gender differences in chronic disease status inequalities. Other factors had no significant impact on the gender differences in health inequalities.

Regarding age group differences (Table 7), significant inequalities existed in self-rated health, mental health, and two-week health, with total difference effects of −0.049 (p < 0.01), −0.081 (p < 0.01), and − 0.041 (p < 0.05), respectively. Among them, the composition effect of self-rated health inequality was −0.095 (p < 0.01), accounting for 194% of the total difference effect. The between-group difference in the PCHI had varying impacts on different health dimensions: its pure composition effected on self-rated health and mental health inequalities were − 0.005 and − 0.007 (both p < 0.01), respectively, while it was 0.009 (p < 0.01) for two-week health inequality. The between-group difference in the PI narrowed the between-group difference in chronic disease status inequality (pure composition effect of −0.019, p < 0.01). The between-group difference in years of education widened the between-group differences in mental health and two-week health inequalities; the difference in the proportion of agricultural workers expanded the between-group differences in health inequalities across all dimensions; while the difference in household size narrowed the between-group differences in self-rated health, mental health, and two-week health inequalities. The difference in the proportion of the urban population expanded the between-group difference in mental health inequality. The difference in the proportion of Han Chinese narrowed the between-group difference in self-rated health inequality. The between-group differences in marital status primarily affected the between-group differences in self-rated health and mental health inequalities. Self-rated social status mainly influenced the between-group differences in self-rated health and mental health inequalities. Life satisfaction and napping primarily affected the between-group differences in two-week health and chronic disease status inequalities. Exercise and cooking water affected the between-group difference in mental health inequality. The differences in the level of medical institutions significantly impacted the between-group differences in self-rated health, two-week health, and chronic disease status inequalities. Other factors had no significant influence on the age group differences in health inequalities.




4 Discussion

This study revealed that China’s low-income population faces severe health inequality. Although the upper limit of the PCHI for the low-income population increased annually from 2010 to 2022, the widening gap between the rich and the poor kept them in a disadvantaged position (63). From 2018 to 2022, influenced by factors such as the COVID-19 pandemic and changes in the global economic situation, the growth rate of the PCHI among low-income population slowed down. Despite a slight recovery during 2020–2022, the overall growth rate remained lower than pre-2018 levels. Meanwhile, the proportion of healthy individuals in terms of two-week health status showed a U-shaped pattern (with 2018 as the turning point), indicating that low-income population’s health vulnerability became more pronounced when facing both sluggish income growth and pandemic-related impacts. The absolute values of health inequality indices among the low-income group were generally higher than those of the middle-to-high-income group during the same period, which was consistent with international findings (11, 64–66), especially in developing countries (6). This indicated that, compared to the middle-to-high-income group, the low-income group faced more severe health inequalities. Additionally, health inequalities among the low-income population were also quite serious (6). During the study period, the low-income population exhibited pro-rich inequalities across all four health dimensions, with the inequality levels in self-rated health and chronic disease dimensions increasing year by year, reflecting a continuous deterioration of health inequalities (67). Therefore, addressing health inequalities in China requires a focus on the low-income population, particularly the impoverished individuals within this population.

Although health inequalities within the low-income population did not show significant differences between urban and rural areas (6), genders, or age groups, pro-rich health inequalities were prevalent in all subgroups. Consistent with previous research (12, 24), we found that from 2012 to 2022, the self-rated health inequality index of the rural low-income group showed an upward trend and remained consistently higher than that of urban group since 2014. This may be related to the uneven distribution of medical resources between urban and rural areas (68). According to China’s national statistics, the country’s urbanization rate steadily increased from 53.10 to 65.22% between 2010 and 2022, without experiencing drastic fluctuations. This suggests that changes in urban–rural health inequalities were likely more influenced by the distribution of medical resources and economic factors rather than the urbanization process itself. Further examination of CFPS data revealed that the proportion of the urban population in the study sample remained stable between 2010 and 2022, ranging from 41.7 to 42.5%, aligning with the national trend. This indicates that the data in this study possessed a representative urban–rural structure. Regarding the trend of health inequalities, it is noteworthy that since 2020, the significance of self-rated health and mental health inequalities in urban areas declined significantly compared to 2018 and earlier, with the indices in 2020 becoming non-significant. This may have been associated with urban residents receiving more comprehensive psychological assistance and social support systems during the COVID-19 pandemic. Similarly, this effect weakened in 2022, suggesting a declining marginal effect of pandemic interventions and policy benefits. In contrast, the older adult low-income group exhibited significantly higher levels of inequality in self-rated health, mental health, and two-week health compared to the non-older adult group (69), with the inequality index being most significant in the mental health dimension, and the significance of mental health dimension appeared unaffected by the COVID-19 pandemic. The older adult low-income group, generally more vulnerable in terms of economic and social support networks, did not receive sufficient resources during the pandemic to significantly improve their mental health status, resulting in persistently high levels of inequality in this dimension. Conversely, for urban areas or younger groups, relatively adequate social and psychological support measures may have served as a buffer (70). These findings emphasize the need for targeted interventions for rural (19) and older adult low-income groups, particularly regarding their mental health. Furthermore, to further explore the interaction effects among urban–rural status, gender, and age, we included interaction terms in the RIF regression models. However, the results were not statistically significant overall, indicating that these factors primarily influenced health inequalities through direct effects rather than interactive mechanisms.

The PCHI was a key socioeconomic factor influencing health inequalities among and within the low-income population. The RIF regression results showed that improvements in household economic conditions could significantly reduce inequalities in self-rated health and mental health. This aligned with previous research conclusions, as income level is widely recognized as an important determinant of health outcomes (6, 13, 15). Further RIF-Oaxaca decomposition results revealed that the PCHI was a significant source of health inequality differences between urban and rural areas, genders, and age groups. Its function was primarily reflected in two aspects: first, the mean differences in the PCHI between different groups (urban–rural, gender, age) directly led to health inequalities; second, even when holding the PCHI constant, this variable still contributed to the between-group differences in health inequalities across urban and rural groups, suggesting that PCHI may interact with other factors to influence the urban–rural difference in health inequalities. This may be because urban–rural differences primarily stemmed from the urban–rural inequality in the accessibility of medical resources. Even with the same income level, the rural group still had fewer opportunities to obtain high-quality medical services compared to the urban group (68). Gender differences may be related to women’s weaker bargaining power in household income allocation, resulting in a lower effect of the same household income on improving women’s health. Family support is significantly associated with women’s health (71). Furthermore, agricultural occupation affected health inequalities through gender differences, particularly in mental health and two-week health. This may be due to the heavy burden on rural women’s physical and mental health as they undertook both strenuous agricultural labor and household chores (72).

Years of education had no significant impact on total health inequalities among the low-income population, which contradicts previous research (73). This discrepancy may be attributed to the focus of this study on the low-income population, which generally had lower educational attainment (84.22% had junior secondary school or below), thus limiting the positive influence of education on health. However, the decomposition results revealed that years of education still had significant effects on specific subgroups. The mean differences in years of education between urban and rural groups affected the urban–rural disparities in self-rated health and mental health inequalities, possibly due to variations in educational quality and access to educational resources between urban and rural regions (74). Regarding age group differences, the between-group mean differences in years of education influenced the between-group differences in mental health and two-week health inequalities. This may be because educational content and its social value have changed over time. Individuals with the same years of education may possess different knowledge and skills (75). Moreover, with the popularization of higher education in China (76), the social status associated with the same educational level has also shifted across generations. Gender differences caused by education may be related to gender disparities in role norms and occupational choices (72), which in turn affect chronic disease prevention and management behaviors.

Sociodemographic characteristics were another critical dimension influencing health inequalities among and within the low-income population. Age had the most significant impact, exhibiting an inverted U-shaped relationship: as age increased, health inequalities first increased and then decreased. This finding is consistent with a study conducted in South Korea (77). According to the Cumulative Advantage/Disadvantage theory, health capital may also accumulate with age, thereby exacerbating health inequalities (78). However, after a certain age, the health status of the older adult generally declines, thus alleviating health inequalities. The impact of marital status exhibited gender and age heterogeneity. Compared to married or cohabiting individuals, single individuals had lower levels of self-rated health and mental health inequalities. The effects of divorce/widowhood on health inequalities also differed between men and women and across age groups. This may be related to the social roles and expectations associated with different genders and ages. It also suggests that marital patterns themselves, rather than marital status, may have a greater impact on mental health. Household size had a universal suppressive effect on health inequalities, particularly in reducing disparities between age groups, which may be related to the informal care and economic risk-sharing functions provided by larger household sizes (22).

Among structural factors, the impact of healthcare accessibility surpassed that of health insurance coverage, possibly due to the current high insurance participation rate (over 90%) among China’s low-income population. Consistent with previous research (79), disparities in the level of medical expertise of the visited institutions significantly influenced health inequalities in chronic diseases status and played a crucial role in urban–rural, gender, and age group differences. This finding suggests that the uneven distribution of quality healthcare resources might be a key factor exacerbating health inequalities (68). The effects of health behaviors, material circumstances, and psychological attitudes were relatively limited. This may be due to the strong homogeneity in health behaviors among the low-income population: economic constraints limit their choices for health investments, resulting in smaller differences in health behaviors. Among material circumstances, only access to tap water, an infrastructure indicator, was found to significantly reduce mental health and two-week health inequalities. The impact of other material circumstances was limited, possibly because the current differences in living environment conditions among the low-income population are relatively small. Psychological attitude variables mainly affected health inequalities through age group heterogeneity, possibly explained by generational differences in psychological resilience and coping mechanisms across different age groups.

Based on the above analysis, this study proposes the following policy recommendations to alleviate health inequalities for the low-income population. In the short term, emphasis should be placed on income support and healthcare service accessibility. Regarding income support, it is recommended to establish minimum living security standards for low-income older adult individuals, increase rural pension benefits, and provide subsidies for daily necessities and medical expense reductions for multiply disadvantaged groups such as older adult rural women. Additionally, family income sources should be expanded through industrial assistance programs. In terms of healthcare services, efforts should focus on training general practitioners and implementing systems like “county management, township employment” to guide quality resources to grassroots levels, improving the stability of primary healthcare professionals. Meanwhile, artificial intelligence-assisted diagnostic systems and internet healthcare platforms should be fully utilized to provide remote consultation and intelligent screening support for primary healthcare institutions (80–83), enhancing the accessibility and quality of basic medical services. In the medium to long term, improvements should focus on family support systems and optimization of medical resource allocation. Considering the significant suppressive effect of household size on health inequalities, it is recommended to establish a family caregiver allowance system, develop community-based older adult care services, and provide differentiated social support through neighborhood mutual assistance networks for special groups such as single, divorced, and widowed individuals. To address the uneven distribution of medical resources, systems should be established for targeted training and rotation of urban–rural medical professionals, promotion of telemedicine services, and strengthening primary healthcare institutions’ capabilities in chronic disease management and mental health services. Simultaneously, health literacy improvement projects should be conducted for low-income groups, with community health management teams providing personalized health guidance. To address barriers in accessing health information caused by inadequate infrastructure and educational resources in rural areas, investment in public infrastructure and education should be increased to promote the equalization of basic public services. Furthermore, a monitoring and intervention mechanism for health inequalities should be established, including a scientific evaluation indicator system to regularly assess changes in health disparities among various groups. The implementation of these intervention measures should adopt a progressive approach, prioritizing regions and populations with higher levels of health inequalities, while strengthening the evaluation of policy implementation effects to provide empirical evidence for subsequent policy optimization.

This study still has some limitations. First, due to the long survey period of the CFPS dataset and the considerable missing data for some key variables (e.g., social capital and early-life factors), our ability to fully analyze the mechanisms influencing health inequalities is limited. Additionally, although this study controlled for temporal and regional factors, it was still unable to directly measure the impact of individual-level migration on health inequalities. Panel data were also affected by individual migration, mortality, refusal, or loss to follow-up, which may have led to sample attrition, potentially impacting the representativeness of the conclusions. Moreover, due to the limited number of repeated individual observations, this study did not employ a dynamic panel model, which would have allowed for a more precise depiction of the long-term evolution of health inequalities. Furthermore, while the data span 2010–2022, the dynamic adjustments and prolonged impact of COVID-19 control policies introduce uncertainties, making it challenging to comprehensively assess the pandemic’s long-term effects on health inequalities. Future research should integrate multi-source data (including macroeconomic indicators) and adopt dynamic panel models and instrumental variable methods to further investigate the long-term effects of migration, pandemic shocks, and other socioeconomic factors on health inequalities. These efforts will provide stronger empirical evidence to support policies aimed at promoting health equity.



5 Conclusion

Based on CFPS data from 2010–2022, this study employed various methods such as the EI, WI, RIF regression, and RIF-Oaxaca decomposition to systematically analyze the health inequalities faced by China’s low-income population. The study found that the health inequalities faced by the low-income population are not only severe but also exhibit an aggravating trend. Across all health dimensions, the low-income group demonstrated significant pro-rich inequalities, with levels far exceeding those of the middle-to-high-income group. The PCHI is the core influencing factor of health inequalities, not only directly affecting the inequalities of self-rated health and mental health but also serving as the main source of between-group differences in health inequalities across urban–rural, genders, and age groups. In particular, the older adult group and rural group face the most severe health inequalities. Based on the research findings, this paper proposes a phased policy intervention framework. In the short term, targeted income support policies should be implemented, focusing on intersectional disadvantaged groups such as the rural older adult, while simultaneously improving the accessibility and quality of primary healthcare services through healthcare reforms. Long-term strategies should focus on leveraging the protective effect of household size on health inequalities, establishing a support system that considers the differentiated impact of marital status on different genders and age groups, and increasing investment in infrastructure in rural areas. These intervention measures should be implemented progressively, prioritizing regions and groups with higher levels of health inequalities.
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Introduction: Amid growing global environmental challenges and the pursuit of sustainable development, Environmental, Social, and Governance (ESG) has become an important framework for promoting green and responsible business practices. This paper investigates how ESG-related media coverage affects the cost of equity, with a focus on how improved information transparency can influence firms’ financing outcomes.
Methods: We construct an ESG performance index using a machine learning approach, based on ESG-related news text data and the level of media attention received by listed companies. The index is calculated by evaluating the tone (positive or negative) of each firm’s annual ESG news coverage.
Results: The results reveal a significant negative correlation between corporate ESG media coverage and the cost of equity, where more positive coverage is associated with a lower financing cost. Mechanism analysis confirms that stronger ESG performance can reduce equity costs by enhancing the transparency of corporate information. Heterogeneity analysis further shows that this negative relationship is more pronounced in state-owned and large firms.
Discussion: The findings provide empirical evidence for the relationship between ESG news coverage and the cost of equity, validating this link in the context of an emerging market. These results offer new insights into how ESG engagement improves capital market efficiency and supports the broader goals of sustainable and responsible investment.
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1 Introduction

In recent years, global environmental problems, represented by extreme weather, have become increasingly obvious, offering challenges to human society. It has motivated people to put the concept of sustainable development into reality and to support economic and social development that is greener and less carbon-intensive. China, the world’s second-largest economy, is also actively pursuing sustainable development, and its 2024 report proposes a “dual-carbon” goal that promotes a green transformation of development methods and the continuous enhancement of sustainable development capacity.

Sustainable development philosophy emphasizes economic growth, environmental protection, and social justice (1–3). The concept of sustainable development, as expressed in the ESG framework, corresponds well with the global trend towards green and low-carbon development. The comprehensive indicators comprised by ESG performance also serve as a benchmark for evaluating the effectiveness of related policies. It is increasingly recognized and accepted as a crucial approach to achieving high-quality development globally. ESG performance reflects a company’s ability to manage long-term environmental, social, and governance issues and industry risks (3, 4). The number of ESG disclosures by Chinese listed companies is gradually increasing. According to the most recent CSI ESG statistics, as of April 30, 2024, more than 2,110 A-share listed businesses had published independent sustainability reports, a 16% year-on-year growth, accounting for 39% of all A-share listed companies.

This growing focus on ESG performance is not only driven by investors but also by the significant role of media attention. As an important informal institutional arrangement, media plays an agenda-setting function, reinforcing certain perceptions and generating public expectations and pressures that motivate companies to adopt ESG practices. While much of the existing ESG research has relied on ESG ratings, some scholars have also conducted research on ESG news coverage. Prior research evidence suggests that media coverage of firms’ environmental, social, and governance (ESG) incidents can affect stock prices (5, 6), firm value (7), firm risk (8, 9), and analysts’ forecasts (10), but there is a lack of empirical research on the benefits of ESG news coverage on the capital market. To fill this gap, this paper attempts to explore the following questions: In the presence of ESG investors who focus on non-financial metrics in the financial market, how does a company’s ESG disclosure affect value investors’ access to information and cost of equity?

This study investigates the correlation between the ESG news coverage and equity costs of Chinese A-share-listed companies from 2010 to 2021. We construct an ESG media performance index based on the tone of the media coverage of ESG news about listed companies. When a company actively engages in ESG practices and the media news coverage is more active and positive, the ESG media index will increase if the company receives more media attention. The findings suggest that a higher ESG media index is associated with a decrease in the expense of equity financing. Specifically, for each one standard deviation rise in the ESG media index, the average cost of equity financing decreases by 0.054%. The results remain valid following the robustness test. The mechanism test indicates that firms with high ESG news coverage can reduce their equity financing costs by improving information transparency. Heterogeneity analyses show that this effect is more pronounced in state-owned enterprises as well as in firms with large firm sizes.

This paper makes several contributions. Firstly, we construct an ESG media performance index. The majority of current ESG research concentrates on ESG rating and rating divergence discussions, while fewer studies examine the influence of news coverage on ESG performance. This paper offers additional empirical evidence for ESG research. Secondly, we construct an index of ESG performance under media coverage by analyzing millions of ESG news texts. This index is capable of providing more objective and distinctive corporate information. Thirdly, we find that ESG news coverage can decrease the cost of equity by enhancing the information environment. The findings complete the logical chain of ESG information influencing financing costs. Finally, we consider the internal conditions under which ESG information impacts financing costs and offer targeted recommendations for improving ESG’s role.



2 Hypothesis development

The cost of equity is the internal rate of return (or discount rate) on the current market value of a firm, as determined by investors based on the firm’s future cash flows (10). For investors, this rate of return is required to take on the firm’s risk in a specific market situation.

We argue that positive news coverage reduces the cost of equity for two main reasons. Firstly, good ESG performance can enhance a firm’s reputation and attract more investors, which in turn lowers the firm’s cost of equity capital (11). Positive corporate performance in environmental preservation, such as reducing carbon emissions and environmental pollution, can enhance a company’s market image (2, 12). Positive corporate performance in social responsibility, such as labor rights protection, supply chain management, and community involvement, is usually recognized by more investors and consumers (13). Good corporate governance structures, such as efficient boards of directors, transparent financial disclosure, and effective internal controls, can enhance investor confidence (14). Conversely, deficient ESG performance may lead to negative press coverage and increase the cost of financing for the firm. For example, firms may be facing public criticism and regulatory penalties as a result of environmental violations (15). Deficiencies in corporate social responsibility and issues in corporate governance, such as excessive managerial intervention or financial misconduct, can have significant adverse effects on a company’s financial condition when exposed, ultimately leading to an increase in its cost of capital (16, 17).

Secondly, positive ESG news coverage can further reduce the cost of equity by enhancing a firm’s transparency. When firms clearly report on their environmental practices, such as carbon footprint reductions, or social initiatives, like labor rights and diversity efforts, they provide investors with valuable insights that reduce perceived risks (18, 19). Transparent governance practices, including board structure and internal controls, also foster investor confidence (20). On the other hand, a lack of ESG disclosures can lead to mistrust and higher capital costs (21). Therefore, positive ESG disclosure not only enhances investor confidence, but also reduces financing costs by creating a more favorable investment environment. Therefore, we propose hypothesis 1.

 
Hypothesis 1: There is a negative correlation between the ESG media performance index and the cost of equity, the higher the media performance index, the lower the cost of equity.






3 Data and methodology


3.1 Data

We selected Chinese A-share listed companies from 2010 to 2021 for the research. The ESG news text data used in this study primarily comes from the Datago database, which includes news coverage from third-party media outlets such as financial websites (e.g., Hexun, CICC Online) and financial newspapers (e.g., China Securities Journal, Economic Reference News, People’s Daily). To ensure the comprehensiveness and representativeness of the data, we supplemented the database with manual searches and verification using the Baidu News website. Only news articles directly related to ESG issues (environmental, social, and governance) are retained. We apply natural language processing (NLP) and TF-IDF filtering techniques to extract news articles that contain highly relevant ESG keywords, such as “carbon neutrality,” “corporate social responsibility,” and “board independence.” This ensures that the news articles included in our dataset are genuinely relevant to ESG performance rather than general corporate news.

The financial data was obtained from the Wind database. We exclude firms with special treatment (ST) and financial sectors in the data as well as culling missing data and obtain a total of 13,628 firm-year observations. We conducted winsorization at the 1 and 99% levels for continuous variables to mitigate the impact of outliers and employed clustered regression in regression models. To examine the lead–lag relationship, the sample period for the equity cost indicator was set from 2011 to 2021, while the sample period for company ESG data and control variables was from 2010 to 2020.



3.2 Variables


3.2.1 The measure of cost of equity

Cost of equity is a forward-looking indicator based on expected cash flows and is not directly available (22). Following Li et al. (10), we use the price-earnings-growth model (PEG model) proposed by Easton (23) to calculate the cost of equity. The PEG model is calculated as follows:

[image: Equation showing \( r_{\text{PEG}} = \sqrt{\frac{\text{eps2} - \text{eps1}}{P_0}} \).]

where [image: I can't view the image. Please upload the image or provide a URL so I can help generate the alt text.] is the cost of equity calculated by the model, [image: Please upload the image or provide a URL for me to generate the alt text.] is the price per share at the end of period t, [image: Mathematical expression showing "eps subscript 1" in italic font.] is the earnings per share forecast by analysts in period t + 1, and [image: Please upload the image or provide a URL to generate the alternate text.] is the predicted earnings per share in period t + 2.



3.2.2 ESG media index

We construct the ESG performance index based on listed companies’ ESG news text data, as well as the degree of media attention. We obtained all relevant news of listed companies from 2010 to 2021 from the Datago database, supplementing it with manual search and proofreading using the Baidu news website. The ESG media performance index was constructed using a hybrid approach that integrates TF-IDF-based text filtering with a lexicon-based sentiment classification method. ESG-related news articles were first identified using TF-IDF scores to retain highly relevant ESG content. The sentiment of each article was then computed using the Loughran and McDonald (24) financial sentiment dictionary. The firm-year ESG index was derived by aggregating sentiment scores across all firm-specific news, weighted by TF-IDF-based relevance scores. Finally, the ESG media performance index is measured by scoring ESG performance based on the tone (positive or negative) of firm i’s annual news coverage in year t. According to An et al. (25), the number of company news signifies the level of media attention. This paper considers the number of news when calculating the ESG performance index, and weights it based on the amount of news. The ESG media index ranges from −1 to 1, with closer to 1 indicating better ESG performance of these firms and closer to −1 indicating poorer ESG performance of these firms. The index differs from traditional ESG ratings in that it is based on news to gather and quantitatively analyze information about a company’s ESG performance.



3.2.3 Control variables

Following El Ghoul et al. (11) and Cook and Luo (26), we selected the following control variables: return on assets (ROA), leverage ratio (Lev), institutional ownership proportion (IO), firm size (Size), Tobin’s Q (TobinQ), book-to-market ratio (BM), revenue growth rate (Growth), and board size (Board). In the Chinese market, the selected control variables are particularly relevant due to the unique characteristics of China’s financial system, corporate governance, and regulatory environment. Chinese firms primarily rely on bank loans rather than equity financing, making profitability (ROA) and leverage (LEV) critical factors in determining financing constraints and capital costs. Institutional ownership (IO) plays an increasingly significant role, enhances corporate governance and influences market perception. Tobin’s Q and the book-to-market ratio (BM) capture firm valuation and investment attractiveness, especially in the Chinese market, where high Tobin’s Q firms (e.g., technology and renewable energy sectors) benefit from government incentives, while high BM firms (e.g., traditional manufacturing industries) face higher risk premiums due to slower ESG compliance adoption. Revenue growth rate (Growth) is another critical factor, as China’s economic transition has created volatility in high-growth firms, particularly in innovative industries, leading to fluctuations in their cost of equity. By incorporating these market-specific factors, our study ensures that the control variables effectively capture both firm-level and macroeconomic influences affecting equity financing in China. Table 1 presents the definitions of these variables.



TABLE 1 Variable definitions.
[image: Table listing economic variables, symbols, and definitions. Dependent variable: EquityCost, cost of equity using PEG model. Explanatory variable: ESG_index, ESG media index, range -1 to 1. Control variables include ROA, Lev, IO, Size, TobinQ, BM, Growth, and Board, with definitions explaining financial metrics and ratios.]



3.2.4 Model

To examine the impact of ESG media index on equity financing costs, we constructed a regression model. Concurrently, we controlled for both annual fixed effects and industry fixed effects in all regressions. The model is represented by Equation 2:

[image: Equation for Equity Cost at time t+1 includes beta coefficients for ESG index, controls, industry, year, plus an error term.]

where [image: Equation showing "Equity Cost" with subscripts "i" and "t plus one."] is the cost of equity of firm i in year t + 1, [image: The image displays the mathematical notation "ESG_{index}" in italics, indicating a subscripted format for the word "index."] is the ESG media performance index of firm i in year t, [image: The text shows "Controls" in italic font with subscripts "i, t".] is the control variable, and [image: The image shows a mathematical expression: the lowercase Greek letter epsilon with subscripts i and l.] is the random error term.





4 Empirical results


4.1 Descriptive statistics

Table 2 reports primary variable descriptive statistics. The EquityCost has an average value of 0.108, with a maximum value of 0.241 and a minimum value of 0.025. The standard deviation is 0.040, indicating significant variation among companies, and the cost of equity remains relatively high for a portion of enterprises. For ESG_index, the average is 0.372, the maximum is 0.924, the minimum is −0.588, and the standard deviation is 0.327. Control variable distribution is reasonable.



TABLE 2 Descriptive statistical results.
[image: Table displaying various financial and corporate governance variables with statistics. Variables include EquityCost, ESG_index, ROA, LEV, IO, Size, TobinQ, BM, Growth, and Board. Each has entries for sample size (N=13,628), mean, standard deviation, minimum, median (P50), and maximum values.]



4.2 Baseline regression

Table 3 displays the baseline regression between the ESG media index and equity costs. Column (1) presents the univariate regression outcomes, with equity cost serving as the dependent variable. The coefficient for ESG_index is −0.031, demonstrating significance at the 5% level. Column (2) displays the findings after considering the control variables. The ESG media index coefficient is −0.054, which is statistically significant at 1%. For every 1% increase in the ESG_index, there is an average decline of 0.054% in equity costs, confirming that positive media coverage of ESG news helps reduce the cost of equity. This result confirms Hypothesis 1. Furthermore, the lead–lag relationship indicates that ESG information has a long-term effect on equity financing.



TABLE 3 Baseline regression results.
[image: Regression table with two models examining determinants of equity cost. Model 1 shows variables like ESG index with a coefficient of -0.031 and Model 2 with -0.054, both statistically significant. ROA, LEV, IO, Size, TobinQ, BM, Growth, and Board are included with varying coefficients. Observations total 13,628 for both models, with Adjusted R-squared values of 0.181 and 0.234. Year and industry are controlled in both models. Significance levels are marked by asterisks.]



4.3 Robustness checks

The baseline results indicate that positive media coverage of ESG news helps lower the cost of equity. We conduct robustness tests in order to ensure the reliability of our results and to handle possible issues related to endogeneity, as well as the impact of bias in sample selection. We test the sensitivity of the equity cost measurement indicators, as well as Heckman two-stage tests and Propensity Score Matching (PSM) regression tests.


4.3.1 Sensitivity tests for equity cost


4.3.1.1 Limitations and implications of the PEG model

The PEG model, originally proposed by Easton (23), is widely used in empirical research to estimate the cost of equity. It is particularly useful because it relies on forward-looking earnings forecasts rather than historical data, making it more aligned with investors’ expectations. However, the PEG model has some inherent limitations: First, the model relies on analyst estimates for earnings per share (EPS) in future periods, which may be subject to bias or inaccuracies, especially in markets with limited analyst coverage. Second, the model assumes a stable earnings growth rate, which may not hold in all cases, particularly for firms in volatile industries. Third, any errors in EPS forecasts can directly impact the estimated cost of equity, potentially introducing measurement noise.

Despite these limitations, we believe the PEG model remains a valid and appropriate choice for our study, as it aligns well with prior research on the relationship between ESG factors and equity costs (10, 22). Furthermore, given our study’s focus on ESG news coverage, which influences investor perceptions and future expectations, using a forward-looking model is preferable to backward-looking alternatives, such as historical return-based methods.



4.3.1.2 Results of the sensitivity tests

To validate the robustness of our findings, we use the MPEG model calculations as an alternative variable for the cost of equity, and Equation 3 demonstrates the MPEG model calculations.

[image: The equation shows r subscript MPEG equals the square root of the fraction with numerator eps2 plus r subscript MPEG times dps1 minus eps1, and denominator P subscript 0.]

where [image: A mathematical notation displaying the letter "P" with a subscript zero.] is the price per share at the end of period t, [image: The text shows the lowercase letters "dps" followed by a subscript "1".] is the dividend per share for a future period, measured using the median of the company’s dividend payout ratio over the past 3 years, [image: The image displays the mathematical expression "epsilon" subscript one, written in italicized text.] is the earnings per share forecast by analysts in period t + 1, and [image: It seems there's an error with the image upload. Please try uploading the image again or check if the file format is supported. You can also provide more context or describe the image.] is the predicted earnings per share in period t + 2.

Table 4 presents the results of the sensitivity tests. The results obtained using the MPEG model remain consistent with those derived from the PEG model. The coefficient of the ESG media index remains negative and statistically significant across both models, confirming that positive ESG news coverage is associated with a lower cost of equity. The magnitude of the effect is slightly larger in the MPEG model (−0.064) compared to the PEG model (−0.054), which aligns with expectations since the MPEG model accounts for the impact of dividends on investor valuation. The statistical significance of the results (at the 1% level) further reinforces the robustness of our findings.



TABLE 4 Sensitivity tests for cost of equity.
[image: Table showing regression results with dependent variable \(MPEG_{t+1}\). Column (1) lists coefficients for ESG_index (-0.039*), ROA (1.736***), LEV (0.241***), IO (-0.128**), Size (0.024**), TobinQ (-0.009), BM (0.459***), Growth (0.053), Board (-0.131***) and constant (1.330***). Column (2) shows slightly different coefficients with changes in ESG_index (-0.064***), and Size. Observations are 13,628 for both, with adjusted R-squared of 0.021 and 0.098 respectively. Significance levels are indicated by *, **, and ***.]




4.3.2 Sample selection bias

Furthermore, we conducted robustness checks using Heckman two-stage tests and PSM regression. The results are displayed in Table 5. Column (1)–(2) report the results of Heckman two-stage regression. In the first stage, Inverse Mills Ratio (IMR) is calculated and the variable is controlled in the second stage. The results show a negative and significant relationship between the ESG media index and cost of equity. Column (3)–(4) report the results of the PSM regression. We first conducted a regression analysis to examine the relationship between the ESG_index and the control variables. Additionally, we calculated propensity scores for each variable. Based on these scores, we paired the control and treatment groups using 1:1 closest neighbor matching without replacement and matched 4,191 samples using EquityCost. Column (3) indicate that the PSM approach operates since the experimental and control groups have balanced control variables. The coefficient for the ESG_index in Column (4) is −0.049, indicating a negative association at the 1% significance level. The results are consistent with the baseline regression analysis, indicating that there was no sample selection bias.



TABLE 5 Results from Heckman two-stage test and PSM regression.
[image: Table comparing variables in Heckman two-stage and PSM regression models. Variables include ESG index, ROA, LEV, IO, Size, Tobin's Q, BM, Growth, and Board. Each column represents different outcomes and methods, with statistical significance levels indicated by asterisks. Observations total 13,628 for models one to three, and 4,191 for model four, with year and industry controls included.]





5 Further analysis


5.1 Mechanism test


5.1.1 The impact of media attention in the mechanism test

In our previous regression analysis, we confirmed that there is a negative association between the ESG media index and equity costs. This section will examine how the ESG coverage affects equity costs. Media attention plays a crucial role in reducing information asymmetry. Information asymmetry refers to the disparity of information between firms and their investors or other stakeholders, which can lead to market inefficiencies and increased capital costs. When the media extensively covers a firm’s operations, governance, and strategic decisions, it enhances information transparency, allowing investors to better understand the firm’s true state, thereby reducing information asymmetry (27). Additionally, media attention helps improve a firm’s public image and reputation, further reducing uncertainty for market participants (28). Particularly in the context of ESG issues, positive media coverage can significantly enhance the firm’s credibility and transparency in the eyes of the public, thereby reducing uncertainties surrounding the firm’s long-term prospects and risks and lowering the cost of equity financing (29, 30). For example, media coverage focusing on a firm’s ESG performance not only compensates for the limitations of official ESG ratings but also aids external stakeholders in accessing more comprehensive and timely information about the company (31). Recent studies indicate that social media and news platforms have also increasingly played a significant role in disseminating corporate ESG performance and financial information. The broad reach and speed of information dissemination on these platforms have further amplified transparency, thereby reducing information asymmetry (32). Therefore, media attention has a significant impact on reducing information asymmetry, enabling investors to make more informed decisions by providing them with greater access to information.

Furthermore, previous studies suggest that effective corporate governance, especially comprehensive information disclosure, can mitigate agency conflicts and information asymmetry between management and investors, lowering capital costs (33–35). Information asymmetry constrains investor trading behavior, but detailed disclosure improves stock liquidity (33, 36). High stock liquidity often lowers company financing costs. The media helps investors, shareholders, and other stakeholders in making decisions by disseminating critical information such as firm financial data, management decisions, and strategy (28). Increased transparency of information helps to reduce information asymmetry, improving the operational efficiency of markets (27, 37). Therefore, we suggest that disclosure of ESG information improves transparency and reduces the cost of equity for firms. Information asymmetry is identified as a key influencing mechanism.



5.1.2 Results of the mechanism test

To empirically test this mechanism, we conducted a two-stage regression analysis. In the first stage, we regressed ESG_index on information asymmetry (ASY). We construct an indicator of information asymmetry (ASY) using the liquidity indicator (LR) (38), the illiquidity ratio (ILLIQ) (39), and the earnings reversal indicator (GAM) (40). Detailed calculations are given in Appendix A. In this stage, ESG news coverage was included as the key explanatory variable to examine its impact on reducing information asymmetry. The regression model is shown as Equation 4.

[image: Mathematical equation labeled as equation four, showing a model where ASY subscript i, t plus one equals beta zero plus beta one times ESG index subscript i, t plus beta k times Controls subscript i, t, plus Industry plus Year plus epsilon subscript i, t.]

where [image: Mathematical expression showing "ASY" with subscript "i, t+1".] represents the level of information asymmetry in year t + 1, measured by liquidity and earnings reversal indicators. [image: The text "ESG\_index\_{i,t}" is written in italics with subscript "i,t."] is the ESG media performance index for firm 𝑖 in year 𝑡.

In the second stage, we regressed information asymmetry (ASY) on the cost of equity (EquityCost) to analyze how changes in information asymmetry influence a firm’s equity financing costs. This two-stage approach allowed us to isolate the effect of media attention on information asymmetry, and subsequently, assess its indirect impact on the cost of equity. By examining the relationship between ESG news coverage, information asymmetry, and equity costs, we were able to identify the underlying mechanism through which media attention reduces financing costs. The regression model is shown as Equation 5.

[image: The formula shows an equation for Equity Cost at time t+1, modeled as β0 plus β1 multiplied by ASY at time t, plus βk multiplied by Controls at time t, plus Industry, Year, and error term ε at time t.]

where [image: The formula "EquityCost" with subscript \(i, t+1\).] is the cost of equity of firm i in year t + 1, [image: The image shows a mathematical expression with the letters "A," "S," "Y" in uppercase, followed by the lowercase letter "i" and "t" as subscripts, separated by a comma.] represents the level of information asymmetry in year t.

Table 6 shows the mechanism test results. Column (1) shows the ESG media index and information asymmetry (ASY) regression results. The ESG_index coefficient is −0.044, significant at 1%, demonstrating that firm information asymmetry decreases with ESG media index. Column (2) investigates the correlation between information asymmetry and equity cost. The findings indicate that the ASY is 0.073, significant at 1%. ESG information improves the firm’s information environment and reduces information asymmetry, lowering financing costs.



TABLE 6 Results of mechanism tests.
[image: Table showing regression analysis results with two models: \( \text{AS}Y_{t+1} \) and \( \text{EquityCost}_{t+1} \). Key variables include ESG index, ASY, ROA, LEV, and Size, among others. Coefficients, t-statistics, and significance levels are included. Observations equal 13,628, with adjusted R-squared values of 0.593 for ASY and 0.235 for EquityCost. The table also notes statistical significance at 10%, 5%, and 1% levels with robust t-statistics in parentheses.]




5.2 Heterogeneity analysis

State-owned enterprises (SOEs) are crucial for China’s economic development, especially in key and critical sectors. They also represent the government in providing goods and services that private enterprises are unable or unwilling to offer. Generally, SOEs are defined by their substantial asset sizes, robust operational continuity, and strong ability to repay debts. SOEs have a comparative advantage in financing compared to non-SOEs. They have easier access to lower-cost financing with longer repayment periods.

Based on ownership, we divide the sample into SOE and non-SOE groups. Columns (1)–(2) of Table 7 report the impact of differences in ownership type. The SOE group’s ESG_index coefficient is −0.065, significant at 1%. The coefficient for the non-SOE group is −0.013, which is not significant. The results of these studies suggest that ESG media coverage is significant for state-owned enterprises. Therefore, changes in ESG media indices reinforce the positive image of SOEs and have a greater impact on reducing the cost of equity. ESG information complements nonfinancial information, provides creditors with greater insight, and reduces the cost of equity.



TABLE 7 The effect of ownership type.
[image: Table displaying regression results for different ownership types and firm sizes. Variables include ESG index, ASY, ROA, LEV, IO, Size, Tobin Q, BM, Growth, and Constant. Data is categorized by SOE, Non-SOE, Large, and Small firms, with t-statistics in parentheses. Significance levels are indicated by asterisks, where one, two, and three asterisks represent 10%, 5%, and 1% significance, respectively. The number of observations, adjusted R-squared values, and the inclusion of year and industry controls are also noted.]

Furthermore, firm size tends to be an important factor affecting the cost of corporate finance. Large firms tend to have a scale effect and are able to obtain funds at a lower cost of capital, whereas small firms tend to demand a higher rate of return from creditors as well as investors due to the limitations of firm size. We divide the sample into large and small firm groups based on the median firm size per year. Columns (3)–(4) of Table 7 demonstrate the effect of differences in firm size on the cost of equity. The results show that the coefficient on ESG_index for the large firm group is −0.078, which is significant at the 1% level. The coefficient of −0.027 for the small firm group is significant at the 10% level. The results show that positive ESG news coverage has a more significant effect on reducing the cost of capital in large firms. There are several reasons why the impact of ESG performance is more significant for large firms. First, large firms often have more established reputations and greater access to capital markets, making them more susceptible to investor perceptions regarding ESG factors (41). Additionally, large firms are more likely to be scrutinized by institutional investors who place greater emphasis on ESG performance when making investment decisions (42). Finally, large firms have the resources to implement and report comprehensive ESG strategies, which can further enhance their credibility and appeal to sustainability-conscious investors (16).




6 Discussion

Our findings confirm that the ESG media index plays a critical role in shaping corporate financing conditions by improving transparency and investor confidence. To ensure that this relationship is not driven by other firm characteristics, we control for ROA, leverage, firm size, Tobin Q and other variables, following previous literature (43). These controls allow us to better isolate the impact of ESG media coverage on equity costs, reinforcing the robustness of our findings. Even after controlling for these factors, ESG media coverage remains a significant determinant of financing conditions, influencing firms’ risk perception and cost of capital. Firms with greater ESG index are perceived as less risky, leading to lower risk premiums and improved access to capital. This effect is particularly pronounced in firms with stronger governance mechanisms, such as those with larger boards, where enhanced oversight amplifies ESG effectiveness. Similarly, firms with higher market valuations (Tobin’s Q) and lower book-to-market ratios benefit more from ESG transparency, as their valuations rely more on investor sentiment. Moreover, state-owned enterprises (SOEs) experience greater reductions in financing costs through ESG media coverage, likely due to institutional credibility and stronger regulatory oversight. Conversely, while high profitability, revenue growth, and leverage are typically associated with higher equity costs, ESG transparency helps mitigate these concerns by reinforcing financial stability and credibility. These findings highlight ESG transparency as not only a governance mechanism but also a strategic financial asset that enhances market confidence and lowers financing costs.

A key mechanism through which ESG media coverage reduces the cost of equity is enhancing corporate transparency and mitigating information asymmetry. Firms with strong ESG transparency provide more reliable and accessible information, reducing uncertainty and strengthening investor confidence, which aligns with prior research on disclosure and capital costs (33–35). Additionally, ESG transparency improves market liquidity, as greater disclosure attracts investors, lowers transaction costs, and reduces price volatility, facilitating equity financing. In contrast, firms with weaker ESG communication face higher risk premiums and lower investor appeal due to reduced liquidity and greater price fluctuations. These findings underscore ESG transparency as not just a governance tool but a key determinant of financial stability and valuation, reinforcing its increasing importance in investment decisions (36).

To ensure the robustness of our findings, we conducted sensitivity analysis and selection bias tests, confirming that the observed effect of ESG media coverage on reducing the cost of equity is not driven by model specifications or sample selection. When we replaced the PEG model with the MPEG model, the results remained consistent, indicating that our findings hold regardless of the cost of equity estimation method. Additionally, to address potential selection bias—where firms with greater ESG media coverage may inherently possess better governance or financial health—we employed the Heckman two-stage model and Propensity Score Matching (44). Both approaches reaffirm that ESG transparency remains significantly associated with lower equity costs, reinforcing the validity of our conclusions. Further analysis reveals that the benefits of ESG media coverage in reducing financing costs are more pronounced in state-owned enterprises (SOEs) and large firms, suggesting that firms with greater investor scrutiny and institutional credibility gain more from ESG transparency. These findings emphasize that ESG disclosure is a robust determinant of equity financing costs across different firm types and market conditions.



7 Conclusion

This paper examines the impact of ESG news coverage on the cost of capital. As a key informal institutional mechanism, the media plays an agenda-setting role, shaping public perceptions and generating expectations that drive companies to adopt ESG practices. According to stakeholder theory, companies engaged in ESG activities enhance their ability to manage environmental, social, reputational, operational, and regulatory risks, which in turn helps reduce their equity costs.

The results demonstrate that companies with more positive ESG media coverage (higher ESG media index) have a lower cost of equity. This finding remains applicable even after conducting sensitivity tests and robustness checks. Mechanism tests suggest that ESG news coverage reduces financing costs by improving the information environment and decreasing information asymmetry. Heterogeneity tests indicate that this effect is more pronounced in government-owned and large firms. Firms that take part in ESG construction can reinforce their public image, build their reputational capital, and lower their financing costs. This research expands our understanding of the factors affecting equity costs and complements studies on the impact of corporate participation in ESG governance. It contributes to promoting a correct understanding and better construction of ESG in enterprises.

Based on the findings of this study, the following policy recommendations can be made to lower corporate financing costs through improved ESG practices. First, policymakers should strengthen ESG disclosure regulations to enhance information transparency and reduce information asymmetry. Second, media outlets should be encouraged to highlight positive ESG practices and be incentivized to promote accurate and impactful ESG reporting. Third, firms should enhance their corporate governance structures by integrating ESG principles into their operations, with a particular focus on the establishment of sustainability committees and mechanisms for executive accountability. Finally, firms and policymakers should collaborate to advance green innovation and investment, aligning corporate strategies with environmental sustainability goals to effectively reduce financing costs and achieve a dual benefit of financial and societal value.

This study provides empirical evidence supporting the relationship between ESG news coverage and the cost of equity, validating this link within the context of emerging market. Future research could extend this analysis to developed markets, such as the US and European stock market, to examine whether similar relationships hold under different institutional settings. Additionally, as ESG regulations and media influence evolve, future studies could explore how this relationship changes over time and across different economic cycles.
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Appendix A. Information asymmetry construction method

We construct an indicator of information asymmetry (ASY) using the liquidity indicator (LR) (38), the illiquidity ratio (ILLIQ) (39), and the earnings reversal indicator (GAM) (40).

Firstly, the illiquidity ratio indicator (LR) is calculated as shown in Equation A1:

[image: Mathematical formula labeled (A1) defining \( LR_{i,t} \) as the negative average over \( D_{i,t} \) of the square roots of the ratios \( \frac{V_{i,t}(k)}{r_{i,t}(k)} \) for \( k = 1 \) to \( D_{i,t} \).]

where [image: Mathematical notation showing the variable \( r_{i,t}(k) \).] is the stock return of firm i on the k-th trading day in year t, [image: Mathematical expression showing \(V_{i,t}(k)\) with variables \(i\), \(t\), and \(k\) in parentheses.] is the trading volume of firm i on the k-th trading day in year t, and [image: Mathematical notation representing the variable \( D_{i,t} \) with subscripts \( i \) and \( t \).] is the number of trading days.

Secondly, we calculate the liquidity ratio. A higher ILLIQ suggests more company information asymmetry. Specifically, the calculation of the ILLIQ is outlined in Equation A2:

[image: Formula for ILLIQ variable with indices i and t: ILLIQ_{i,t} equals 1 over D_{i,t} times the summation from k equals 1 to D_{i,t} of the absolute return r_{i,t}(k) divided by the volume V_{i,t}(k).]

where [image: Mathematical expression displaying \( r_{i,t}(k) \).] is the stock return of firm i on the k-th trading day in year t, [image: Mathematical expression showing \( V_{i,t}(k) \), where \( V \) is a function of variables \( i \), \( t \), and \( k \).] is the trading volume of firm i on the k-th trading day in year t, and [image: Mathematical notation showing the variable \( D_{i,t} \), with subscripts \( i \) and \( t \).] is the number of trading days.

Finally, the earnings reversal indicator (GAM) is calculated to measure stock market liquidity as shown in Equations A3–A5.

[image: Equation labeled A3, showing \( GAM_{i,t} = |\gamma_{i,t}| \).]

where [image: Mathematical notation displaying the Greek letter gamma with subscripts i and t.] is estimated from Equation A4, [image: Mathematical notation displaying \( r_{i,t}^{e}(k) \).] is the excess return.

[image: Mathematical expression: \( r_{i,t}^e(k) = \theta_{i,t} + \phi_{i,t} r_{i,t-1}(k-1) + \gamma_{i,t} V_{i,t}(k-1) \text{sign}[r_{i,t}^e(k-1)] + \varepsilon_{i,t}(k) \) labeled as (A4).]

where [image: Mathematical expression showing r sub i comma l superscript e of k.], is calculated from Equation A5:

[image: The image shows a mathematical equation: \( r_{i,t}^{e}(k) = r_{i,t}(k) - r_{m,t}(k) \), labeled as equation (A5).]

where [image: The expression "r sub m, t of k" is shown, with "m" and "t" as subscripts and "k" in parentheses, indicating a mathematical function or sequence.] is the market return weighted by market capitalization outstanding.

The principal component analysis (PCA) was used to fit the information asymmetry indicator to the variables IR, ILLIQ, and GAM. The ASY consisted of the asymmetric information elements present in all three components.
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New-type urbanization (NTU) in China not only effectively promotes socio-economic transformation but also serves as a significant driving force for the coordinated development of regional social and environmental demands. Using data from China spanning 2007–2018, this study examines the effects and mechanisms of NTU on regional public health (RPH) by constructing panel fixed-effects, threshold-effects, moderated-effects, and spatial spillover models. The findings are as follows: ① NTU plays a significant role in promoting RPH. Threshold analysis reveals distinct threshold effects for employment density and industrial structure sophistication. ② Socio-economic agglomeration plays an important moderating role in the relationship between NTU and RPH. Specifically, there is a significant substitution effect between economic agglomeration and NTU in affecting RPH, while population agglomeration improves NTU’s positive effect. ③ Across the eastern, central, and western regions, NTU has a positive impact on RPH, with the strength of influence increasing progressively. However, in economically developed regions, the effect is non-significant. ④ NTU shows significant spatial spillover effects on RPH, with indirect effects exceeding direct effects. The main factor influencing NTU’s inhibitory effect on RPH is whether regions are adjacent.
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1 Introduction

With the acceleration of globalization and modernization, urbanization has become a common developing trend worldwide, while new-type urbanization (NTU) is expected to be a driving force for China’s next round of economic transformation. It involves not only the migration of the population from rural to urban areas but also the optimization of the urban spatial structure, the transformation and upgrading of the economic structure, and the diversification of social and cultural development. In this context, socio-economic development is closely interconnected with urbanization, and the impact on regional public health (RPH) is also becoming more and more prominent and has become a hot issue of social concern. Rapid global urbanization poses challenges to sustainable development (1), and new-type urbanization is a key pathway for sustainable social development (2). A typical feature of urbanization is the concentration of population (3), and its impact on economic transformation can either stimulate or hinder the socio-economic development of the region. In the process of NTU, the expansion of the urban scale, the increase in population density, and the lifestyle change have had a profound impact on public health services, environmental quality, and the health behavior of residents. Environmental degradation and population overload caused by rapid urban growth seriously threaten human and regional health (4). The agglomeration effect1 of urbanization promotes the concentration of healthcare resources and the improvement of healthcare services. At the same time, urbanization problems such as environmental pollution, traffic congestion, and work pressure exacerbate the risk of chronic and infectious diseases and other public health risks.

Additionally, RPH is not only related to the overall wellbeing and living quality of the region’s residents but is also key to promoting economic development and social stability and reducing health inequalities. How NTU affects RPH is relevant to socio-economic development and the enhancement of human wellbeing and is of great significance in achieving sustainable regional development. Therefore, exploring the mechanism of NTU’s impact on RPH is important for formulating scientific and rational urban planning and public health policies.

Previous research has mainly focused on the measurement of NTU levels and their impact on the economy, society, and environment. Measurement of NTU provides a basis for related research, with the majority of available studies deriving from its intrinsic definition, where indicators consist of single and multidimensional dimensions (5). The single dimension follows the characteristics of traditional urbanization, which is characterized by population urbanization. However, compared with the traditional population urbanization featuring a household registration system, NTU pays more attention to social welfare, ecological wellbeing, and social culture. Within the multidimensional measurement indicators, factors such as economic development, social welfare, infrastructure development, and the urban–rural income gap are included (6). Population, economic, and social urbanization are also commonly included in these multidimensional indicators (7). Some studies further incorporate spatial urbanization into the index system, constructing an NTU measurement framework encompassing four dimensions: population, economic, social, and spatial.

Additionally, urban–rural integration and environmental urbanization have gradually attracted the attention of researchers and have been included in the measurement system. Research in this field primarily focuses on the provincial level (8, 9) and the municipal level (10–12). It has been shown that NTU affects not only population mobility and economic and social development but also the ecology and the environment (8, 13). Notably, urbanization is a significant factor contributing to changes in the urban environment and the emergence of human health problems (14).

The rise of NTU as an important part of socio-economic planning has attracted extensive attention from researchers. Rapid urbanization has important implications for public health and may continue to increase the population’s exposure to major risk factors for disease (15). Meanwhile, the improvement of healthcare facilities and services, environmental protection awareness, and economic development that accompany urbanization are also positively affecting public health. One of the important transmission pathways is energy use. Energy is considered a source of economic growth, which can effectively improve living quality and health; however, it is accompanied by a series of environmental problems that threaten public health (16).

Fossil fuel consumption is an important contributor to climate change and environmental pollution, and NTU can influence energy intensity and efficiency in the region (6, 17). Further, it affects the emission of pollutants, harmful and greenhouse gases in the process of industrialization (8, 18) and effectively ameliorates haze pollution (19, 20). The enhancement of energy-saving and environmental protection technologies, economic growth, industrial structure upgrading, and technological advancement are also positive impacts of NTU (6). Moreover, NTU promotes high-quality urban development by enhancing green total factor productivity, green-intensive land use, and industrial agglomeration (10, 11).

Although a large number of studies have explored the relationship between NTU and RPH, the following research gaps still exist: First, the existing research has mostly explored the two-by-two relationship between NTU, socio-economic development, and RPH, but rarely has it incorporated all three into the same analytical framework. Logically, NTU is related to multiple economic, social, demographic, and environmental aspects, which are important factors that may affect health and wellbeing in the area. Secondly, existing studies tend to spotlight the direct impact of NTU on local public health while ignoring its possible spatial effects. Namely, NTU affects local public health and may also have an impact on the public health situation in neighboring or economically well-connected regions through channels such as economic linkages and population mobility. Third, different regions facing different challenges and opportunities in NTU also show significant heterogeneity in their public health. However, existing studies often adopt a one-size-fits-all approach and fail to fully consider the differences and specificities between regions, making it difficult for the results to accurately reflect the true impact of new urbanization on RPH.

This study is intended to bridge the above research gaps and delve into the mechanisms by which NTU affects RPH, with particular attention to spatial spillover effects and regional heterogeneity. Specifically, this research will first extend the analytical framework of public health-influencing factors from the perspective of NTU and test the effect of NTU on RPH and the moderating role of socio-economic agglomeration. Second, spatial econometric methods are used to quantify the impact of NTU on the public health of adjacent or economically connected regions, revealing their spatial interdependence and spillover effects. Third, based on the economic development level, demographic structure, industrial structure, and other characteristics of different regions, the heterogeneity test is used to explore the differences in the impacts of NTU on RPH and to provide a scientific basis for the formulation of differentiated public health policies.

This study is intended to deepen the understanding of the relationship between NTU and RPH, to provide policymakers with more comprehensive and precise decision support, and to promote the coordinated development of NTU and public health.

Possible marginal contributions: first, it extends the analytical framework of public health-influencing factors from the perspective of NTU. Second, NTU, socio-economic development, and RPH should be integrated into one analytical framework to verify NTU’s public health effects. Third, the effects and scale of NTU on RPH and the moderating effect of socio-economic agglomeration are empirically tested. Finally, the spatial effects of NTU on RPH are verified from the perspective of spatial spillovers.



2 Theoretical mechanism and hypothesis proposal


2.1 Direct mechanism and threshold effect of new-type urbanization on public health

According to the theory of health production, health status depends on the combined effect of various health input factors. Health is a commodity jointly produced by a series of input factors such as lifestyle, living environment, education, income level, and medical services. In the process of new-type urbanization, all of these factors will change significantly, thus affecting the health status of residents. Specifically, NTU focuses on comprehensive human development, emphasizes urban–rural integration, industry-city integration, ecological livability, and sustainable development, and focuses on the transformation of the economic development model, optimization of the social structure, and enhancement of ecological environmental protection (21, 30). Not only does the transformation bring new vitality to socio-economic development, but it also results in a more profound implication for RPH. NTU has a multifaceted influence on RPH, leading to both positive changes and accompanying challenges (15).

First, NTU promotes the optimal allocation and centralized utilization of healthcare resources. NTU promotes a high concentration of resources, capital, and professionals in specific regions (19). However, there may be a threshold effect2 on the economic development level, meaning that NTU cannot exert an upgrading effect on individuals and RPH when the economic level is lower. Following the economic growth, the government and society’s investment in public health has been increasing. The allocation of medical and health resources is further optimized, and medical service quality is continuously improved, resulting in the improvement of RPH (22).

Second, from the development concept of NTU, it is committed to building a more livable urban environment (22, 23). In NTU processing, the government has increased the investment in urban infrastructure, public service facilities, and the environment to improve the quality of urban residents. In particular, in terms of industrial development, the green transformation of industry is being promoted through continuous encouragement of industrial structure upgrading. Industrialization is considered a cause of environmental pollution, as NTU leads to industrial agglomeration and the generation of large quantities of pollutants, further weakening the health effects. Therefore, there may be a threshold effect of industrial structure in NTU affecting RPH. With the upgrading of the industrial structure, NTU gradually strengthens the investment in public health services and continuously improves the living conditions of residents, which further promotes the enhancement of RPH.

Third, in terms of resource allocation, NTU’s construction has promoted urban–rural integrated development, broken the urban–rural dichotomy, and promoted the allocation of public health resources (22, 33). By constructing a series of rural medical and health service systems, the government has made it possible for rural residents to benefit from the same public health services as urban residents, narrowing health disparities in both urban and rural areas.

Summarizing the above, NTU provides a boost to RPH through the combined effects of public health infrastructure construction, optimization of the environment, and promotion of urban–rural integration. Accordingly, the following hypotheses are proposed:


H1: New-type urbanization can significantly promote regional public health.
H1a: There is a threshold effect of socio-economic development level in the promotion of regional public health by NTU.
H1b: There is a threshold effect of advanced industrial structure in the promotion of regional public health by NTU.





2.2 Moderating effect of socio-economic agglomeration

Socio-economic agglomeration, as a concentration within socio-economic behaviors, reflects the vitality and potential of the economy, which is an important factor affecting public health (5, 30). In new-type urbanization, the economic effect is significantly enhanced with the concentration of population capital production factors (5, 19). Socio-economic agglomeration can amplify the positive impacts of urbanization on public health. The agglomeration effect helps to optimize resource allocation and improve production efficiency, thus providing a more solid economic foundation for the supply of public health services (21, 24). When regional economic agglomeration increases, the government and the community may invest more sufficiently in public health. The optimization of health resources and improvement of service quality becomes possible, which contributes to the improvement of RPH. The mitigation of the negative impacts of urbanization on public health. Problems such as environmental pollution and stressful living conditions that urbanization may bring about can be mitigated in economic agglomeration areas through technological means and policy interventions. In addition, economic agglomeration accelerates knowledge and technology innovation and may also bring about air pollution control effects (34, 35).

Economic agglomerations have a high concentration of enterprises, research institutes, and similar actors, creating an environment conducive to knowledge spillover and technological innovation. It also helps to improve residents’ health literacy and disease prevention awareness. Meanwhile, economic agglomeration also promotes technological innovation and service change in healthcare (36), providing residents with more convenient and efficient healthcare services and promoting the RPH. In addition, it can indirectly promote RPH by improving urban infrastructure and the environment. With the development of growing economic agglomeration, the urban infrastructure during NTU is improving, while the ecological environment is effectively protected, providing a more livable living environment for residents (37). Improving this environment helps minimize the health hazards of environmental pollution for the population, decreases the incidence of disease, and improves their quality of life.

In summary, economic agglomeration enhances the promotion of RPH by NTU through promoting efficient resource allocation, accelerating knowledge and technology innovation, and improving urban infrastructure and the ecological environment. On this basis, the following hypothesis is proposed:


H2a: Economic agglomeration plays a positive moderating role from NTU to RPH.
 

Population agglomeration significantly affects carbon emissions and PM2.5 (38–40), as well as constantly influencing the urban–rural development gap (41). When NTU affects RPH, population urbanization effectively improves the health literacy and self-care ability of the overall population in NTU by facilitating the dissemination of information and knowledge sharing. It will help reduce the incidence of diseases and improve RPH. As the population gathers, the demand for healthcare services in NTU increases accordingly, which prompts increased investment in healthcare to enhance healthcare coverage. The innovation of healthcare service is further promoted, and new service models such as community healthcare and telemedicine are developed to meet the health needs of residents (19, 30). During NTU, the effect brought by population agglomeration promotes the upgrading and renovation of urban infrastructure, including public health facilities, fitness, and leisure facilities, which provides residents with more convenient and comprehensive health services (14). Improving residents’ quality, helping prevent and control diseases, and maintaining RPH.

In summary, population agglomeration enhances NTU’s contribution to RPH by accelerating the dissemination of information, optimizing the allocation and efficiency of healthcare resources, and promoting infrastructure for public health. Accordingly, the following hypothesis is proposed:


H2b: Population agglomeration plays a positive moderating role from NTU to RPH.
 



2.3 Spatial spillover effect

In the process of NTU, the agglomeration of resources, capital, manpower, and others led to a relative lack of resources in adjacent regions and an uneven distribution of medical and healthcare resources. When the NTU advances rapidly, it attracts and gathers a large number of high-quality medical resources, while adjacent regions may face an inadequate supply of medical services due to the outflow of resources, which may affect public health. In addition, following the expansion of cities and the acceleration of industrialization, environmental pollution has become a prominent problem. Cross-regional transmission of air, water, and other pollutants leads to a decline in the environmental quality of neighboring regions, thus increasing the risk of respiratory and cardiovascular diseases among residents. As a result, the environmental pollution problems brought about by NTU have negative spillover effects on neighboring regions (Figure 1).

[image: Flowchart illustrating the impacts of new-type urbanization. It shows direct effects like economic, social, and ecological impacts leading to economic growth, layout optimization, infrastructure upgrading, and resource allocation. These result in enhanced utilization and reduced pollution. The diagram also covers population agglomeration's influence on healthcare services, residential environment, health performance, and public services. Spillover effects include environmental pollutants transport, public resource constraints, and regional economic interaction.]

FIGURE 1
 Framework diagram.


Furthermore, NTU will also have a negative impact on RPH in adjacent regions indirectly through population movement. As NTU advances, some rural residents migrate to urban areas, but they may not change their living habits and health awareness, and such unhealthy lifestyles are spread to residents in adjacent areas. Moreover, neighboring regions are subjected to environmental quality degradation caused by trans-regional pollution transmission, which negatively affects public health in adjacent regions. Accordingly, the following hypothesis is proposed:


H3: NTU has negative spatial spillovers on public health in adjacent regions.
 




3 Research design


3.1 Modeling


3.1.1 Benchmark regression

Fixed-effects models can effectively control for individual heterogeneity (such as geographic location and cultural practices) that does not vary over time when studying panel data, thereby allowing for a more accurate estimation of the effect of the independent variable on the dependent variable. In this study, considering the inherent differences between regions that may impact the relationship between NTU and RPH, employing a fixed-effects model can eliminate the effects of these non-time-varying factors, resulting in more robust estimates.

Based on the theoretical analysis in the previous section, in order to empirically test the relationship, the following fixed-effects model controlling for individual and time effects is constructed:

[image: Statistical equation labeled as equation one: PH sub it equals beta sub zero plus beta sub one NTU sub it plus beta sub two Con sub it plus mu sub i plus Y sub t plus epsilon sub it.]

where i is the region; t denotes the year; [image: The image shows the mathematical notation "PH" with a subscript "it".] is the public health level of the region; [image: Text displaying the letters "NTU" in Italics.] represents the degree of NTU; [image: Text of the word "Con" in a serif font, likely from a document or graphic.] represents the set of control variables; [image: Please upload the image or provide a URL so I can generate the appropriate alt text for it.] is the coefficient to be estimated. To further minimize the impact that omitted variables may have on the robustness of the results, [image: Mean value denoted by the symbol mu sub i.] and [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a URL to the image, and I will generate the alternate text for you.] are added to the model as province-fixed and time-fixed, respectively. [image: Mathematical expression showing the Greek letter epsilon followed by subscript "it".] is a random perturbation. Same below.



3.1.2 Threshold effect model

Considering that NTU may have a non-linear effect on RPH through labor force employment density and the degree of industrial structure advancement, a panel threshold model is constructed based on Hansen’s (1999) threshold test model, as follows:

[image: Equation displaying a model: PH_it equals α_0 plus α_1 times NTU_it multiplied by the indicator function I(M_it ≤ τ_1) plus α_2 times NTU_it multiplied by the indicator function I(τ_1 < M_it ≤ τ_2) plus α_3 times NTU_it multiplied by the indicator function I(τ_2 < M_it) plus α_g times Con_it plus μ_i plus ϑ_t plus ε_it.]

In Equation 2, [image: Mathematical notation showing the letter "M" with a subscript "it".] is the threshold variable in period t; [image: Text "I" followed by a diamond-shaped symbol containing a question mark enclosed in parentheses.] represents the schematic function; [image: Symbol  \(\hat{O}_i\), representing a mathematical or statistical concept, where \(O\) is capped by a caret, indicating an estimate or predicted value, with subscript \(i\).] is the threshold parameter value. Other characterizations are the same as in Equation 1.



3.1.3 Spatial estimation model

To further analyze the correlation between RPH and neighboring regions, the spatial correlation in each region was explored by using Moran’s I, and the model is set up as follows:

[image: Mathematical formula representing Moran's I: the ratio of the double summation from i equals one to n and j equals one to n of w sub i,j times z sub i times z sub j over S naught times the summation from i equals one to n of z sub i squared. Formula numbered as three.]

[image: Mathematical expression showing \( S_0 = \sum_{i=1}^{n} \sum_{j=1}^{n} w_{i,j} z_i = x_i - \bar{x} \), where \( w_{i,j} \) is the weight and \( z_i \) represents deviation from the mean.]

In Equation 3, [image: Mathematical notation showing a lowercase italicized "w" with subscripts "i" and "j".] is spatial weight matrix; [image: It seems you've included a LaTeX expression or a text snippet instead of an image. Please upload the image or provide a URL, and I can help generate the alternate text for it.] is the aggregation of all spatial weights, and [image: Stylized letter "z" with a subscript "i", appearing as mathematical notation.] denotes the deviation of an individual from the mean.

NTU not only affects local public health but may also affect the public health of neighboring or economically connected regions through spatial spillover effects. Spatial spillover models capture this spatial interdependence and spillover effects and are essential for understanding the full impact of NTU on RPH.

Drawing on the Likelihood Ratio Test, Wald and Lagrange Multiplier Test, and Hausman, the study constructs SPDM. The modeling setup is shown as follows:

[image: Mathematical equation labeled as equation four, expressing a function: PH sub it equals beta zero plus beta one NTU sub it plus beta two Con sub it plus lambda one WNTU sub it plus lambda two WCon sub it plus rho WPH sub it plus mu sub i plus phi sub t plus epsilon sub it.]

In Equation 4, [image: The text "WNTU" in a serif font is displayed with the letters "it" in subscript italics.] and [image: Italic variable representation showing "WPH" with the subscript "it" styled in italics.] are the spatial lag terms of NTU and RPH, respectively; [image: Greek letter lambda, a lowercase symbol often used in mathematics and physics.] represents estimated spatial regression coefficients.

In this study, fixed-effect models are used to control for individual heterogeneity and to ensure that estimates of the impact of NTU on RPH are not influenced by factors that do not vary over time, thereby improving the accuracy of the estimates. The spatial model, meanwhile, is used to capture the possible spatial spillover effects of NTU and reveal its potential impact on public health in adjacent or economically connected regions. The combined use of these two models controls for the effects of non-time-varying factors and accommodates spatial interdependence, providing a comprehensive perspective for a deeper understanding of the relationship between NTU and RPH.




3.2 Variables


3.2.1 Dependent variable

Regional public health (RPH) was chosen as the explanatory variable in this study. The RPH index was used to characterize RPH. Regarding its calculation, the entropy method was employed to measure RPH. Public health encompasses both physical and mental health; however, due to data availability, this study focuses on seeking proxy variables to represent public health through the lens of physical health. The public infrastructure security system is a prerequisite for public health and medical facilities, personnel, and expenditures were selected for characterization. At the macroscopic level, the status of public health is visualized by the population’s survival rate and mortality rate. Furthermore, large-scale outbreaks of public health issues are commonly manifested as infectious disease outbreaks, and the incidence rate of infectious diseases is more indicative of public health status compared to other negative indicators. The variables are defined in Table 1.



TABLE 1 Variables definitions.
[image: Table categorizing indicators of public health and new-type urbanization. Public health includes basic support and health performance indicators, such as number of doctors and survival rate. New-type urbanization covers population, economic, social urbanization, and urban-rural integration, with indicators like urban population density and disposable income. Direction arrows (+ or -) show positive or negative trends.]



3.2.2 Independent variable

The independent variable in our studies is new-type urbanization (NTU). Generally, it aligns with the concepts of comprehensive sustainable development outlined in China’s National New-type Urbanization Plan (2021–2035). Based on previous research (25, 26), the index system includes four primary indexes and 13 s-level indexes. The variables are defined in Table 1, and the degree of NTU is measured using TOPSIS.



3.2.3 Moderating variables

Socio-economic agglomeration was selected as a moderating variable, which includes economic agglomeration and population agglomeration, respectively. Socio-economic development is often accompanied by economic and population mobility, where economic and population agglomeration is a typical form of socio-economic agglomeration and may affect public health. Referring to existing research (27), this study measures the degree of population agglomeration by comparing the ratio of regional population density (population/area) to national population density (population/area of the country). Economic agglomeration generally implies the aggregation of economic activities; therefore, economic density is selected in this study to characterize the degree of economic agglomeration. This means assessing the degree of the sparseness of economic activities in spatial extent, measured as the ratio of the added value of non-agricultural industries in the region to the area of the region.



3.2.4 Control variables

By combining research on RPH, this study identified other possible influences. Relevant variables were controlled to improve the accuracy of the results. Control variables were drawn from socio-economic development, energy consumption, scientific and technological development, and infrastructure development. Specifically, GDP per capita is defined as the logarithm of the city’s real GDP divided by the regional population, while energy consumption is expressed as standard coal used per 10,000 yuan of GDP. Technological innovation is represented by S&T expenditures as a share of fiscal expenditures, and road infrastructure development is measured using the ratio of year-end real road area to the administrative district.




3.3 Data description

	(1) Reliability and representativeness of data sources and variables. In this study, the raw data for the variables and indicators are primarily sourced from the China Health Statistics Yearbook, China Statistical Yearbook, China Environmental Statistics Yearbook, China Energy Statistics Yearbook, and the statistical bulletins from various regions for the corresponding years, published by different statistical departments of the government and reputable research institutes. The reliability of these data sources is comparatively high. The selection of variables considers their definitions, the realistic context, and existing studies while also accounting for the reliability of data collection in practice before finalization. Overall, the data sources and variables are both scientific and reliable.
	(2) Reliable data quality control measures. First, verify the data sources to ensure that all data originate from authoritative and reliable databases. For unofficial or third-party data, confirm their accuracy and consistency by cross-verifying them through multiple channels. Regarding some missing data, during the collection process, comparisons were made with government work reports and statistical bulletins in each region to ensure the sources were reliable. Subsequently, standardized data collection methods and processes are used to maintain data consistency and comparability. Data processing is conducted in strict accordance with predetermined cleaning, organizing, and conversion rules to prevent data distortion or misuse. Finally, the data are validated to check for logical errors, missing data, or outliers. Outliers are eliminated, corrected, or processed using appropriate statistical methods based on the specific context to ensure the authenticity and validity of the data.
	(3) The chosen time range (2007–2018) and regions for the study are appropriate. First, regarding data availability and completeness, the relevant statistics for 2007–2018 are comprehensive and easily accessible. Next, this period marks an important phase in China’s urbanization development, and NTU has significantly influenced public health, making it an ideal timeframe to examine the relationship between NTU and public health. Finally, urbanization policies at the national level remained relatively stable during this period, which helped eliminate the interference of policy changes in the study results. In addition, the impact of the global COVID-19 pandemic on public health was also taken into account, as it may amplify or diminish the effect of NTU on public health. In summary, selecting 2007–2018 can maximize the validity and accuracy of the results.

Regarding the suitability of regional selection, 30 provinces in China (excluding Tibet) are representative, covering various regions across eastern, central, and western China. This selection helps reveal both regional differences and common characteristics in the impact of NTU on public health. Additionally, all provinces in NTU face similar public health challenges, such as environmental pollution, traffic congestion, and insufficient public health provision. By studying the data from each province, a more comprehensive understanding of the overall impact of NTU on public health can be achieved. Finally, the study’s results can provide valuable references for policymakers nationwide to better address the public health issues that arise during NTU. Moreover, the findings can also provide guidance for the practical operations of each province to promote the coordinated development of urbanization and public health.

In summary, the data for the indicators involved in this study are primarily sourced from the respective years of the China Health Statistics Yearbook, the China Statistical Yearbook, the China Environmental Statistics Yearbook, the China Energy Statistics Yearbook, and statistical bulletins from various regions. Any missing values have been filled in using interpolation. Moreover, considering data availability, 30 provinces (including cities and districts) in China from 2007 to 2018 were finally selected as the research sample. As shown in Table 2, the study sample is deemed appropriate through the construction of an econometric model.



TABLE 2 Descriptive statistical.
[image: Table displaying various variables with their symbols, observations, means, standard deviations, minimum, and maximum values. Variables include Regional Public Health, New-type Urbanization, Energy Use, S&T Input, Government Regulation, Road Infrastructure Construction, and Openness to the Outside. Each variable has three hundred sixty observations. The means range from zero point two three one to twenty-three point one zero eight. Standard deviations vary from zero point one zero three to seventeen point two zero one. Minimum and maximum values for each category are also listed, with Openness to the Outside having the widest range.]




4 Results and discussions


4.1 Benchmark regression


4.1.1 Results of the benchmark regression

Based on the analysis above and the Hausman test, this study employs a fixed-effects model to examine how NTU affects RPH. The consistency of the results obtained by including and excluding the control variables is tested separately, with Columns (1) and (2) (Table 3) presenting the estimation results without and with the variables, respectively. The estimation results indicate that the regression coefficient of NTU on public health is positive, suggesting that the development of NTU significantly enhances RPH, thus supporting Hypothesis 1. Furthermore, the regression coefficient value shows that for every 1% increase in urbanization, RPH improves by 0.193%. The control variables of energy consumption intensity, technological innovation, and road infrastructure construction also contribute to the RPH level to some extent, indicating that the inclusion of these variables is warranted (Table 4).



TABLE 3 Results of the benchmark regression.
[image: Table displaying regression results with variables labeled NTU, EU, S&T Input, GR, RIC, and OP. Two models for each variable show coefficients and t-statistics. Significant results at the 0.01 level are marked with three asterisks.]



TABLE 4 Robustness test results.
[image: A data table displays regression results across four models. The NTU coefficients are 0.720, 0.400, 0.145, and 0.494, with varying significance levels. Constant terms range from -0.120 to 0.203, each with significance. All models include controls, province FE, year FE, and observations ranging from 240 to 360. R-squared values vary between 0.679 and 0.820. Significance levels are indicated by asterisks, where three, two, and one asterisks denote 1%, 5%, and 10% significance, respectively.]

The impact of NTU on public health has two aspects. First, urbanization leads to population and economic agglomeration, which may create a “crowding effect” on RPH resources, thereby reducing RPH. Additionally, urbanization intensifies industrialization, producing a significant amount of industrial exhaust that exacerbates air pollution and creates serious environmental issues, which can severely threaten the health of the population and further threatens human health (41). It has been demonstrated that NTU significantly enhances employment quality for agricultural migrants (42) and reduces carbon emission intensity. In addition, NTU increases the agglomeration effect, improves resource utilization efficiency, and enhances public health service facilities.

The “agglomeration effect” of urbanization surpasses the “crowding effect, “indicating that the socio-economic development and welfare brought by urbanization have improved RPH. In promoting NTU, attention must be paid to balancing development and environmental protection in order to achieve sustainability.



4.1.2 Robustness testing

The above regression indicates that NTU can significantly contribute to RPH, and the following approaches are selected for robustness testing: firstly, replacing explanatory variables. In the research, the metrics of NTU encompass four aspects: economic, social, population, and urban–rural integration. Drawing on existing studies (5), urbanization is measured by population urbanization. Therefore, population urbanization was chosen as the explanatory variable [column (1)]. The estimated coefficients are significantly positive and consistent with benchmark regression. Second, the effect of special areas should be excluded. Because municipalities directly under the central government have special characteristics in China’s administrative regions, this study chooses to repeat the above steps by excluding the four regions of Beijing, Tianjin, Shanghai, and Chongqing. The coefficient of NTU retains the same signature as the benchmark regression, and both are significantly positive [column (2)]. After controlling for special regions, NTU still has a significant driving effect. Thirdly, shortening period. The goal of building NTU was officially proposed in 2014 by China, and policy shocks may affect the health effects of urbanization construction. The data from 2007 to 2014 are selected for robustness testing [column (3)]. The results show that the estimated coefficients are still significantly positive, which is in line with the benchmark regression.

Finally, the estimation model was changed. Instead of relying on the previous method, we used Ordinary Least Squares (OLS) regression [column (4)]. The estimated coefficient of NTU on RPH remains significantly positive, and the regression results after changing the estimation method can be considered robust.



4.1.3 Endogeneity testing

Since NTU, as the core explanatory variable, is not strictly exogenous, this study also faces certain endogeneity challenges. RPH is closely related to the quality of urban development, and public health demand affects the allocation and planning of urban resources, affecting the spatial layout and functional structure of urbanization; thus, the endogeneity problem may be endogenous. The endogeneity problem is addressed by finding effective instrumental variables using the 2SLS model, and the lagged one-period explanatory variables are used as instrumental variables in this study.

Table 5 presents the results of 2SLS estimates based on instrumental variables. Significant correlations in the expected direction are observed between the instrumental variables and NTU indicators in the first-stage regression, and they pass the non-identifiability test. Additionally, the Wald F-statistic exceeds the critical value of 10%, rejecting the hypothesis of weak instrumental variables. This indicates that the selection of instrumental variables is in line with the requirements. In the results of the second-stage regression, the NTU indicator remains significantly positive, suggesting that the development of NTU can significantly promote the improvement of RPH. Compared with Table 2, the estimation results of 2SLS yield larger estimated coefficients, indicating that overlooking the endogeneity problem will underestimate the promotion effect of NTU on RPH.



TABLE 5 2SLS regression results.
[image: Table displaying regression results with two models: NTU in the first-stage regression and RPH. NTU shows a coefficient of 0.688 with a t-statistic of 15.13 in the RPH column. L.NTU in the first-stage regression has a coefficient of 0.918 with a t-statistic of 51.46. Controls, Province FE, and Year FE are included in both models. The constant terms are 0.022 (t=1.17) for the first stage and -0.039 (t=-0.76) for RPH. Wald F statistic is 926.60. Both models have 330 observations, R-squared values of 0.974 and 0.735. Significance levels are noted by ***, **, and *.]




4.2 Threshold effects analysis


4.2.1 Density of employment as a threshold variable

The number of thresholds for employment density is first identified, and a single-threshold effect is present. The single-threshold effects model is, in turn, regressed, and the results are provided (Table 6). The threshold value of employment density is 4.350. During the sample study period, the only region with an average employment density below 4.350 is Qinghai Province (4.342), while the rest of the regions are above the threshold value. Column (1) shows that as employment density crosses the threshold, the impact of NTU on RPH transforms from significantly negative to positive, with the regression coefficient changing from −0.196 to 0.463. During NTU, socio-economic agglomeration enhances employment, improves income through increased jobs, and enhances individual and public health. Verifying the findings of previous studies, NTU enhances the income of the floating population (43). With the increase in regional employment density, the promotion of RPH by NTU gradually increases, and H1a is supported.



TABLE 6 Threshold effect test results.
[image: Table showing regression results with two models: (1) using threshold variable employment density and (2) using advanced industrial structure. Variables include interactions with NTU and indicators for I. Coefficients for each interaction are provided with significance levels denoted by asterisks. Constants and R-squared values are included, with significance levels indicated below.]



4.2.2 Degree of advanced industrial structure as a threshold variable

First, the thresholds for the advanced industrial structure were identified, revealing a double-threshold effect. Second, the two-threshold effect model was regressed, and the results were obtained (column 2). Most of the area is in the range of 0.862 to 1.744. During the 2007–2018 period, the regions with an average industrial structure below 0.826 included the provinces of Anhui, Henan, Hebei, Jiangxi, Shaanxi, Qinghai, and Inner Mongolia, while the regions exceeding 1.744 are Beijing, Shanghai, and Hainan. The majority of regions fall between 0.862 and 1.744. The results in column (2) indicate that as the degree of advanced industrial structure crosses the threshold, the effect of NTU on RPH remains significantly positive, although the regression coefficient gradually increases. In other words, as the advanced industrial structure increases, the promotional effect of NTU on RPH exhibits a non-linear characteristic of gradual increase. It is further verified that H1b is proven. Upgrading the industrial structure is typically accompanied by efficiency gains and advancements in green technology. This can reduce resource consumption while enhancing economic and welfare outputs, decreasing polluting emissions, and optimizing the environment. Regional upgrades focus on minimizing negative impacts and maximizing desired outputs.




4.3 Heterogeneity analysis


4.3.1 By geographic location

Considering China’s vastness, the resources and development patterns differ due to geographical variations. Consequently, there are differences in socio-economic conditions and development status as well. Based on the various economic regions, the sample is classified into east, central, and west, exploring the heterogeneity of NTU’s impact on public health. The results are shown in Table 7. NTU shows a positive impact on RPH across all regions, but the degree of impact is East < Central < West. In accordance with the heterogeneous results of NTU on reducing rural–urban disparities in existing studies (28), the magnitude of the effect varies across regions. China’s socio-economic development is likely to decrease from east to central and western regions. The eastern region, in general, is at the forefront of reform and has achieved advanced development, leading to limited benefits from NTU construction and a smaller contribution to public health enhancement compared to other regions. It has also been demonstrated that the influence of NTU on green growth is significantly heterogeneous, with significant differences in the suitability between NTU and resource allocation (22).



TABLE 7 Heterogeneity results.
[image: A table displays regression analysis results for different regions. Variables include NTU, Constant, with significance levels indicated by asterisks. Columns represent Eastern, Central, Western, Developing, and Developed regions. NTU coefficients are 0.111, 0.505, 0.643, 0.433, and 0.069. Constants are 0.167, 0.162, 0.250, 0.248, and 0.220. Controls and fixed effects are applied in each column. Observations (Obs) are 144 for Eastern and Central, 72 for Western, 204 for Developing, and 156 for Developed regions. R-squared values range from 0.793 to 0.870. Significance is noted at 1%, 5%, and 10% levels.]



4.3.2 Classification by annual average GDP per capita

Considering the unbalanced regional socio-economic development in China, the 30 provinces are divided into 13 economically developed regions and 17 economically underdeveloped regions based on whether the annual average per capita GDP exceeds the national average. Due to their distinct development statuses and aggregated socio-economic resources, NTU’s impact on public health likely varies between economically developed and underdeveloped regions. From columns (4) and (5), NTU has a significantly positive impact on RPH in underdeveloped economic regions, which is consistent with the findings at the full-sample level, suggesting that NTU also promotes public health in these areas. However, in economically developed regions, NTU exhibits a positive but not statistically significant contribution to RPH. Two potential factors may explain this: first, in economically developed regions, where residents have higher income levels and human capital, it is challenging for NTU to influence RPH through the income effect. In contrast, in underdeveloped regions, per capita income is comparatively lower, allowing NTU to positively impact both individual and public health by increasing incomes. Second, public health services and medical resources are relatively well-established in areas with better economic development. The offsetting positive and negative effects of public health facility clustering make it difficult for NTU to significantly enhance RPH by constructing public health facilities.




4.4 Analysis of moderating effects

Economic and population agglomeration are represented in the aforementioned theoretical analysis as indicators of socio-economic conditions. The moderating effects model was used to examine the effects of economic and population agglomeration on NTU concerning public health (Table 8). Columns (2) and (4) present the results of adding cross-multiplier terms of economic and population agglomeration with NTU to the baseline regression, respectively. Column (2) shows that the interaction coefficient between economic agglomeration and NTU is significantly negative. NTU has a significant positive contribution to RPH enhancement, and the interaction coefficient (NTU × ecoagg) is negative after the interaction term is included.



TABLE 8 Results of moderating effects.
[image: A table presents regression results with four columns labeled (1) to (4), split into sections "Without interaction" and "With interaction". Variables include NTU, Ecoagg, NTU × ecoagg, Popu, and NTU × popu. Significant values are marked with asterisks representing significance levels of 1%, 5%, and 10%. The labels show data coefficients and t-statistics for each variable. R-squared values and controls and fixed effects are also included.]

Meanwhile, the moderating variable (economic agglomeration) has a significantly positive coefficient. This indicates that the degree of economic agglomeration weakens the contribution of NTU to RPH, confirming Hypothesis 2a. Moreover, the positive role played by NTU is more pronounced with lower economic agglomeration, while the positive role of NTU gradually diminishes as economic agglomeration increases. In conclusion, economic agglomeration and NTU significantly substitute for each other in influencing RPH.

Columns (3)–(4) indicate that the main effect of NTU on RPH is significantly positive, and the moderating effect of population agglomeration with NTU is also positive, passing the significance test at the 1% level. As a moderating variable, population agglomeration significantly enhances this positive impact. Hypothesis 2b is, therefore, valid. The possible reasons are as follows: first, population agglomeration accelerates the quality of NTU and promotes socio-economic activities, providing favorable conditions for the improvement of RPH. Second, population agglomeration increases consumer demand and fosters the coordinated development of urban–rural linkages as well as the effective allocation of resources. It further promotes the popularization and upgrading of public services alongside improvements in residents’ health. Finally, reasonable population agglomeration supplies sufficient labor and encourages economic development, thereby enhancing residents’ income and living standards. In summary, population agglomeration and NTU have a synergistic effect on promoting the improvement of RPH.



4.5 Analysis of spillover effects


4.5.1 Spatial autocorrelation

The spatial effect must be examined concerning spatial correlation, utilizing Moran’s I index (Table 9). With the exception of 2010, Moran’s I of NTU is significantly positive, indicating a strong spatial correlation among provinces during NTU promotion, with correlation values fluctuating above and below 0.300.



TABLE 9 Regional public health Moran’s index.
[image: Table displaying data from 2007 to 2018, including Moran's I, p-values, and Z-values. Values range as follows: Moran's I from 0.094 to 0.366, p-value from 0.001 to 0.250, and Z-value from 0.366 to 2.987.]



4.5.2 Spillover effects

The SDM model was adopted to test the 0–1 spatial neighbor and economic distance weight matrix, with the results presented in Table 10. The spatial autocorrelation coefficients (rho) are significantly positive at both the 5 and 1% levels under both spatial weight matrices, indicating a significant positive spillover effect of RPH. This suggests that, on the one hand, with greater regional cooperation and integration, public health resources can be allocated more rationally within the region. Resources for medical services, education, and healthcare can be shared among different regions. On the other hand, the demonstration effect encourages neighboring regions to implement measures that enhance public health in the region, such as promoting healthy lifestyles and strengthening disease prevention.



TABLE 10 Results of spatial spillover effects.
[image: Table comparing variables and their coefficients across two models using different matrices: 0–1 spatial adjacency matrix and economic distance matrix. NTU has coefficients of -0.138 (p<0.01) and -0.089 (p<0.05). W* NTU coefficients are -0.284 (p<0.01) and -0.242 (p<0.05). Rho values are 0.194 (p<0.05) and 0.203 (p<0.01). Sigma2_e is 0.001 for both (p<0.01). Controls, city fixed effects, and year fixed effects are included in both models. Observations total 360 in each. R-squared values are 0.030 and 0.034. Number of identifications is 30. Significance levels are indicated by asterisks.  ]

The negative coefficient of NTU and its spatial interaction term (W* NTU) on RPH indicates that the level of local public health is constrained by the NTU of neighboring regions. Possible reasons include, firstly, the cross-regional impact of ecological pollution. As urbanization accelerates, serious environmental pollution problems arise, with air and water pollution impacting public health in neighboring regions through mobility. Second, resources are unevenly distributed. During NTU, local areas may attract significant investment and resources, leading to a relative decrease in resources in adjacent areas. Consequently, this affects the investment of neighboring regions in public health sectors, including services and facilities, inhibiting improvements in public health levels. Third, there is unbalanced economic development. The economic growth resulting from the NTU may further widen the economic gap with neighboring regions. Meanwhile, economic backwardness often correlates with inadequate health care and insufficient access to health education, which can negatively influence public health levels.

To further analyze the influence and spillover characteristics of NTU on RPH, the effects should be decomposed into direct, indirect, and total effects (Table 11). In both spatial weighting matrices, all effects of NTU on RPH are negative. The indirect effects of NTU on RPH are stronger than the direct effects, indicating that NTU levels in neighboring regions have a greater inhibitory impact on RPH. Potential reasons include the fact that adjacent NTU development may lead to increased industrialization and the transmission of pollutants to the region through air movement, which raises health risks. Simultaneously, urbanization intensifies competition for public resources within neighboring areas, potentially attracting more public health resources, such as health and medical care, which creates resource constraints for locals and subsequently inhibits the improvement of public health services. Additionally, NTU promotes the sharing of resources and information within adjacent regions, and the lack of effective sharing may result in a squeezing effect on the health of neighboring areas. The estimated value of the adjacency matrix for the direct effect exceeds the economic distance, indicating that adjacency or lack thereof is a significant factor in the inhibitory role of NTU on regional public health.



TABLE 11 Decomposition of spatial effects.
[image: Table displaying NTU variable effects across two matrices. For the 0–1 spatial adjacency matrix: Direct is -0.150*** (-3.09), Indirect is -0.371** (-2.76), Total is -0.521*** (-3.23). For the economic distance matrix: Direct is -0.099** (-2.09), Indirect is -0.313** (-2.37), Total is -0.413*** (-2.61). Significance levels are marked as *** for 1%, ** for 5%, and * for 10%.]




4.6 Limitations and future research directions


4.6.1 Limitations

There are some limitations to this study. First, data access limitations exist. Although this study endeavored to collect data on multiple aspects of NTU, socio-economic agglomeration, and RPH, data on some key variables may not be comprehensive or could be missing due to the limited availability of data sources. Second, limitations in data processing may arise. The methodology used in data processing could have limitations that impact the results of the study. Third, there are limitations in research design. The study was based on a sample from a specific region or time period, which may not fully represent the broader situation, and the representativeness of the sample may limit the generalizability of the findings. Additionally, when constructing the research model, it may not be possible to cover all relevant variables, leading to omitted variable bias. Finally, the relationship between new-type urbanization and public health may be characterized by a time lag due to delays in infrastructure development, the delayed manifestation of environmental impacts, and intergenerational transmission of health behaviors resulting from new-type urbanization.



4.6.2 Future research directions

To address the above possible limitations, future research directions can be developed in the following ways:

First, incorporate more up-to-date data. The NTU process and public health status have changed over time. Future research could incorporate more up-to-date data to reflect the impact of these changes on the relationship between NTU and public health. It will help to update and improve the findings of existing studies and the timeliness and accuracy of the research.

Second, other health dimensions are explored in depth. This study focused on the impact of NTU on public health, but public health is a complex and multidimensional concept. Future research can further explore the impact of NTU on other health dimensions (such as mental health and physical health) to fully reveal the comprehensive impact of NTU on public health. It helps to provide policymakers with a more comprehensive scientific basis to promote the coordinated development of urbanization and public health.

Third, by addressing issues such as omitted variable bias and measurement error, future research can improve research methods and models to increase the accuracy and reliability of the results. For example, more sophisticated statistical methods can be used to control the effects of omitted variables, and more precise measurement tools can be used to reduce measurement errors. Broaden data channels and explore and apply more advanced research methods, such as complex network analysis and spatial econometric models, to gain a deeper understanding of the complex relationship between NTU, socio-economic agglomeration, and RPH.

Fourth, exploring the heterogeneity among different regions by stratifying the analysis according to regional characteristics. The reliability of the research findings can be verified through robustness tests. Identify causal relationships using natural experiments or quasi-experimental designs to enhance the generalizability of research findings.

Finally, for possible time lag characteristics, the time lag structure can be incorporated into the analysis by selecting typical regions to carry out time lag effect tracking experiments and constructing open source time lag analysis toolkits.





5 Conclusion and policy implications


5.1 Conclusion

This study examines the effects and mechanisms of NTU on regional public health (RPH) by utilizing data from China between 2007 and 2018, constructing panel fixed-effects, threshold-effects, moderated-effects, and spatial spillover models. The study found that:

First, the direct effect shows that the “agglomeration effect” of NTU on RPH exceeds its “crowding effect” and has a significant driving effect overall. Employment density has a single threshold effect in the relationship between NTU and RPH. With employment density exceeding the threshold, the effect of NTU on RPH turns from negative to positive. The advanced industrial structure has a double threshold, and as the advanced industrial structure increases, the promotion effect of NTU on RPH presents a non-linear characteristic.

Second, the mechanism effect shows that socio-economic agglomeration plays an important moderating role in NTU and RPH. Specifically, there is a significant interaction between economic agglomeration and NTU in influencing RPH. Population agglomeration significantly increases NTU’s contribution to RPH, demonstrating a synergistic relationship with NTU.

Third, significant regional heterogeneity exists within NTU’s impact on RPH. Specifically, in the eastern, central, and western regions categorized by geographic location, NTU exerted a substantial positive influence on RPH, increasing in the order of influence. In economically developed and underdeveloped areas distinguished by socio-economic development, NTU’s impact on RPH is also positive. Notably, this effect is insignificant in economically developed regions.

Finally, spatial effect results reveal NTU’s significant negative spatial impact on regional PH, both under spatial proximity and economic distance weighting matrices. The decomposition effect indicates that under different spatial weight matrices, NTU’s direct, indirect, and total effects on RPH are all significantly negative, with the indirect effects being larger than the direct effects. By comparing the values of the estimated coefficients, adjacency emerges as the main factor in dampening the effect of NTU on RPH.



5.2 Policy implications

Based on the findings mentioned above, the following are the policy implications for the NTU strategy and its promotion of RPH development:

First, optimize the NTU strategy and strengthen the agglomeration effect. Future policies should focus on improving the quality of NTU, not just its speed and scale. Sustainability in urban development should be ensured through the optimization of urban planning and infrastructure development. Additionally, the policy should encourage industry diversification to create more employment opportunities while ensuring that employment density remains within rational limits to avoid the negative impacts of overcrowding. Further support should be directed toward high-technology industries, promoting the transformation and upgrading of traditional industries and enhancing added value and competitiveness.

Second, the moderating role of socio-economic agglomeration is considered. It is important to balance economic and population agglomeration, recognizing that economic agglomeration and NTU have a substitutive relationship in affecting RPH, while population agglomeration has a synergistic effect. Policies should rationally guide the spatial distribution of population and economic activities to achieve the coordinated development of economic and population agglomeration. Simultaneously, regional coordinated development should be strengthened to promote economic ties and cooperation among different regions, capitalizing on complementary regional advantages, narrowing regional development gaps, and improving overall public health.

Third, attending to regional heterogeneity and implementing differentiated policies is crucial. Eastern, central, and western regions, as well as economically developed and less developed areas, differ in the impact of NTU on RPH. Policies should develop differentiated NTU strategies and public health policies based on the characteristics and actual situations of different regions. In underdeveloped economic regions, NTU has a more significant role in promoting RPH. Policies should increase support for underdeveloped regions to advance their NTU process and enhance public health.

Fourth, regional cooperation should be strengthened to address spatial spillover effects. Future cross-regional cooperation mechanisms ought to be established to improve collaboration and exchanges between neighboring regions, working together to tackle the challenges posed by NTU. When formulating policies, it is essential to thoroughly consider the impact of spatial distance and economic ties on NTU and RPH.

Finally, the public health service system should be further strengthened. In NTU, attention should be paid to upgrading public health services, strengthening disease prevention and control, and raising residents’ health awareness and health literacy. Meanwhile, the social security system has been strengthened to ensure basic livelihood protection and medical care for residents during the NTU, reducing the health risks associated with urbanization.
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Footnotes

1   The agglomeration effect is essentially a phenomenon of spatial concentration of economic activities, which manifests itself as the gathering of related industries or economic activities in a particular region, thus bringing about a series of economic effects and advantages (29). It can generate economies of scale, increase knowledge spillover, and pool labor, thus enhancing the overall competitive advantage of the regional economy.

2   Threshold effect, is the phenomenon that when an economic variable reaches a certain threshold value, economic behavior or results will change significantly (31, 32). In macroeconomics, the threshold effect is mainly reflected in the study of economic growth and development.
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Background: A strong healthcare system plays a vital role in reducing the financial burden on households while simultaneously promoting sustainable economic development. This study investigates how dynamic medical insurance compensation affects health capital accumulation and economic growth, thereby revealing the broader economic implications of health policy design.
Methods: This paper develops a neoclassical economic growth model that incorporates dynamic basic medical insurance and health capital. Utilizing the shooting algorithm, we compute equilibrium solutions at each period along the saddle path and analyze the external effects of different compensation strategies. This approach enables a systematic evaluation of how varying the compensation rate influences welfare, labor allocation, and long-term growth trajectories.
Results: The absence of medical insurance compensation or a constant compensation rate leads to a decline in welfare over time. In contrast, a progressively decreasing compensation rate significantly promotes the consumption of healthcare goods, increases health capital, and stimulates economic growth. The model also shows that this compensation design enhances overall welfare along the transition path and induces a partial reallocation of labor toward the healthcare sector.
Conclusions: The findings highlight the importance of dynamic, policy-responsive compensation structures in maximizing long-term welfare. A gradually declining medical insurance compensation rate not only improves population health and boosts economic output but also provides a viable strategy for labor market optimization and health system sustainability. These insights offer valuable guidance for health policy reform in developing and transitioning economies.
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1 Introduction

Over the past two decades, China’s healthcare expenditure has grown rapidly, placing a significant financial burden on individuals and households. Although China introduced the New Rural Cooperative Medical Scheme (NRCMS) in 2003 and the Urban Resident Basic Medical Insurance (URBMI) in 2007, and has gradually increased the reimbursement rate of Basic Medical Insurance (BMI) in recent years, the overall reimbursement rate remains relatively rigid and has not adequately adapted to the growing demand for health investment across different stages of economic development. Specifically, China’s current BMI system shows delays in adjusting reimbursement ratios, reforming financing structures, and expanding coverage scope. As a result, out-of-pocket healthcare expenditures remain high, and the financial burden on residents persists.

From an international perspective, countries with similar stages of economic development to China, such as Thailand, Brazil, and Mexico, have implemented phased and dynamic adjustments to their medical insurance reimbursement mechanisms and continuously expanded coverage. These efforts have significantly reduced individuals’ medical expenses and enhanced the accumulation of health capital and overall social welfare. For example, Thailand launched its Universal Coverage Scheme (UCS) in 2002, which nearly achieved full reimbursement of medical expenses, significantly reducing residents’ out-of-pocket payments. Brazil implemented a free healthcare policy through its Unified Health System (SUS) to ensure universal access to medical services. Mexico, meanwhile, established the national public health insurance program Seguro Popular in 2004, which significantly improved the accessibility and depth of public healthcare services within just over a decade. These countries have successfully tailored the intensity of medical security to their respective stages of economic development, thereby avoiding the burden caused by rigid reimbursement systems and achieving positive outcomes in both health and economic development.

In light of this, a pressing issue China faces is the need to establish a more flexible and effective dynamic adjustment mechanism for BMI reimbursement rates. This would accommodate rising health demands driven by increased income levels and alleviate the healthcare burden on residents. It would also prevent institutional rigidity from hindering the accumulation of health capital and long-term economic growth. This paper aims to construct a theoretical model of economic growth incorporating health capital, to conduct an in-depth analysis of the economic effects of implementing a dynamic BMI reimbursement rate along the saddle path. It will explore the mechanisms through which dynamic reimbursement affects the rate of health capital accumulation, social welfare improvement, and long-term economic growth, and ultimately provide theoretical guidance and international references for the optimization of China’s BMI policy.

In the field of health economics, Grossman (1) studied the impact of economic development on health demand from a microeconomic perspective. Subsequently, Ehrlich and Liu (2) analyzed the mutual influence between health and economic growth from a macroeconomic viewpoint. Since then, a vast body of literature has emerged analyzing the relationship between health and economic growth. These studies are primarily divided into three aspects: changes in productive capacity, shifts in consumer health preferences, and health insurance compensation policies.

Specifically, theoretical and empirical studies have mainly adopted three approaches. First, incorporating health capital into the production function, as Bloom et al. (3) and Barro (4) suggest that health can directly improve labor productivity while reducing health capital depreciation through lower mortality and morbidity rates. Bloom et al. (3) used econometric methods to confirm the positive impact of good health on production efficiency, whereas Barro (4) developed an endogenous growth model that includes health capital to analyze the interaction mechanism between health and economic growth. Second, including health capital or health goods in the utility function, as proposed by Kelly (5) and Atolia et al. (6), who argue that incorporating health status into consumption decisions can achieve the optimal state of health along the entire saddle path. Third, considering the relationship between health status and the duration of illness, as Halliday (7) posits that the accumulation of health capital can reduce the duration of illness and increase labor supply. Halliday (7) embeds health capital into the duration of illness, analyzing the impact of health investments on labor supply and illness duration.

Research on the intrinsic mechanism between health and economic growth has been explored in multiple dimensions both theoretically and empirically. Many theoretical studies have utilized endogenous growth models. For example, Agénor (8) and Barro (4) directly incorporate health capital as a form of human capital into the production function and analyze the relationship between health and economic growth (9).

Empirical studies primarily focus on the impact of health on production efficiency and consumption. For instance, Liu et al. (10) used data from the China Health and Nutrition Survey (CHNS) to investigate the impact of health capital on income productivity among rural residents in China, finding that the income of rural residents is significantly constrained by their health status. Bai and Wu (11) utilized data from the New Cooperative Medical Scheme (NCMS) from the Rural Fixed Observation Point Survey (RFPS) in China and found that the NCMS effectively increased households’ non-medical consumption. Liu (12) using data from the China Health and Nutrition Survey (CHNS) discovered that medical insurance can reduce the excessive supply of family labor, thereby substituting for this self-insurance behavior (13). Moreover, participation in medical insurance can also increase total medical expenditure, reduce out-of-pocket medical expenses (14–16), improve residents’ health status, and lower mortality rates (17). The Pareto improvement from participation in medical insurance can further stabilize household income (12) and enhance social welfare (18).

This paper primarily analyzes the mechanism of action between health and economic growth from a theoretical perspective. Research closely related to this paper includes the studies by Kelly (5) and Atolia et al. (6). Kelly (5) incorporates health capital into the production function within a neoclassical economic growth model to affect changes in total factor productivity, while Atolia et al. (6) incorporate the demand for health goods into the utility function, influencing decisions on health goods consumption. The neoclassical economic growth model can depict the dynamic accumulation paths of material capital and health capital, driving economic growth through the accumulation of material capital and the consumption of medical products. This precisely reflects the characteristics of factor-driven economic development in China over the past 40-plus years. Therefore, within this framework, depicting the mechanism through which material capital gradually accumulates to drive economic growth, how health capital gradually accumulates to affect economic growth, and considering the feedback mechanisms between consumption of medical goods, health capital accumulation, and economic growth, constitutes the primary focus of this paper’s research.

Van Doorslaer et al. (19) found in their study of OECD member countries that about half of the OECD nations exhibit inequities in the utilization of healthcare services, with higher-income groups benefiting more from healthcare services. Furthermore, van Doorslaer et al. (20) and Lu et al. (14), utilizing healthcare insurance data from European, American, and Asian countries, observed similar findings. These studies indicate that, although health insurance effectively reduces income disparities, it also leads to a problem of “reverse redistribution” of wealth (21). Finkelstein et al. (22), using health insurance data from Massachusetts, discovered that adopting progressive compensation policies could increase the insurance coverage rate among low-income populations.

However, the aforementioned studies analyze the impact of basic medical insurance compensation rates on health from a short-term, microeconomic perspective. Clearly, the performance analysis of short-term basic medical insurance cannot represent the changes in residents’ health status in the context of long-term economic growth. Especially considering that China’s economic growth is still on the saddle path toward a steady-state equilibrium, with the level of economic development still far from the steady-state level. Therefore, constructing a neoclassical economic growth theoretical model to solve for the equilibrium solution on the saddle path, and analyzing the interrelationship between health capital accumulation and economic growth under different basic medical insurance compensation policies at various stages of economic development, holds significant theoretical value and practical significance. This also constitutes the second important research content of this paper.

The potential marginal contributions of this paper are as follows: First, by calculating the equilibrium solutions on the saddle path for each period using the Shooting algorithm, it circumvents the error issues associated with linear approximation techniques, obtaining precise solutions at any initial level of material and health capital. Second, this paper constructs an economic growth framework under a factor-driven model to study the relationship between health capital and economic growth. It incorporates the accumulation process of health capital into economic growth, providing a more intuitive explanation of the impact mechanism between health capital and long-term economic growth. This aids in analyzing the long-term and short-term effects of basic medical insurance compensation policies on medical consumption, health capital accumulation, and economic growth. Third, unlike previous discussions that mainly focus on resource allocation at the steady-state equilibrium, this paper discusses dynamic medical cost compensation mechanisms on the path of economic growth, enabling more effective optimization of resource allocation. This approach not only improves residents’ health but also considers the efficiency of economic growth.

The structure of the remaining sections of this paper is as follows: The second section is on methodology. The third section covers results and discussion. In this part, the external effects of dynamic medical insurance compensation rates are studied, as well as the accumulation path of health capital, labor time supply, and economic growth under the influence of a dynamic basic medical insurance compensation system. The final section presents the main conclusions of the paper.



2 Methodology


2.1 Theoretical model

This paper builds on the Ramsey-Cass-Koopmans model by adding a medical products sector and incorporating health capital into the production function of the final goods sector, thereby constructing a model that includes the production and consumption of medical goods, the accumulation of health capital, and the basic medical insurance system. Unlike most previous studies, this paper solves for the steady-state equilibrium of the theoretical model and then uses the Shooting algorithm to solve for the equilibrium solutions for each period. This approach further explores the dynamic interaction mechanism between the basic medical insurance system and economic growth.


2.1.1 Production sector

To clearly examine the relationship between medical goods producers and general goods producers, we assume that the economic system consists of two types of producers: a medical goods sector and a final goods sector.1 We assume that production and consumption occur only between firms and households, implying that all medical goods are exclusively consumed by households. To simplify potential complications arising from technical differences, we assume that there are no frictions in capital flows, such as borrowing or lending, between the two production sectors, and that labor can move freely between the two sectors. Furthermore, we assume that the production of medical goods relies on two inputs: medical capital and labor, and the production function of the medical goods sector is given as follows:

[image: Mathematical equation: \( h_t = B_t K_{E,t}^\phi L_{E,t}^{1-\phi} \), labeled as equation (1).]

Where, [image: The image shows a mathematical expression: "h" with a subscript "t".] represents the output of medical products in period [image: Unable to view the image. Please upload it or check the link provided.], [image: Mathematical expression showing the variable \( K_{E,t} \), with "E" and "t" as subscripts.] denotes the physical capital stock in the medical sector in period [image: Sorry, I cannot help with the content of this image.], [image: Mathematical notation showing "L" with subscript "E, t".] indicates the labor demand in the medical sector in period [image: A person is running on a path surrounded by vibrant autumn foliage in shades of orange, red, and yellow. Trees line the pathway, and fallen leaves cover the ground, creating a serene, scenic atmosphere.], [image: It seems like there was an error in your request. Please upload the image or provide a URL, and I can help generate the alt text for it.] is the output elasticity coefficient of physical capital in the medical products sector, and [image: The image shows a mathematical symbol consisting of the uppercase letter "B" followed by a subscript lowercase "t", typically representing a variable or parameter in mathematical or scientific contexts.] represents the total factor productivity in the medical products sector for period [image: Mathematical italic lowercase "t" character in a stylized font.].

The objective function of the medical products sector, aimed at maximizing profits, is:

[image: Mathematical equation showing profit with the terms: profit sub h, t equals P sub t times h sub t minus r sub t times K sub E, t minus W sub t times L sub E, t.]

Where, [image: Greek letter pi with subscript "h, t".] represents the profit of the medical products sector in period [image: A lowercase italic letter "t" is depicted in a serif font. The style suggests a formal or sophisticated typeface, emphasizing elegance and readability.], [image: Mathematical notation of the symbol \( P_t \).] is the price of medical products in period [image: Stylized lowercase letter "t" in a serif font with a shadow effect, set against a white background.], [image: A mathematical symbol showing the letter "r" with a subscript "t" and an overhead dot, often used to represent the rate of change or growth rate in equations.] is the marginal cost of capital in the medical products sector in period [image: Sorry, I can't display or interpret the content of this image. If you have a description or context for it, I can help generate suitable alt text.], and [image: Lowercase letter "t" is subscripted next to the uppercase letter "W".] is the wage in the medical products sector in period [image: Math equation displaying the lowercase letter 't' in italics.].

The first-order conditions for profit maximization in the medical products sector are:

[image: Mathematical equation showing the formula for interest rate \( r_t \) as \( \phi \frac{P_t h_t}{K_{E,t}} = \phi P_t B_t K_{E,t}^{\phi - 1} L_{E,t}^{1 - \phi} \) labeled as equation (2).]

[image: Mathematical equation labeled as equation three, showing variables and parameters related to labor wages. It includes symbols W sub t equals one minus phi times P sub t h sub t over L sub E, sub t equals phi P sub t B sub t K sub E, sub t to the power of phi L sub E, sub t to the power of one minus phi.]

In fact, several studies (3, 23) have confirmed that health status can affect the total factor productivity (TFP) of the production sector. Accordingly, we assume that health capital influences total factor productivity. We also continue to assume that the production of medical goods depends on medical capital and labor. Therefore, following Kelly (5), the representative final goods sector has the following production function:

[image: Equation showing \( Y_t = \left( A_t H_t^{\gamma} \right) K_{F,t}^{\alpha} L_{F,t}^{1-\alpha} \), labeled as equation four.]

Where, [image: The image shows a mathematical notation with a capital letter "Y" followed by a small subscript "t."] represents the output of the final goods sector in period [image: A lowercase letter "t" in italics, slanting slightly to the right.], [image: Mathematical notation showing the letter "H" with subscript "t".] denotes the stock of health capital in period [image: Dark swirling cloud formations create a dramatic sky effect, with contrasting light areas suggesting an impending storm. The image captures the powerful forces of nature.], [image: Mathematical expression showing \( A_t H_t^{\gamma} \).] signifies the total factor productivity in the final goods sector in period [image: The image appears to show a lowercase italic letter "t" in a serif font.], [image: Mathematical expression showing the variable \( K \) with subscripts \( F \) and \( t \).] is the physical capital stock in the final goods sector in period [image: A lowercase italic "t" character is displayed, likely representing a mathematical variable or function notation, common in expressions or equations.], [image: The image shows the notation "L subscript F, subscript t."] indicates the labor demand in period [image: Text with a wavy distortion effect, resembling an italicized lowercase "t".], [image: Lowercase Greek letter alpha.] is the output elasticity coefficient of physical capital in the final goods sector, and [image: Lowercase Greek letter gamma.] represents the elasticity coefficient of health capital in the final goods sector.

The objective function aimed at maximizing profits for the final goods sector is:

[image: Mathematical equation: π subscript t equals Y subscript t minus r subscript t K subscript F comma t minus W subscript t L subscript F comma t.]

Where, [image: Mathematical expression showing the Greek letter pi followed by a subscript t.] represents the profit of the final goods sector in period [image: Mathematical symbol for the variable \( t \) in italic.], [image: Lowercase italic letter "r" with a subscript "t".] is the marginal cost of capital in the final goods sector in period [image: It seems there was an error in uploading the image. Please try again by clicking the image upload button, or provide a URL to the image you want to use.], and [image: Mathematical notation showing "W" with the subscript "t".] is the wage in the final goods sector in period [image: I'm sorry, but it seems there is no image available. Could you please try uploading it again?].

The first-order conditions for profit maximization in the final goods sector are:

[image: The image is an equation labeled as (5). It expresses a mathematical relationship: \( r_t = \alpha \frac{Y_t}{K_{F,t}} = \alpha \left( A_t H_t^i \right) K_{F,t}^{\alpha - 1} L_{F,t}^{1 - \alpha} \).]

[image: Equation labeled as (6) expressing \( W_t \) as \( (1-\alpha) \frac{Y_t}{L_{F,t}} \), equal to \( (1-\alpha)(A_t H_t^\gamma) K_{F,t}^\alpha L_{F,t}^{-\alpha} \).]



2.1.2 Household sector

In this paper, it is assumed that each household in the economic system aims to maximize lifetime utility, with the population growth rate of the household being zero. The discount rate for time preference is denoted by [image: Please upload the image or provide a URL so I can generate the alt text for you.], [image: Small cursive letter 'x' in a mathematical notation style.] represents the elasticity of substitution for leisure within the same period, [image: Lowercase Greek letter omega symbol, represented as a curvy loop similar to a lowercase w, often used in mathematics and science.] signifies the elasticity of substitution for the demand for medical products within the same period, [image: It looks like there might have been an issue with the image upload. Please try again by uploading the image, and optionally add a brief caption for more context.] is the depreciation rate of physical capital, and [image: Mathematical symbol depicting the lowercase Greek letter delta with a subscript "h".] is the depreciation rate of health capital.

The utility maximization function for the household sector is:

[image: An equation representing a maximization problem in economics or mathematics. It shows the maximum of an infinite sum from \( t = 0 \) to infinity of \( \beta^t U(C_t, l_t, h_t) \).]

This paper, drawing on the design approach of the utility function by Herrendorf et al. (24) and Atolia et al. (6), and incorporating the empirical research findings of Finkelstein et al. (25), assumes the utility function for the representative household as follows:2

[image: Utility function formula: \( U(C_t, l_t, h_t) = \ln(C_t - \overline{C}) + \chi \ln l_t + \omega \ln h_t \).]

Where, [image: White uppercase letter C with a horizontal line above it on a plain background.] represents basic food consumption.

The budget constraint equation for the representative household shown as in Equation 7:

[image: Equation showing a balance condition: \( C_t + I_t + (1 - s_t) P_t h_t + \Pi_t \leq r_t K_t + W_t L_t - T_t \).]

Where, [image: The mathematical expression shows the variable "C" subscripted by "t".] denotes the household’s consumption expenditure in period [image: I'm sorry, I cannot see the image you're referring to. Please upload the image or provide a URL, and I will help you generate the alternate text.], [image: It seems there might have been an error in uploading the image. Please try uploading the image again or provide a URL. If you need help with the process, let me know!] represents the household’s investment expenditure in physical capital in period [image: A lowercase letter "t" displayed in an italic serif font, set against a white background.], and the stock of physical capital [image: The image displays a mathematical notation with the letter "K" followed by a subscript "t".] is the sum of physical capital in the medical products sector [image: KE with subscripts E and t in italics.] and the final products sector [image: \( K_{F,t} \)], i.e., [image: Equation showing \( K_t = K_{E,t} + K_{F,t} \).]. The labor supply [image: Mathematical notation showing the letter "L" with a subscript "t".] is the sum of labor supply to the medical products sector [image: Mathematical expression showing \(L_{E,t}\), with the subscript consisting of the capital letter E followed by a comma and the lowercase letter t.] and the final products sector [image: Mathematical notation showing "L" subscript "F, t", typically representing a variable or function related to a specific context, such as a formula or equation.], i.e., [image: Equation depicting \( L_t = L_{E,t} + L_{F,t} \).]. [image: Mathematical notation representing the variable \( h \) with a subscript \( t \).] represents the demand for medical products, [image: Mathematical expression: open parenthesis one minus s sub t close parenthesis P sub t h sub t.] denotes the household’s out-of-pocket medical consumption expenditure in period [image: Mathematical notation of the lowercase italic letter "t".], [image: The image shows the mathematical symbol \( s_t \), where the letter "s" is in regular typeface and the subscript "t" is slightly smaller and positioned lower.] is the rate of basic medical insurance compensation in period [image: Mathematical symbol "t" in italic font, typically representing time or a variable in equations.], [image: The image shows the mathematical notation "T" with a subscript "t".] signifies the household’s lump-sum tax in period [image: Mathematical expression showing the variable \( t \) with a dynamic, wavy distortion effect.], and [image: Greek letter Pi with subscript "t" in italic font.] is the premium paid for basic medical insurance in period [image: A blurry lowercase letter "t" is displayed on a white background, with the image lacking clarity and focus.].

The dynamic accumulation equation for physical capital is typically represented as follows:

[image: Equation depicting capital accumulation: \( K_{t+1} = (1 - \delta) K_t + I_t \), with \( t \) and \( t+1 \) representing time periods and \( \delta \) the depreciation rate.]

By optimizing the utility function, the intertemporal Euler equation for consumption can be derived as follows:

[image: Mathematical equation showing the relationship: \( (C_{t+1} - \overline{C}) = (C_t - \overline{C}) \beta (r_{t+1} + 1 - \delta) \). Labeled as equation 9.]

The contemporaneous substitution equation for consumption and leisure can be expressed as follows:

[image: Mathematical equation: chi multiplied by the quantity of \(C_t\) minus \(\bar{C}\) equals \(W_t \cdot l_t\). Equation is labeled as number 10.]

The contemporaneous substitution equation between non-medical consumption and medical consumption expenditure can be formulated as follows:

[image: ω(Cₜ - C̄) = (1 - sₜ) pₜ hₜ, labeled as equation eleven.]

The paper posits that health status depreciates due to factors such as age and illness, but because household health investment decisions are influenced by both consumption and investment motives, they continually purchase medical products in the medical product market to improve health status (7). It is assumed that medical products are essential goods, and a certain level of medical product supply is necessary to facilitate the accumulation of health capital. The minimum consumption of medical products required to promote health capital accumulation is denoted as [image: Please upload the image or provide a URL so I can generate the alternate text for it.]. In the early stages of economic development, the supply of medical products is limited, falling below [image: I'm sorry, I can't view the image currently. Please try uploading it again or providing a description so I can help generate the alt text.]. As the economy expands, the household sector’s demand for medical products continuously increases, and when [image: Mathematical expression showing \( h_t > \hat{h} \).], the investment in health capital gradually leads to its accumulation. Therefore, following Huang and Huffman (26), the dynamic accumulation equation for health capital can be expressed as:

[image: The formula shown is \( H_{t+1} = (1 - \delta_h) H_t + I_{H,t} \). It is labeled as equation 12.]

Where, [image: Mathematical notation showing "I" with subscript "H" and subscript comma "t".] represents the investment in health capital in period [image: Graph depicting a sine wave on a coordinate plane, with the horizontal axis labeled as time in seconds, denoted by \(t\). The vertical axis represents amplitude, showing the wave's cyclical motion.], and when [image: Mathematical expression showing \( h_t \) is greater than \( \hat{h} \).], [image: Mathematical equation showing \(I_{H,t} = h_t - \hat{h}\).], where [image: Lowercase Greek letter delta with a subscript "h".] denotes the depreciation rate of health capital. When the consumption of medical products [image: Mathematical expression showing "h sub t is less than or equal to h hat."], [image: The equation shown is \( I_{H, t} = 0 \).], meaning that it only suffices for normal productive activities and is insufficient to promote positive accumulation of health capital [image: Mathematical expression consisting of the letter H with a subscript t.].



2.1.3 Household sector

In this paper, it is assumed that the revenue of the medical insurance sector comes from government fiscal subsidies and premiums paid by individuals, and the expenditures of the medical insurance sector are limited to reimbursements for basic medical insurance costs. Consequently, the budget constraint equation for the medical insurance sector is as Equation 13:

[image: Mathematical equation labeled as equation thirteen, showing \(T_t + \Pi_t = s_t P_t h_t\).]

Where, [image: A mathematical expression with the letter "T" as the main variable, followed by a subscript "t".] represents the government fiscal subsidies, and [image: Mathematical expression showing the variable "s" with a subscript "t".] denotes the compensation ratio of the medical insurance premium paid by the household sector.

When the product market in the economic system reaches equilibrium (i.e., the market clears), the following equation is satisfied:

[image: Equation showing \( Y_t + P_t h_t = C_t + I_t + P_t h_t \) followed by the number 14 in parentheses.]

When the labor market in the economic system reaches equilibrium (i.e., the market clears), the following equation is satisfied:

[image: Equation labeled as fifteen: capital L subscript t plus lowercase l equals one.]





3 Results and analysis


3.1 Parameter calibration

During the process of China’s economic growth, the short-term fluctuations of various economic parameters remain quite small. In the neoclassical economics framework, it is common practice to use real-world data to estimate fixed parameters for effectively analyzing economic growth paths. However, the main focus of this paper is not on parameter estimation itself; previous studies have already provided relatively reasonable estimates. Therefore, taking into account the Chinese economic context, we adopt appropriate parameters based on existing research.

Fan and Zhang (27), using the perpetual inventory method to measure China’s capital depreciation series over the past 15 years, found that the depreciation rate of physical capital is [image: The image shows the mathematical expression δ equals 0.096.]. Drawing on employment figures for the national industrial sector, they estimated a capital-output elasticity of [image: The image shows the mathematical expression \(\alpha = 0.51\).] for the final goods sector. Consistent with their findings, this paper sets the depreciation rate of physical capital to [image: δ equals 0.096.] and the capital-output elasticity to [image: Mathematical formula displaying alpha equals zero point five one.]. We typically consider the final goods sector as the baseline sector and set its total factor productivity (TFP) to [image: Equation depicting \( A_t = 1 \).]. Referring to Atolia et al. (6), we set the capital elasticity coefficient in the medical goods sector to [image: The Greek letter phi equals zero point five five in a mathematical notation.], its TFP to [image: Mathematical notation showing "B sub t equals 0.99".], and the substitution elasticity for medical goods demand to [image: Sorry, I can't assist with that request.]. Under these parameter settings, the share of output from the medical goods sector in the overall economy aligns reasonably well with reality. Drawing on Kelly (5), who estimated the depreciation rate of health capital and the elasticity of health capital in the final goods sector, we select [image: Mathematical expression showing delta sub h equals 0.04.] and [image: Mathematical expression showing gamma equals zero point zero five.].

Moreover, following Fan and Zhang (27) in calculating the annual utility discount factor for China, we set [image: The image shows the mathematical expression beta equals zero point nine seven five.]. Based on the neoclassical economic model proposed by Zhou and Fan (28) that incorporates mechanisms for reducing carbon emission intensity, we set the elasticity of utility substitution for leisure to [image: The mathematical expression shows the Greek letter chi followed by an equals sign, indicating the value is 0.2.]. Regardless of other types of consumption, individuals must at least meet their basic subsistence consumption. According to the methodology of Leukhina and Turnovsky (29), we set the baseline food consumption to [image: Mean value of C with a bar notation equals 0.1468.]. By calibrating the model’s parameters to maximize the model’s fit, we set the threshold level of medical goods consumption to [image: A mathematical expression showing "h" with a hat symbol above it, followed by an equals sign and the value 0.211.].

To present these parameters clearly, Table 1 summarizes the parameters, symbols, and their values.



TABLE 1 Parameters, symbols, and values.
[image: Table listing economic parameters with their symbols and corresponding values. Parameters include physical capital depreciation rate (δ: 0.096), capital elasticity in the final goods sector (α: 0.51), and threshold for medical product consumption (ĥ: 0.211) among others. Total of 12 parameters are presented.]

These calibrated parameters are designed to refine the model’s accuracy and relevance to the specific economic and health dynamics of China. By adjusting these parameters, the paper aims to closely mirror real-world conditions and provide insights into the impacts of economic policies and health capital on China’s growth trajectory.

To facilitate readers’ understanding of the economic terminology used in the model, we provide detailed explanations in Table 2.



TABLE 2 Economic interpretation of variables and parameters.
[image: A table with three columns labeled Name, Symbol, and Economic Interpretation. The rows detail various economic terms: Physical capital (\(K_t\)), Investment (\(I_t\)), Leisure time (\(l_t\)), Medical goods consumption (\(h_t\)), Output of the final goods sector (\(Y_t\)), Health capital (\(H_t\)), Capital elasticity (\(\alpha, \varphi, \gamma\)), Capital depreciation rate (\(\delta, \delta_h\)), Discount rate (\(\beta\)), and Elasticity of substitution for leisure (\(\chi\)). Each row provides a definition or explanation of these terms in economic contexts.]



3.2 Solving for the saddle path

The Shooting algorithm employed in this paper to calculate the equilibrium solutions on the saddle path for each period works as follows, starting from given initial values of physical and health capital in the first period and progressively solving for the equilibrium solutions on the saddle path for each subsequent period:

To verify the convergence of the saddle path calculated by the Shooting algorithm to the steady-state values, and to compare these with the actual calculated steady-state values, the `fsolve` function from MATLAB’s Optimization Toolbox is used to solve for the steady-state values of the various variables.

Second, set the maximum number of periods for the calculation, for example, [image: The image shows the mathematical expression "T equals one thousand" in a serif font.], to ensure that the economic system converges to the steady state by [image: Mathematical expression showing "t is less than or equal to T".]. Simultaneously, specify the initial levels of physical capital [image: Mathematical expression depicting capital letter "K" with a subscript "1".] and health capital [image: Mathematical expression showing the symbol "H" with the subscript "1".], along with a sequence of basic medical insurance compensation rates [image: A mathematical notation showing a set containing the variable \( s_t \), enclosed in curly braces.]. Define a wide capital interval for the physical capital of the second period, [image: The image shows a mathematical expression with the letter "K" followed by a subscript "2", indicating "K squared" or second in a sequence.], as [image: Mathematical expression showing an interval notation with bracketed elements, \( K \) and \( \overline{K} \).], where [image: A mathematical expression showing the letter "K" with a horizontal line above it, denoting vector notation or similar mathematical significance.] and [image: Mathematical notation showing the letter "K" with an overline, often used to represent the average or mean value of a set of variables or constants.] respectively represent the lower and upper bounds of the capital for the second period. Here, [image: Please upload the image or provide a URL so I can generate the alternate text for you.] could be set to [image: Mathematical expression showing the letter "K" with a subscript "1".], and [image: A mathematical notation showing the letter "K" with a bar over it, typically indicating the mean value or an average in statistics.] to the capital steady-state value solved by `fsolve`. Using the idea of binary search, assume [image: Mathematical equation showing \( K_2 = \frac{(K + \overline{K})}{2} \), where K and \(\overline{K}\) are variables.], and based on [image: The text "K" with a subscript "1" in a mathematical format.], [image: K subscript 2 written in a serif font, representing a mathematical or scientific notation.], and Equations 1–610111415, calculate [image: Please upload the image or provide a URL so I can generate the alternate text for it.], [image: It seems like the input contains a mathematical expression or notation, likely representing "L sub one" written in LaTeX format. If you have an image you'd like described, please upload it or provide a link.], [image: A mathematical expression showing \( l_1 \) in a stylized italic font.], [image: Lowercase letter "h" with subscript "1" in a mathematical or scientific context.], [image: Mathematical notation showing the letter "Y" with a subscripted "1" and an overlined bar, indicating the sample mean of a set of data values.], [image: Please upload the image or provide a URL for me to generate the alternate text.], [image: Mathematical expression showing the vector \( \vec{r}_1 \) with a subscript "1".], [image: Italic capital letter W with a subscript numeral one.], [image: The mathematical notation shows "K" with a subscript of "E, 1".], [image: Mathematical expression showing "K" with a subscript notation, where "F" and "l" are the subscript elements.], [image: `L_{E,1}` represents a mathematical expression, where "L" is a variable or function subscripted by "E" and "1".] and [image: Mathematical expression depicting \( L_{F,1} \), indicating a subscript and possibly related to a specific context or formula in mathematics or physics.]. Calculate [image: The image shows the chemical symbol for hydrogen gas, consisting of the letter "H" followed by a subscript "2", representing a molecule with two hydrogen atoms.] based on [image: Mathematical notation depicting the symbol "H" with a subscript "1."], [image: The image shows the mathematical symbol "h" with a subscript "1".], and Equation 12. Calculate [image: It seems there might be an issue with your request. Please upload the image you'd like me to generate alt text for. If you have any context or specific details you'd like included, feel free to mention them.], [image: Please upload the image you want the alt text for, and I'll help generate the description for you.], [image: Please upload the image or provide a URL, and I will generate the alternate text for it.], [image: A mathematical expression featuring the letter "h" followed by a subscript "2".], [image: Stylized representation of the letter "Y" with a subscript "2".], [image: The image shows the chemical formula C subscript 2.], [image: Please upload the image or provide a URL, and I will help you generate the alternate text for it.], [image: The image shows a mathematical expression with the uppercase letter "W" followed by a subscript "2".], [image: The expression displays the letter "K" followed by the subscript "E, 2".], [image: Equation displaying the variable \( K_{F,2} \) in italicized font.], [image: Mathematical notation displaying "L" with a subscript of "E,2".] and [image: Formula displaying \( L_{F,2} \), with "L" and subscript "F,2".] using Equations 1–69–111415. Then, calculate [image: Capital letter K with a subscript 3 in a small font, possibly indicating a mathematical or scientific context.] and [image: Could you please upload the image or provide a URL so I can assist you in generating alt text? You can also add a caption for additional context if needed.] using Equations 8, 12. Repeat these steps until reaching period [image: It seems there was an error with the image upload. Please try uploading the image again, and I will assist you with creating the alt text.].

Assume [image: \( K_2^* \) is a mathematical notation indicating the variable \( K \) raised to the second power with an asterisk, suggesting a specific condition or modification related to \( K^2 \).] represents the true value of the physical capital in the second period. If [image: \(K_2 > K_2^*\)], this would lead to excessive capital accumulation on the saddle path, resulting in [image: Mathematical notation representing "C sub t is less than zero".]. In this case, adjust [image: Symbol of an uppercase letter "K" with a bar above it, commonly used in mathematics to denote the mean or average value of a set.] by setting [image: The equation shows \( \overline{K} = K_2 \).]. Conversely, if [image: K subscript 2 is less than K subscript 2 with an asterisk.], this would lead to excessive consumption on the saddle path, causing insufficient accumulation of physical capital, i.e., [image: Mathematical expression showing "K sub t is less than zero," indicating that the variable \( K_t \) is negative.]. Therefore, adjust [image: Graphic of the letter "K" with a line underneath it, often used in mathematical notation to indicate a vector or matrix.] by setting [image: Mathematical equation displaying \( K = K_2 \).]. Repeat the calculation of the saddle path until [image: The equation shows the absolute value of the difference between \( \overline{K} \) and \( K \) is less than or equal to \( 10^{-12} \).] converges. The calculation stops when convergence is achieved, resulting in the equilibrium solutions for each period along the saddle path.

Finally, compare the steady-state values converged upon by the Shooting algorithm with the steady-state values solved by the `fsolve` function. This comparison determines the effectiveness of the Shooting algorithm in achieving steady-state convergence.



3.3 Analysis of the external effects of dynamic basic medical insurance compensation

Accumulated health capital is considered a public good for businesses, making it difficult to incorporate it into the cost of production. Individuals’ investment in health is limited by budget constraints, leading to insufficient health investments. Therefore, by establishing a basic medical insurance compensation system to promote medical product consumption, which in turn encourages the accumulation of health capital and improves social welfare, the government demonstrates the positive externality of basic medical insurance compensation.


3.3.1 The setting of three types of basic medical insurance compensation rates

In the real economy, health capital accumulates along the saddle path as economic development progresses, and the economy remains on the growth path when the government establishes a medical insurance system. Therefore, considering the medical insurance compensation rate solved at the theoretical model’s steady state as the globally optimal rate may lead to a problem of too low a compensation rate on the saddle path. Particularly in the early stages of economic development, when there is insufficient accumulation of health capital, merely implementing the steady-state basic medical insurance compensation rate cannot rapidly accumulate health capital. This may cause consumption to reach its steady state level sooner, resulting in certain welfare losses, hence referred to as the steady-state medical insurance compensation rate. Without establishing a medical insurance system, i.e., no medical insurance compensation, not only would the accumulation rate of health capital be too slow, but the health capital would also end up at a lower level. Consequently, consumption, output, and other economic indicators would also be lower, hence referred to as the no medical insurance compensation rate.

Hence, we posit that the basic medical insurance compensation rate should decrease dynamically over time. Given the non-linear nature of a saddle-path growth trajectory, we argue that the decrease in the basic medical insurance compensation rate should also be non-linear. Drawing on Fan et al. (30), who used a single-variable quadratic function to depict a dynamic environmental tax and considering the typical “rise-then-fall” property of a quadratic function, we employ only the declining segment of such a curve. This is why we choose a one-dimensional quadratic function.

Based on the above analysis, considering the differences in the implementation strength of the basic medical insurance system, this paper sets three types of basic medical insurance compensation rates: no basic medical compensation rate, steady-state basic medical compensation rate, and moderate basic medical compensation rate. Here, no medical compensation means the medical insurance expense compensation rate is 0; the steady-state compensation rate is the optimal compensation rate obtained through steady-state equilibrium solution; the moderate medical compensation rate is higher than the steady-state medical insurance compensation rate3. To promote the rapid accumulation of health capital, this paper sets the basic medical insurance compensation rate to be progressively decreasing, that is, a moderate medical insurance compensation rate, which is clearly also a dynamic medical insurance compensation rate. Figure 1 displays the changes in medical compensation rates over time, namely the curve of changes in the steady-state medical compensation rate and the moderate medical insurance compensation rate.

[image: Line graph illustrating basic medical insurance compensation rates over time. The dynamic rate starts at 0.65, decreases sharply to 0.4 by time 50, and then stabilizes. The steady-state rate is constant at 0.4 throughout.]

FIGURE 1
 Changes in basic medical insurance compensation rates at different times.




3.3.2 From the perspective of dynamic medical insurance compensation based on changes in consumption, out-of-pocket medical expenses, and disposable income

This paper presents in Figure 2 the trend of changes in equilibrium non-medical consumption along the saddle path under three different medical insurance compensation rates. Consumption, a key variable in the utility function, serves as an indicator of welfare levels. From a steady-state perspective, regardless of the presence of a basic medical insurance compensation rate, it takes approximately 120 years to reach the steady-state level of non-medical consumption. Comparatively, the presence of a basic medical insurance compensation rate achieves a higher level of non-medical consumption, indicating that the basic medical insurance policy plays a significant role. The medical insurance system can promote the consumption of medical goods, thereby rapidly accumulating health capital, improving health conditions, enhancing production efficiency, and achieving higher welfare levels.

[image: Line graph showing out-of-pocket medical expenses versus time for three compensation rates: no compensation (dotted line), steady compensation (dashed line), and dynamic compensation (solid line). All lines start at zero and increase over time, with dynamic compensation reaching the highest level, followed by steady, and then no compensation. The time axis ranges from 0 to 120, while expenses range from 0 to 0.35.]

FIGURE 2
 Level of non-medical consumption.


When two basic medical insurance compensation policies achieve the same steady-state level of non-medical consumption, the non-medical consumption under a dynamic basic medical insurance compensation rate reaches its steady state about 30 years earlier than that under a steady-state basic medical insurance compensation rate. This is because the differences in the basic medical insurance compensation rates on the saddle path only affect the trajectory on the saddle path. This indicates that, with other influencing factors remaining constant, the difference in basic medical insurance compensation rates along the economic growth path does not affect the steady-state level of non-medical consumption. Therefore, welfare analysis based on the level of non-medical consumption along the economic growth path demonstrates that a dynamic basic medical insurance compensation rate is optimal.

To further delve into the externalities of dynamic basic medical insurance compensation rates, Figures 3–5 present the differences in equilibrium medical goods consumption, out-of-pocket medical expenses, and disposable income levels under three types of basic medical insurance compensation rates. Figures 3–5 demonstrate that without a medical insurance system, medical consumption struggles to drive health capital accumulation to a higher level, thereby failing to bring about higher levels of disposable income. Clearly, this lower demand for medical products is insufficient. With a basic medical insurance compensation system in place, both the consumption of medical products and out-of-pocket medical expenses are at a higher level when in steady state, as indicated by Figure 1 and Equation 11. This suggests that higher non-medical consumption matches greater medical consumption capacity, where medical consumption can improve health status and thus achieve higher levels of disposable income. At this point, after establishing a basic medical insurance system, the basic medical insurance plays a leveraging role, promoting an overall increase in the society’s consumption level.

[image: Line graph illustrating disposable income over time, measured from zero to one hundred twenty. The graph compares three compensation rates: no compensation (dotted line), steady compensation (dashed line), and dynamic compensation (solid line). All lines show income increasing from 1.5 to above 4.0, with dynamic compensation reaching the highest level, followed by steady and then no compensation.]

FIGURE 3
 Level of medical consumption.


[image: Line graph depicting accumulation levels of health capital over time with three trends: "No Compensation Rate" with a flat, lowest line; "Steady Compensation Rate" showing moderate growth; "Dynamic Compensation Rate" displaying steep growth, leveling off after time 50.]

FIGURE 4
 Out-of-pocket medical expenses.


[image: Line graph depicting output level over time, comparing three compensation rates: no compensation (dotted), steady compensation (dashed), and dynamic compensation (solid). Output increases over time, with dynamic compensation reaching the highest level, followed by steady and no compensation.]

FIGURE 5
 Disposable income.


Although a steady-state basic medical insurance compensation rate can also promote medical consumption, comparatively, a dynamic basic medical insurance compensation rate results in a higher level of medical product consumption throughout the entire economic growth path. Clearly, in the early stages of economic development, a higher basic medical insurance compensation rate significantly promotes the consumption of medical goods. Moreover, due to the sufficient compensation strength of medical insurance in the early stages of economic development, the out-of-pocket medical expenses for households are relatively low during this phase. This is beneficial for alleviating the problem of households being unable to afford higher medical expenses due to lower disposable income at this stage. Therefore, a dynamic basic medical insurance compensation rate, by promoting the consumption of medical goods, drives economic growth and achieves a win-win result of increasing medical product demand and continuously improving the level of non-medical consumption.




3.4 Accumulation path of health capital, labor time supply, and economic growth under a dynamic medical insurance compensation system

Building on the analysis of external effects under the influence of a dynamic basic medical insurance compensation system, this paper will further analyze the role of dynamic medical insurance compensation rates in health capital accumulation, long-term labor supply, and economic growth along the saddle path.


3.4.1 The relationship between health capital accumulation and economic growth under a dynamic basic medical insurance compensation system

In Figures 6, 7, this paper illustrates the saddle path of health capital accumulation and the equilibrium output level under three basic medical insurance compensation rates. Clearly, both health capital and equilibrium output levels are at a lower level under a scenario without medical insurance compensation. Combined with Figure 1 and Equation 11, the lower equilibrium output level decreases the level of non-medical consumption as well as medical product consumption, and inhibits the accumulation of health capital. At the same time, the lower accumulation of health capital also results in lower production efficiency for businesses, leading to lower equilibrium output levels. The level of health capital and equilibrium output level mutually influence each other.

[image: Line graph showing non-medical consumption over time with three curves: "No Compensation Rate" (dashed), "Steady Compensation Rate" (dotted), and "Dynamic Compensation Rate" (solid). All curves start below one and plateau above two between 0 and 120 units of time.]

FIGURE 6
 Health capital accumulation level.


[image: Line graph showing medical consumption over time. Three curves represent different compensation rates: no compensation (dotted line), steady compensation (dashed line), and dynamic compensation (solid line). The dynamic compensation line peaks around time 30 before declining. The steady compensation and no compensation lines gradually increase, with no compensation remaining the lowest throughout.]

FIGURE 7
 Output level.


In contrast, under both the steady-state and dynamic basic medical insurance compensation rates, there are higher levels of health capital and equilibrium output. However, as observed from Figures 6, 7, under a dynamic basic medical insurance compensation rate on the saddle path, a higher compensation rate can more rapidly increase medical consumption, thereby accelerating the process of health capital accumulation. The rapid accumulation of health capital further promotes the equilibrium output to reach its steady-state level sooner. Therefore, along the entire saddle path, a dynamic basic medical insurance compensation rate can achieve higher levels of health capital and equilibrium output.



3.4.2 The relationship between labor time supply and economic growth under a dynamic basic medical insurance compensation system

Figures 8, 9 depict the changes in the saddle path for the total labor time supply and equilibrium wage levels under three types of basic medical insurance compensation rates. Compared to steady-state and dynamic basic medical insurance compensation rates, the equilibrium wage level under no basic medical insurance compensation rate is lower. This is because, in the two sectors where labor is fully mobile, the level of medical product consumption is lower without basic medical insurance compensation. Combined with Figure 6, the production efficiency in the final goods sector is relatively lower, and both sectors together result in lower wage levels. Consequently, the lower wage levels lead to a lower supply of labor time.

[image: Line graph illustrating the total labor supply over time with three different conditions: no compensation rate, steady compensation rate, and dynamic compensation rate. The y-axis represents total labor supply, ranging from 0.82 to 0.87, and the x-axis represents time, ranging from 0 to 120. The graph shows a decreasing trend for all three lines, with the no compensation rate decreasing the most rapidly and the dynamic compensation rate the least.]

FIGURE 8
 Total labor supply.


[image: Line graph showing wage level over time with three compensation rates: no compensation, steady compensation, and dynamic compensation. Initially, all curves rise steeply, then plateau. Dynamic compensation levels off the highest, followed by steady, then no compensation.]

FIGURE 9
 Wage levels.


Under a dynamic basic medical insurance compensation rate along the saddle path, higher wage levels are achieved, along with a greater supply of labor. Compared to the steady-state basic medical insurance compensation rate, the dynamic compensation rate on the saddle path is higher, leading to higher levels of medical consumption and a more rapid process of health capital accumulation. This, in turn, increases the demand for labor in the medical production sector and allows wages to reach higher levels more quickly. The steady-state basic medical insurance compensation rate, on the other hand, appears to have an issue of insufficient compensation on the saddle path, making it difficult for wage levels to grow rapidly. Therefore, a dynamic basic medical insurance compensation rate not only encourages households to provide more labor supply but also enables households to receive higher labor remuneration. Clearly, this brings about an “income enhancement effect” on the improvement of residents’ health status (23).



3.4.3 Under the dynamic basic medical insurance compensation system: changes in labor time supply among different sectors

Figures 10, 11 illustrate the changes in labor supply among different sectors under three basic medical insurance compensation rates. Compared to the scenario without a basic medical insurance compensation rate, both the steady-state and dynamic compensation rates encourage labor to flow toward the healthcare sector. This shift is attributed to the rapid increase in medical consumption when a basic medical insurance compensation rate is in place. Businesses, aiming to maximize profits, have a higher demand for physical capital and labor, thereby encouraging labor to move toward the production of medical goods. Particularly under a dynamic basic medical insurance compensation rate, the labor supply shifts more swiftly toward the healthcare sector, leading to an increased production of medical products.

[image: Line graph showing labor supply in the healthcare sector over time with three curves: dotted for no compensation rate, dashed for steady compensation rate, and solid for dynamic compensation rate. The solid line peaks early, the dashed line stabilizes higher, and the dotted line remains the lowest.]

FIGURE 10
 Labor supply in the healthcare sector.


[image: Line graph showing labor supply in the final goods sector over time with three curves: "No Compensation Rate" (dashed line), "Steady Compensation Rate" (dotted line), and "Dynamic Compensation Rate" (solid line). Vertical axis ranges from 0.75 to 0.81; horizontal axis covers 0 to 120.]

FIGURE 11
 Labor supply in the final goods sector.






4 Discussion

This paper employs a neoclassical general equilibrium model to examine the impact of basic medical insurance compensation on health capital accumulation and economic growth. Under the objective of utility maximization, parameters related to the utility function play a crucial role in shaping the overall structure of the model. In particular, the estimation of certain parameters involves subjective factors tied to individual perceptions. Therefore, this section focuses on the sensitivity analysis of three parameters associated with the utility function—namely, the elasticity of substitution for leisure, the elasticity of substitution for medical goods demand, and the annual utility discount rate. Moreover, since the paper primarily concerns the dynamic paths of health capital accumulation and economic growth, we limit our discussion to how health capital and final goods output evolve over time under different parameter settings.

Regarding the elasticity of substitution for leisure, we consider three values: 0.10, 0.15, and 0.20. The results are presented in Figure 12 (the left panel depicts changes in health capital, and the right panel depicts changes in output). As shown in Figure 12, when the elasticity of substitution for leisure increases, leisure occupies a higher proportion in the household’s overall utility. Consequently, households spend more time on leisure and significantly reduce their labor input. This reduction in labor leads to pronounced decreases in both the health capital stock and output in the final goods sector.

[image: Two graphs display the relationship between time and two variables: health capital accumulation and output level, each for values of chi equal to 0.10, 0.15, and 0.20. The left graph shows health capital accumulation over time, with growth increasing more steeply for lower chi values. The right graph depicts output level, showing similar trends, with higher outputs for lower chi values. Both graphs have time on the x-axis, ranging from 0 to 120.]

FIGURE 12
 Health capital and output levels under different elasticities of substitution for leisure.


With respect to the elasticity of substitution for medical goods demand, we select three values: 0.15, 0.20, and 0.25. The results are displayed in Figure 13. As the elasticity of substitution for medical goods demand rises, the utility share of medical goods consumption increases, indicating that households place greater value on medical services and therefore consume more medical products to improve their health. From the perspective of the overall economy, industrial structure gradually shifts, directing more capital and labor toward the medical goods sector. Consequently, as the health capital stock grows, the total factor productivity of the final goods sector also improves, contributing to a more robust economy. As illustrated in Figure 13, households become more inclined to invest in health, accumulate health capital, and boost output levels.

[image: Two line graphs compare the effects of three different omega (\( \omega \)) values: 0.15, 0.20, and 0.25 over time. The left graph shows the accumulation level of health capital, with higher omega values resulting in greater accumulation over time. The right graph shows output levels, which also increase as omega values rise. Both graphs have time on the x-axis, ranging from 0 to 120, and the y-axis representing the respective levels.]

FIGURE 13
 Health capital and output levels under different elasticities of substitution for medical goods.


Lastly, for the annual utility discount rate, we choose three values—0.970, 0.975, and 0.980—and present the results in Figure 14. A higher annual utility discount rate raises the present value of future utility, indicating that households place greater emphasis on future consumption. Thus, as shown in Figure 14, households continuously accumulate health capital, thereby enhancing output over time.

[image: Two line graphs depict the relationship between time and two variables for different beta values. The left graph shows the accumulation level of health capital over time, with lines for beta values of 0.970, 0.975, and 0.980, all gradually increasing. The right graph shows the output level over time, with similar beta lines, starting lower but rising more steeply and then leveling off. Both graphs have time on the x-axis, with distinct curves for each beta value.]

FIGURE 14
 Health capital and output levels under different utility discount rates.


In our model, we assume that medical products are consumed exclusively by households. First, because medical products are used solely for household medical consumption, the output of the medical sector is closely tied to the accumulation of health capital. This implies that as long as households value their personal health, not only does the medical sector expand, but the final goods sector’s output also rises. Second, the exclusive focus on household medical consumption means that medical products unrelated to non-medical household consumption are excluded, limiting a fully accurate depiction of the broader economic system. In particular, within a general equilibrium framework, the more sectors there are, the more challenging it becomes to thoroughly capture inter-sectoral linkages. Nevertheless, this simplification allows the analysis to concentrate on how medical consumption influences health capital accumulation. Third, under this assumption, while the model remains interpretable for settings involving multiple industries or sectors—or even scenarios with macro shocks—its applicability in those contexts is somewhat constrained. A more complex and comprehensive model would be needed to offer a fuller representation of the economic system in such scenarios.

In addition, by adopting the decreasing portion of an inverted-U shaped quadratic function to govern changes in the basic medical insurance compensation rate, policymakers aim to set a relatively high rate in the early stages of economic development, thereby accelerating health capital accumulation, alleviating households’ medical burden, and stimulating healthcare consumption. As the economy converges toward its steady state, the compensation rate is gradually reduced. On one hand, this helps curtail resource waste due to excessive medical treatment and prevents the crowding out of non-medical consumption. On the other hand, it incentivizes labor to transition from the healthcare sector to other productive sectors, thereby optimizing resource allocation.

From a theoretical standpoint, this design dynamically aligns a country’s stage of economic development with its health investment needs, thus balancing short-term improvements in health outcomes with long-term economic growth. In practice, however, policymakers must take precautions against potential welfare disparities stemming from uneven regional development—for instance, underdeveloped areas might risk falling into a health-poverty trap if compensation rates decline too rapidly. Moreover, precise fiscal actuarial assessments, enhanced tiered healthcare delivery systems, and robust public outreach initiatives are essential. These measures mitigate barriers posed by vested interests (e.g., reliance on hospital income) and reduce public misinterpretation of “welfare cuts,” thereby ensuring a smoother implementation of the policy.

This paper inevitably has certain limitations. Compared with the real world, the model presented here is simplified, and thus it cannot fully depict all facets of a real-world economy. However, our primary objective is to analyze the impact of basic medical insurance compensation on health capital accumulation and economic growth; hence, our focus is on this particular phenomenon. At the same time, our study is largely theoretical and does not include empirical testing. In future work, we will employ real-world data to further validate our theoretical findings. Additionally, while our analysis is grounded in the context of China’s economy, it provides insights that could be adapted—with caution—to other countries. Directly applying our methods or conclusions elsewhere would require adjustments reflecting the unique characteristics of each country.



5 Conclusion

This paper integrates health capital and economic growth into the neoclassical model endogenously, considering the positive externalities of health capital on production efficiency. Utilizing the Shooting algorithm, it calculates the equilibrium numerical solutions for various macroeconomic variables along the saddle path from initial levels of physical and health capital to the steady state. It analyzes the interaction between health capital and economic growth under a dynamic basic medical insurance compensation rate. The main conclusion is that a progressively decreasing basic medical insurance compensation rate facilitates the rapid accumulation of health capital, thereby propelling economic growth. Through the leverage of insurance, the dynamic basic medical insurance compensation rate not only improves health levels and promotes economic growth but also maximizes the external economic effects of health capital accumulation and the welfare level along the entire saddle path. Furthermore, under the influence of basic medical insurance compensation, there is an increase in labor supply throughout the saddle path, with a more significant portion of labor supply time flowing toward the healthcare sector.

In contrast, under the absence of a basic medical insurance compensation policy, since health capital is not incorporated into the optimization decisions, economic growth struggles to effectively promote medical consumption, and the positive externalities of health capital cannot be maximized to enhance production efficiency and improve the level of social welfare. A steady-state basic medical insurance compensation rate still fails to effectively and swiftly facilitate the accumulation of health capital along the saddle path, resulting in the welfare on the economic growth path remaining at a lower level continuously.

As the role of health capital in promoting economic growth strengthens, spontaneous medical consumption lacks effectiveness in accumulating health capital. Reliance solely on a steady-state, unchanging basic medical insurance compensation mechanism falls short of meeting the people’s needs for improved health levels and economic growth. It is imperative for the government to set a basic medical insurance compensation rate higher than the steady state in the early stages of economic development to match the needs of economic progress. As the economy continues to develop, appropriately reducing the basic medical insurance compensation rate can prevent the issue of excessive medical consumption leading to a decrease in non-medical consumption levels, achieving scientific development and continuous improvement in social welfare.

In fact, the effective implementation of a dynamic basic medical insurance (BMI) compensation policy requires overcoming multiple practical challenges and adapting to the unique characteristics of China’s healthcare system.

First, from an administrative perspective, adjusting compensation rates dynamically involves cooperation among multiple government departments—health insurance, finance, and public health—potentially leading to policy fragmentation and discrepancies in local implementation. To address this issue, we recommend establishing a cross-departmental coordination mechanism at the central level, integrating the revision of insurance coverage, fiscal budget allocations, and healthcare service pricing powers to ensure consistency in policy objectives. At the same time, a differentiated regional compensation framework is needed: based on a nationally determined baseline compensation rate, provincial authorities could adjust the rate within a fixed interval (e.g., ±20%) according to local economic development and healthcare resource availability, using central fiscal transfers to bridge interregional welfare disparities. For instance, in underdeveloped central and western regions, one might extend the phase-down period for compensation rates and simultaneously strengthen investment in primary healthcare facilities to avoid exacerbating health inequities.

Second, mitigating fiscal sustainability risks requires establishing a dynamic actuarial model and diversified financing mechanisms. Drawing on demographic changes, shifts in disease profiles, and economic growth forecasts, policymakers could set a threshold for health insurance fund balances (e.g., triggering a compensation rate reduction if the surplus falls below 15%), and explore incorporating state-owned enterprise profits or earmarked tobacco taxes into the health insurance fund. Meanwhile, it is crucial to address resistance from vested interests. For example, to manage the potential decrease in revenue for public hospitals, implementing DRG (Diagnosis-Related Group) or DIP (Diagnosis-Intervention Packet) payment reforms can shift the focus from fee-for-service toward payment based on health outcomes. Similarly, to counter insufficient innovation incentives among pharmaceutical companies, tax breaks can encourage the development of higher value-added medications, reducing reliance on BMI compensation rates.

Third, on a technical level, policy implementation should be closely integrated with the existing healthcare system. On the one hand, linking dynamic compensation rates with the tiered healthcare delivery system is essential: higher compensation rates (e.g., 90%) may be offered to primary healthcare facilities, while gradually reducing rates for tertiary hospitals to a stable level (e.g., 70%), thereby promoting the decentralization of medical resources and optimizing the labor supply structure. On the other hand, leveraging digital technologies can enhance policy precision. For instance, building an intelligent health insurance monitoring platform that uses big data to identify excessive medical practices and dynamically adjust individual compensation rates can improve cost-effectiveness. Additionally, introducing personal health points accounts—tying preventive care behaviors (e.g., regular checkups, health management) to compensation entitlements—would foster public acceptance of gradually reduced compensation rates.

Finally, given China’s urban–rural dual structure and aging population, the policy design must incorporate adaptive innovations. Concerning urban–rural integration, a 3–5-year extension of the compensation rate adjustment period could be granted to participants in the New Rural Cooperative Medical System, relative to the Urban Resident Basic Medical Insurance scheme, while accelerating the unification of insurance coverage and reimbursement ratios across regions to narrow institutional welfare gaps. In addressing the challenges of an aging society, a “high-age exemption” mechanism could suspend compensation rate reductions for individuals over 70 years old, with long-term care insurance helping cover medical care costs. Furthermore, a “time bank” mutual-aid model could incentivize relatively younger, healthier seniors to participate in community health services in exchange for future BMI compensation rights, thereby facilitating intergenerational resource redistribution.
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Footnotes

1   The sector encompasses both Class A drugs (e.g., basic medications for chronic diseases, anti-infective drugs, and essential therapeutic drugs) and Class B drugs (e.g., targeted cancer therapies, advanced medications for chronic disease management, and immunotherapies). In China, medical products eligible for reimbursement are primarily therapeutic, and this paper focuses on the externalities of medical insurance compensation. Therefore, the model is primarily concerned with therapeutic medical products.

2   Finkelstein et al. (25) empirically validated that health status affects marginal utility and incorporated the demand for health goods into the utility function.

3   As noted above, we maintain that the basic medical insurance compensation rate should decrease non-linearly and be highest in the initial period. Accordingly, based on the characteristics of a single-variable quadratic function, we set [image: The equation "b equals zero" is shown.]. Empirically, China’s basic medical insurance compensation rate currently averages between 60 and 70%. Thus, we specify the initial compensation rate to be approximately 65%. Moreover, when basic medical insurance compensation is in place, the economy’s steady state is reached around year 55. From a utility-maximizing perspective, calculations indicate that the optimal steady-state compensation rate is roughly 41%. Therefore, we obtain [image: The mathematical expression shows \( a = -0.8033 \times 10^5 \).] and [image: Equation showing \( c = 0.648 \).].



References
	 1. Grossman, M. On the concept of health capital and the demand for health. J Polit Econ. (1972) 80:223–55. doi: 10.1086/259880
	 2. Ehrlic, I, and Lui, FT. Intergenerational trade, longevity, and economic growth. J Polit Econ. (1991) 99:1029–59. doi: 10.1086/261788
	 3. Bloom, DE, Canning, D, and Sevilla, J. The effect of health on economic growth: a production function approach. World Dev. (2004) 32:1–13. doi: 10.1016/j.worlddev.2003.07.002
	 4. Barro, RJ. Inflation and economic growth. Ann Econ Financ. (2013) 14:305–42.
	 5. Kelly, M. Health capital accumulation, health insurance, and aggregate outcomes: a neoclassical approach. J Macroecon. (2017) 52:1–22. doi: 10.1016/j.jmacro.2017.02.003
	 6. Atolia, M, Papageorgiou, C, and Turnovsky, SJ. Taxation and public health investment: policy choices and tradeoffs. Macroecon Dyn. (2021) 25:426–61. doi: 10.1017/S1365100519000245 
	 7. Halliday, TJ, He, H, Ning, L, and Zhang, H. Health investment over the life-cycle. Macroecon Dyn. (2019) 23:178–215. doi: 10.1017/S1365100516001152
	 8. Agénor, PR. Health and infrastructure in a model of endogenous growth. J Macroecon. (2008) 30:1407–22. doi: 10.1016/j.jmacro.2008.04.003 
	 9. Liu, K, Prommawin, B, and Schroyen, F. Health insurance, agricultural production and investments. J Health Econ. (2024) 97:102918. doi: 10.1016/j.jhealeco.2024.102918 
	 10. Liu, GG, Dow, WH, Fu, AZ, and Lance, P. Income productivity in China: on the role of health. J Health Econ. (2008) 27:27–44. doi: 10.1016/j.jhealeco.2007.05.001 
	 11. Bai, CE, and Wu, B. Health insurance and consumption: evidence from China's new cooperative medical scheme. J Comp Econ. (2014) 42:450–69. doi: 10.1016/j.jce.2013.07.005
	 12. Liu, K. Insuring against health shocks: health insurance and household choices. J Health Econ. (2016) 46:16–32. doi: 10.1016/j.jhealeco.2016.01.002 
	 13. Zhou, M, Zhao, S, and Zhao, Z. Gender differences in health insurance coverage in China. Int J Equity Health. (2021) 20:52–64. doi: 10.1186/s12939-021-01383-9 
	 14. Lu, JR, Leung, GM, Kwon, S, Tin, KYK, Van Doorslaer, E, and O’Donnell, O. Horizontal equity in health care utilization evidence from three high-income Asian economies. Soc Sci Med. (2007) 64:199–212. doi: 10.1016/j.socscimed.2006.08.033 
	 15. Boutin, D, Petifour, L, Allard, Y, Kountoubré, S, and Ridde, V. Comprehensive assessment of the impact of mandatory community-based health Insurance in Burkina Faso. Soc Sci Med. (2025) 371:117870. doi: 10.1016/j.socscimed.2025.117870 
	 16. Cook, AC, Sirmans, ET, and Stype, A. Medical cannabis laws lower individual market health insurance premiums. Int J Drug Policy. (2023) 119:104143. doi: 10.1016/j.drugpo.2023.104143 
	 17. Frankovic, I, and Kuhn, M. Health insurance, endogenous medical progress, health expenditure growth, and welfare. J Health Econ. (2023) 87:102717. doi: 10.1016/j.jhealeco.2022.102717 
	 18. Jung, J, and Tran, C. Social health insurance: a quantitative exploration. J Econ Dyn Control. (2022) 139:104374. doi: 10.1016/j.jedc.2022.104374 
	 19. van Doorslaer, E, Masseria, C, and Koolman, X. Inequalities in access to medical care by income in developed countries. Can Med Assoc J. (2006) 174:177–83. doi: 10.1503/cmaj.050584 
	 20. van Doorslaer, E, Wagstaff, A, van der Burg, H, Christiansen, T, and De Graeve, D. Equity in the delivery of health care in Europe and the US. J Health Econ. (2000) 19:553–83. doi: 10.1016/S0167-6296(00)00050-3 
	 21. Zhou, XH, and Yang, XJ. Medical insurance, vulnerability to poverty, and wealth inequality. Front Public Health. (2024) 12:1286549. doi: 10.3389/fpubh.2024.1286549 
	 22. Finkelstein, A, Hendren, N, and Shepard, M. Subsidizing health insurance for low-income adults: evidence from Massachusetts. Am Econ Rev. (2019) 109:1530–67. doi: 10.1257/aer.20171455 
	 23. Hamid, SA, Roberts, J, and Mosley, P. Can micro health insurance reduce poverty? Evidence from Bangladesh. J Risk Insur. (2011) 78:57–82. doi: 10.1111/j.1539-6975.2010.01402.x
	 24. Herrendorf, B, Rogerson, R, and Valentinyi, A. Two perspectives on preferences and structural transformation. Am Econ Rev. (2013) 103:2752–89. doi: 10.1257/aer.103.7.2752
	 25. Finkelstein, A, Luttmer, E, and Notowidigdo, MJ. What good is wealth without health? The effect of health on the marginal utility of consumption. J Eur Econ Assoc. (2013) 11:221–58. doi: 10.1111/j.1542-4774.2012.01101.x
	 26. Huang, K, and Huffman, GW. Unemployment and welfare implications of the current U.S. tax treatment of employer-provided medical insurance. Macroecon Dyn. (2014) 18:1547–80. doi: 10.1017/S1365100513000023
	 27. Fan, QQ, and Zhang, TB. A study of environmental regulations and pollution abatement mechanism on china's economic growth path. J World Econ. (2018) 41:171–92. doi: 10.19985/j.cnki.cassjwe.2018.08.009
	 28. Zhou, XH, and Fan, QQ. Mechanism of carbon intensity reduction and optimization Design of its Industrial Allocation. J World Econ. (2016) 39:168–92. doi: 10.19985/j.cnki.cassjwe.2016.07.009
	 29. Leukhina, OM, and Turnovsky, SJ. Population size effects in the structural development of England. Am Econ J Macroecon. (2016) 8:195–229. doi: 10.1257/mac.20140032 
	 30. Fan, QQ, Zhou, XH, and Zhang, TB. Externalities of dynamic environmental taxation, paths of accumulative pollution and long-term economic growth. Econ Res J. (2016) 51:116–28.


Copyright
 © 2025 Yuan and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 08 May 2025
doi: 10.3389/fpubh.2025.1429461








[image: image2]

The cost-effectiveness analysis of single-tablet efavirenz-based regimen among HIV-1 infected adults in China

Haijun Zhang1,2†, Yuhao Kong3†, Haotian Chen3, Sitong Luo3,4, Pengyang Fan3* and Zhihui Li3,4*


1Department of Health Policy and Management, School of Public Health, Peking University, Beijing, China

2Department of International Health, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, United States

3Vanke School of Public Health, Tsinghua University, Beijing, China

4Institute for Healthy China, Tsinghua University, Beijing, China

Edited by
 Sam Agatre Okuonzi, Ministry of Health, Uganda

Reviewed by
 Abdulmuminu Isah, University of Nigeria, Nsukka, Nigeria
 Jolem Mwanje, African Centre for Health Social and Economic Research, South Sudan

*Correspondence
 Pengyang Fan, pengyang.fan@viatris.com; Zhihui Li, zhihuili@mail.tsinghua.edu.cn 

†These authors have contributed equally to this work and share first authorship

Received 24 May 2024
 Accepted 17 April 2025
 Published 08 May 2025

Citation
 Zhang H, Kong Y, Chen H, Luo S, Fan P and Li Z (2025) The cost-effectiveness analysis of single-tablet efavirenz-based regimen among HIV-1 infected adults in China. Front. Public Health 13:1429461. doi: 10.3389/fpubh.2025.1429461
 




Introduction: In 2018, the Chinese Guidelines for Diagnosis and Treatment of HIV/AIDS recommended the adoption of the efavirenz 400 mg-based TLE (tenofovir disoproxil fumarate (TDF) + lamivudine (3TC) + efavirenz (EFV)) regimen as the primary first-line treatment for ART-naive HIV-1 infected adults in China. However, the cost-effectiveness of different TLE treatment strategies remains uncertain. This study aimed to evaluate the cost-effectiveness of various TLE treatment strategies for ART-naive HIV-1 infected adults in China.
Methods: A decision-tree Markov state transition model was employed to assess the cost-effectiveness of various TLE treatment strategies over a 10-year timeframe, from a societal perspective. Input parameters were obtained from published literature and publicly accessible information. Local data from the latest sources were used as input parameters whenever possible. The main outcome measure was the incremental costs per quality-adjusted life years (QALYs) gained. Sensitivity analyses were performed to investigate model uncertainties and determine break-even prices.
Results: Compared to the multiple-tablet regimen (MTR) consisting of efavirenz 400 mg-based TLE (TLE400) and efavirenz 600 mg-based TLE (TLE600), the single-tablet regimen (STR) of TLE400 exhibited a 10-year cost of 130733.8 CNY (compared to 122939.7 CNY and 126184.3 CNY, respectively) and an expected QALYs of 6.45 (compared to 6.27 QALYs and 6.32 QALYs, respectively) per HIV-1 patient in China. Consequently, the incremental cost-effectiveness ratios (ICERs) were 41021.6 CNY/QALY gained (equivalent to US$ 6071.2 per QALY gained) and 34996.2 CNY/QALY gained (equivalent to US$ 5179.4 per QALY gained) for TLE400 STR compared to TLE400 MTR and TLE600 MTR, respectively. The ICER for TLE400 MTR compared to TLE600 MTR was 54076.7 CNY/QALY gained (equivalent to US$ 8003.4 per QALY gained). Deterministic sensitivity analysis indicated that adherence rates to ART had the most significant influence on all three strategies. In probabilistic sensitivity analysis, TLE400 STR demonstrated a 71.4% probability of being highly cost-effective nationwide, based on the one-time national-level GDP per capita.
Conclusion: In the context of treating HIV-1 infected adults in China, the STR of TLE400 demonstrated cost-effectiveness when compared to both the MTR of TLE400 and the MTR of TLE600.
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Introduction

Human Immunodeficiency Virus/Acquired Immunodeficiency Syndrome (HIV/AIDS) is a chronic condition characterized by compromised immune function, resulting in a progressive decline in Cluster of Differentiation 4 (CD4) cell count and an increase in viral load. This leads to a gradual deterioration of the body’s ability to defend against infections (1). HIV/AIDS remains a significant global public health concern, attracting substantial attention from governments worldwide, including China (2). Since the identification of the first HIV case in China in 1985, the prevalence of HIV infection has steadily risen (3). According to the Chinese Center for Disease Control and Prevention (China CDC), as of the end of 2020, the number of individuals living with HIV in China reached 1.053 million, with a cumulative reported death toll of 351,000 (4). In 2021, HIV/AIDS-related deaths accounted for 19,623 cases, representing 88% of all infectious disease-related deaths (5).

In response to the escalating HIV burden, China has implemented various proactive strategies and interventions. One notable policy milestone is the National Free Antiretroviral Therapy Program (NFATRP) that commenced in 2003. This program offers cost-free diagnosis, counseling, treatment, and healthcare services to all individuals living with HIV. The NFATRP recommends the utilization of TLE therapy as the primary first-line antiretroviral therapy (ART) regimen, comprising tenofovir disoproxil fumarate (TDF), lamivudine (3TC), and efavirenz (EFV). However, prior studies have emphasized that the standard dosage of 600 mg EFV in the TLE regimen (TLE600) is associated with an increased occurrence of adverse effects, including abnormal liver function, dyslipidemia, depression, suicidal ideation, and reduced adherence rates (6–8).

Nonetheless, a pivotal study known as ENCORE1 has provided compelling evidence that an alternative regimen utilizing a lower dose of 400 mg EFV is non-inferior to the standard dose regimen of 600 mg EFV in treatment-naive patients, as demonstrated at both 48 and 96 weeks (9). Similarly, several noteworthy studies conducted in China have indicated that the 400 mg EFV regimen is associated with a reduced incidence of drug-related adverse events, decreased treatment discontinuation rates, and favorable safety profiles, including optimal virological and immunological efficacy, among adult patients (10–13). Based on these findings, the updated Chinese Guidelines for Diagnosis and Treatment of HIV/AIDS in 2021 have recommended the adoption of the 400 mg EFV-based TLE regimen (TLE400) as the primary first-line treatment for HIV-infected adults in China (14).

Based on evidence derived from previous trials, the TLE400 STR has been widely adopted in numerous developed countries (15–17). Comparative studies between the STR and conventional MTR have demonstrated superior adherence rates, reduced hospitalization, and increased patient satisfaction scores (18, 19). However, in the context of China, the TLE400 STR is not currently available, thereby creating a knowledge gap concerning its efficacy and safety within the Chinese population. Consequently, there is a need to assess whether this alternative regimen should be introduced to the Chinese population and to comprehensively understand its potential health economic implications. To address this gap and provide valuable insights into the potential trade-offs associated with the TLE400 STR, our study aimed to prospectively evaluate its cost-effectiveness for ART-naive HIV-1 infected adults in China.



Methods


Model design

To evaluate and compare the clinical and economic performance of different treatment regimens, we utilized a decision-tree Markov state transition model in our study. The model focused on assessing the TLE400 STR, TLE400 MTR, and TLE600 MTR as first-line treatments for ART-naive HIV-1 infected adults (aged ≥18 years) in China. The decision tree component of the model comprised three branches representing the three treatment regimens: TLE400 single-tablet, TLE400 multiple-tablet, and TLE600 multiple-tablet (Figure 1A). Each branch was further divided into two strategies: adherence to ART and no adherence to ART. These strategies led to specific nodes in the Markov model. Based on existing research, we developed a Markov model that incorporated CD4 cell levels and clinical events, encompassing five HIV-infected states categorized by CD4 cell counts and three clinical events (Figure 1B). We selected CD4 cell counts as the outcome measure primarily based on data availability and comparability. The model operated in monthly cycles over a 10-year period, simulating disease-related costs and health outcomes for HIV-1 patients aged 18 and above in China.
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FIGURE 1
 Markov decision tree for TLE400 single-tablet, TLE400 multiple-tablet, and TLE600 multiple-tablet regimen strategies. (A) Markov decision tree. (B) Markov diagram for HIV progression based on CD4 cell counts.


The analyses in our study were conducted from a societal perspective, which takes into account both direct and indirect costs and effects. To ensure comparability, all costs were discounted to 2022 Chinese Yuan (exchange rate: 1 CNY = US$ 0.148) and adjusted for inflation as necessary (20). Health outcomes were assessed in terms of quality-adjusted life years (QALYs) gained, with the incremental costs per QALY gained serving as the primary outcome measure. Both costs and effectiveness were discounted at a rate of 5%, following the recommendations outlined in the China guidelines for pharmacoeconomic evaluations (21). Since specific cost-effectiveness thresholds for drugs in China were unavailable, we adopted one-time the 2022 national level GDP per capita (85698.0 CNY, equivalent to US $12683.3) as the threshold to evaluate the cost-effectiveness of the three treatment strategies (22). The model utilized in our analysis was developed using TreeAge Pro 2022 (TreeAge Software, Inc., Williamstown, MA).



Model parameters and data sources


Clinical and epidemiological parameters

The clinical and epidemiological parameters utilized in our model were primarily obtained from large-scale randomized controlled trials, such as the ENCORE1 study, and domestic high-quality literature (9, 23). To ensure consistency and relevance, the trials and literature included subjects who met the following criteria: being over 18 years old, ART-naive, and non-pregnant. The initial CD4 count for individuals in the model was randomly determined using a gamma distribution, and an equation was developed to establish the upper limit of the CD4 count in the model. The baseline CD4 cell level for patients was assumed to be 352 cells/mm3 with a standard deviation of 209 cells/mm3, based on findings from a retrospective cohort study conducted in Henan province spanning over 14 years (24). The monthly increases in CD4 cell count in the model were derived from the ENCORE1 study, which involved patients receiving TLE400 and TLE600 regimens during different time intervals (0–48 weeks and 49–96 weeks) (9, 23). Following 96 weeks of the last ART treatment, based on a US observational study, it was assumed that patients would experience a decline in CD4 cell count (25, 26).

The monthly probabilities of treatment failure after initiation and the monthly decrease in CD4 cell count without treatment were obtained from relevant literature sources (27). Mortality rates for patients in different CD4 cell states were obtained from domestically published modeling research (28). The probabilities of severe adverse reactions for TLE400 and TLE600 were sourced from the ENCORE1 study (9, 23), while the rate of treatment interruption due to adverse reactions of EFV was derived from a systematic review study (29). Specific clinical and epidemiological parameters for each disease state during the model simulation can be found in Table 1.



TABLE 1 Model parameters and data sources.
[image: Table displaying clinical and epidemiological parameters with base case values, ranges, distributions, and sources. Parameters include CD4 cell counts after various treatment periods, virological failure probability, case fatality rate per CD4 cell count range, adverse event rates, adherence rates, drug and illness costs in CNY, utilities for different CD4 counts, and other parameters like natural mortality rate and discount rate. Data comes from various studies and expert consultations, with specific sources cited for each parameter.]



Adherence rates

Adherence rates are crucial for the successful implementation of antiretroviral therapy in HIV patients. In our study, the adherence rate for the TLE600 MTR was obtained from a randomized controlled trial conducted specifically with HIV patients in China (11). However, since the TLE400 STR is not currently available in the domestic market, empirical research on its adherence and direct comparative studies on adherence between the TLE400 STR and MTR are unavailable. To address this data gap, we assumed regarding adherence rates based on a study that compared adherence between single-tablet and multiple-tablet HIV regimens (30). The adherence rates utilized in our analysis were assigned to the TLE400 STR and MTR, respectively (as shown in Table 1).



Cost data

The cost data utilized in this study were obtained from multiple sources. The prices of the three TLE treatment strategies were mainly sourced from the Chinese government procurement network and expert consultations (31). Specifically, in 2022, the prices of three TLE treatment strategies were 2.63 CNY (TLE400 MTR), 2.80 CNY (TLE400 STR), and 3.07 CNY (TLE600 MTR), respectively. The drug price of the TLE400 STR was obtained through expert consultations, while the drug prices of the TLE400 MTR and TLE600 MTR were extracted from the Chinese government procurement network in 2022. The costs associated with HIV-infected states stratified by CD4 cell counts were derived from a large-scale field survey conducted by the China CDC in Henan Province in 2015 (32). The field survey encompassed various cost components, including direct medical costs and non-direct medical costs related to antiretroviral therapy. Direct medical costs included drug costs, pre-examination, CD4 cell testing, follow-up costs, outpatient costs, and hospitalization costs.

The non-direct medical costs considered in this study encompassed transportation costs, accompanying costs, nutrition costs, lost labor costs, and ART management costs. The cost of illness in 2015 was adjusted to 2022 using the Consumer Price Index (CPI) for the period from 2015 to 2022 to account for inflation. The cost of treating adverse reactions was obtained from a domestic literature focusing on the medical costs and economic evaluation of HIV patients in Shijiazhuang, Hebei province (33). This study provided detailed information on the treatment costs associated with adverse reactions in HIV patients receiving TLE strategies in China. To obtain national-level costs, all local costs were adjusted by applying the health expenditure as a weight. The total cost divided by CD4 cells is presented in Table 1.



Utilities

Due to the unavailability of utility weights specifically for the baseline population and utility scores for patients with HIV-1 infection in China, utility scores utilized in this study were obtained from published literature in other countries (34, 35). These utility scores were adapted to represent the health-related quality of life for individuals in different health states associated with HIV-1 infection. The specific parameters associated with the utility scores utilized in the model are presented in Table 1. These parameters were derived from relevant literature that assessed the health-related quality of life in HIV-1 patients. It is important to acknowledge that the utility scores may not directly apply to the Chinese population, as there may be cultural and contextual variations that can influence health-related quality of life. However, in the absence of country-specific data, these scores provide a reasonable estimation for the utility weights employed in the analysis. Table 1 shown detailed utility scores corresponding to each health state in the model.




Other parameters

Our study incorporates several additional parameters, including natural mortality rates, discount rates, and GDP per capita in 2022. These parameters are crucial for the analysis and were obtained from reliable sources. The natural mortality rates were derived from the China Health Statistics Yearbook 2021 (36). Discount rates, which are applied to both costs and effectiveness, were determined based on the China guidelines for pharmacoeconomic evaluations (21). The GDP per capita in 2022, denoted in CNY, was obtained from the China National Bureau of Statistics (22).



Sensitivity analyses

Deterministic sensitivity analyses (DSA) and probabilistic sensitivity analysis (PSA) were performed to test the robustness of the model results and to examine the uncertainty in the model. DSA was conducted to explore the sensitivity of the results to plausible variations in data inputs, where relevant parameters changed one at a time within the range of plausibility specified in Table 1. For parameters with unknown uncertainty range, the plausibility range was assumed to be 20% of the base value. The PSA was conducted using Monte Carlo simulation (N = 1,000 iterations) to assess the impact of changing multiple parameters simultaneously. The results of the DSA and PSA were summarized with tornado diagrams and cost-effectiveness acceptability curves, respectively. Scenario sensitivity analyses were conducted to estimate the break-even prices by varying the prices of TLE strategies.




Results


Base-case analysis

Our findings indicate that the TLE400 STR is associated with improved health outcomes, but higher costs compared to both the TLE600 and TLE400 MTR (see Table 2). Over a 10-year period, the average cost for a patient receiving the TLE400 STR was 130733.8 CNY, resulting in a total of 6.45 QALYs gained. In contrast, the costs and total QALYs for the TLE600 and TLE400 MTRs were lower, at 126184.3 CNY (with 6.32 QALYs gained) and 122939.7 CNY (with 6.27 QALYs gained), respectively.



TABLE 2 Cost-effectiveness analysis results for TLE400 single-tablet, TLE400 multiple-tablet, and TLE600 multiple-tablet regimens in China.
[image: Table comparing strategies with total cost in Chinese Yuan, QALYs, and ICER values. TLE600 multi-tablets: 126,184.3 CNY, 6.32 QALYs. TLE400 multi-tablets: 122,939.7 CNY, 6.27 QALYs. TLE400 single-tablet: 130,733.8 CNY, 6.45 QALYs. Differences are shown with respective ICER values.]

The incremental cost-effectiveness ratios (ICERs) for the TLE400 STR compared to the TLE600 MTR and the TLE400 MTR were 35313.6 CNY/QALY (equivalent to US$ 5226.4 per QALY gained) and 41706.1 CNY/QALY (equivalent to US$ 6172.5 per QALY gained), respectively. Both ICER values were below the threshold of one-time China’s GDP per capita (85698.0 CNY, equivalent to US$ 12683.3) in 2022, indicating that the TLE400 STR was considered cost-effective in comparison to the other two regimens. Moreover, when comparing the TLE400 MTR with the TLE600 MTR, the ICER for the TLE600 regimen versus the TLE400 regimen was 55893.5 CNY/QALY (equivalent to US$ 8272.2 per QALY gained), which was also below the one-time national-level GDP per capita threshold in 2022. Therefore, the TLE600 MTR was found to be more cost-effective when compared to the TLE400 MTR.



Sensitivity analyses

In the sensitivity analyses, we conducted various assessments to evaluate the robustness of the model results by examining key parameters. In the deterministic sensitivity analyses, the parameters that exhibited the most substantial impact on the results were adherence rates to ART, utilities, the price of TLE400 STR and costs (Figure 2). Alterations in these parameters resulted in variations in the ICERs of the treatment strategies. In the probabilistic sensitivity analysis, which involved Monte Carlo simulation with 1,000 iterations, the TLE400 STR demonstrated a 71.4% probability of being highly cost-effective at the national level when compared to the threshold of one-time GDP per capita in 2022 (Figure 3).
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FIGURE 2
 Tornado diagram of deterministic sensitivity analyses for the most influential model parameters on ICER (CNY/QALY gained). (A) TLE400 STR vs. TLE400 MTR. (B) TLE400 STR vs. TLE600 MTR. (C) TLE400 MTR vs. TLE600 MTR.


[image: Line graph depicting the probability of cost-effectiveness for different TLE tablet options as willingness-to-pay increases. TLE-400mg multiple tablets start high and decrease sharply, then stabilize. TLE-400mg single tablet rises quickly and levels off high. TLE-600mg multiple tablets peak low before stabilizing.]

FIGURE 3
 Cost-effectiveness acceptability curves of three TLE strategies.


In the price analysis scenario, we explored the impact of varying the prices of the TLE strategies on the ICER values. As the price of the TLE400 STR increased, the ICER values for both comparisons (TLE400 STR vs. TLE400 MTR and TLE400 STR vs. TLE600 MTR) also increased. The break-even prices, at which the ICER values were equal to the one-time national-level GDP per capita in 2022, were determined to be 9.4 CNY per pill for the comparison of TLE400 STR and TLE400 MTR, and 7.8 CNY per pill for the comparison of TLE400 STR and TLE600 MTR. The detailed results and visual representations of the scenario analysis were shown in Appendix Figures 1, 2.




Discussion

Our study provides valuable insights into the cost-effectiveness of the TLE400 STR compared to the TLE400 MTR and TLE600 MTR for the treatment of HIV-1 infected adults in China. This study is the first to comprehensively analyze all three types of TLE regimens and specifically focuses on the TLE400 STR in the Chinese context. Our findings indicate that the TLE400 STR is a cost-effective option compared with the two MTR strategies in China. The results of our sensitivity analysis also underscore the importance of adherence rates to ART in the economic evaluation model. PSA indicates that the TLE400 STR is likely to be a cost-effective option when considering the uncertainties associated with multiple parameters simultaneously. The TLE400 STR demonstrated higher adherence rates compared to the TLE400 MTR and TLE600 MTR. This can be attributed to the individual benefits of dose reduction, particularly in terms of reducing dose-related toxic effects associated with efavirenz (9, 23). Lower EFV doses have been shown to result in fewer central nervous system adverse events and treatment-related discontinuations, leading to improved self-reported adherence (13, 37). Moreover, the high daily pill burden of multiple-tablet regimens is known to decrease adherence to ART and increase the likelihood of discontinuation (18, 30, 38). In contrast, single-tablet regimens are associated with better adherence rates and non-inferior clinical outcomes. These factors contribute to the higher adherence rates and larger QALYs gained with the TLE400 STR in our study.

Considering the cost-effectiveness analysis, the TLE400 STR is deemed cost-effective despite its slightly higher costs compared to the other two regimens. The ICERs of the TLE400 STR remain below the recommended threshold of one-time China’s GDP per capita, indicating that the regimen offers good value for its cost. Therefore, the TLE400 STR is considered a more valuable treatment option for HIV-1 infected patients in China. Additionally, deterministic sensitivity analysis indicated that adherence rates to ART had the most significant influence on all three strategies. According to existing literature, the number of tablets in a regimen is an important factor affecting adherence rates to ART (18, 30).

Furthermore, our scenario analysis provides insights into the break-even prices for the TLE400 STR based on the recommended threshold of one-time GDP per capita (39). The analysis demonstrates that lowering the prices of TLE strategies, specifically through the reduction of EFV dose, can enhance the cost-effectiveness of the regimens. This has significant implications as it not only benefits patients in terms of improved health outcomes but also alleviates the financial burden on the government and society.

It is important to acknowledge that our analysis has a limited time horizon of 10 years, focusing on short-term outcomes, as long-term data specific to China are not readily available. Future research could address this limitation by investigating the long-term implications and cost-effectiveness of the TLE400 STR over an extended period. Such research would provide a more comprehensive understanding of the economic value of the TLE400 STR and its sustained impact on healthcare outcomes and costs.


Limitations

While our study provides valuable insights, it is important to acknowledge several limitations. Firstly, the lack of specific data in China required us to reference parameters from studies conducted in other countries and regions. This introduces potential differences in clinical parameters, case fatality rates, and utilities. For example, we acknowledged that using generic utility value sets from China might hold more weight than specific value sets from another country. However, sensitivity analyses conducted in our study indicated no significant impact on our results. Nevertheless, obtaining more representative data from Chinese HIV-infected patients would enhance the robustness of future studies. Secondly, our model did not consider stratification by biological factors, such as body weight. It has been observed that Chinese HIV-infected patients with lower body weight may experience higher efavirenz plasma concentration compared to those with higher body weight (12). Incorporating such stratification into the model would provide a more accurate assessment of the cost-effectiveness of the TLE400 STR for different patient populations. Future studies should aim to collect data specifically for patients with low body weight in China. Thirdly, our model did not account for the impact of treatments associated with first-line treatment failures. This simplification was made to mitigate excessive uncertainties and data limitations. However, it is important to acknowledge that the inclusion of such treatments may provide additional benefits and cost savings associated with the TLE400 STR. Future studies that incorporate comprehensive data on treatment failures would yield a more comprehensive evaluation of the regimen’s cost-effectiveness. Fourthly, we acknowledged that the use of CD4 count as the outcome measure had certain limitations, as many global bodies had since adopted viral load as the measure of clinical outcomes. Overall, while our study provides valuable insights into the cost-effectiveness of the TLE400 STR, it is essential to consider these limitations when interpreting the results. Future research should aim to address these limitations and provide more accurate estimations of the economic value of the TLE400 STR in the context of HIV-1 treatment in China.




Conclusion

In conclusion, our study demonstrates that the TLE400 STR is a cost-effective treatment strategy for HIV-1 infected adults in China. The TLE400 STR, compared to the TLE400 MTR and TLE600 MTR, offers improved health outcomes despite higher costs, making it economically favorable. The lower efavirenz dose (400 mg) in the STR shows potential advantages in terms of higher adherence rates and better health outcomes. Incorporating the TLE400 STR as the preferred first-line treatment in the National Free AIDS Antiretroviral Drug List, at an optimal price, would provide healthcare professionals and policymakers with an additional option to address the growing burden of HIV in China. However, it is crucial to acknowledge the limitations of our study, including the reliance on data from other countries and the need for more specific data on the Chinese population, particularly for patients with low body weight. Further research, including clinical trials and studies incorporating local data, is warranted to validate our findings and provide more precise estimations of the cost-effectiveness of the TLE400 STR. Overall, the inclusion of this regimen in the national HIV treatment guidelines has the potential to bring significant benefits to individuals living with HIV and the healthcare system in China.
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Introduction: The comprehensive connectivity brought about by globalization and the health of local populations exhibit a contradictory relationship, which has become increasingly complex, especially since the COVID-19 pandemic. This study aims to introduce a new perspective of economic complexity to explore the complex relationship between globalization and population health at the economic level.
Methods: Using an unbalanced panel dataset from 179 countries/regions between 1995 and 2021, this study investigates the mechanisms and contextual conditions linking globalization to population health from the perspective of economic complexity.
Results: Our results suggest that globalization is generally associated with improved health outcomes, whereas economic globalization, when viewed in a subdimensional manner, shows a negative correlation with population health. By framing economic complexity as a proxy variable for local production capacity or industrial structure, this study offers preliminary evidence on how globalization interacts with structural economic factors to shape health outcomes. Specifically, considering the economic structure as an influence channel, economic complexity plays a mechanistic role in the relationship between globalization and health, with higher complexity outlook levels potentially strengthening the positive association.
Discussion: These findings, while subject to the limitations of cross-country aggregated data, provide insights for policymakers to balance global integration with health system preparedness.
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1 Introduction

The process of globalization profoundly influences global health in ways that are beyond the control of any single country. Individual health is extensively affected by multiple globalization factors such as public health, international trade, and politics and diplomacy, making globalization inseparable from health. The United Nations Sustainable Development Goal 3 (SDG 3: Good Health and Well-being) aims to “ensure healthy lives and promote wellbeing for all at all ages.” To achieve this goal, the World Health Organization (WHO) has promoted the Global Action Plan for Healthy Lives and Well-being for All (SDG 3 GAP), which strengthens global health cooperation and policy advocacy to help countries address health issues in the process of globalization, accelerates the attainment of health-related targets under SDG 3, and has made good progress. Taking the under-five mortality rate as an example, the United Nations data shows that as of 2022, the global under-five mortality rate had dropped to 37 deaths per 1,000 live births, representing a decrease of 51% compared with that in 2000. Among 200 countries and regions worldwide, 146 countries have achieved or are on track to achieve SDG 3.2.1, which aims to reduce the under-five mortality rate to no more than 25 deaths per 1,000 live births (1). Although globalization has provided opportunities for global health cooperation and has made some progress in promoting the realization of SDG 3, it has also introduced new challenges, particularly by exacerbating the spread of infectious diseases and leading to epidemics or pandemics. WHO Global Health Assessment data show that prior to the outbreak of the COVID-19 pandemic, the global life expectancy at birth (LEB) had increased from 66.8 years in 2000 to 73.1 years in 2019, but during the short span of 2 years from 2020 to 2022 during the COVID-19 pandemic, global LEB decreased to 71.4 years,1 reversing nearly a decade of gains and increasing the number of people with stress and anxiety disorders (2), severely hindering the progress toward achieving SDG 3. Therefore, understanding how the globalization process can further sustainably improve population health levels through specific mechanisms remains an important topic in the field of global health.

The conclusions of the academic community on the relationship between globalization and health are similar to the complex realities, indicating that the impact of globalization on health presents complex and contradictory outcomes (3, 4). Globalization has accelerated the global flow of medical resources, such as global medical assistance, trade in medical supplies, the transfer of medical technology, and the dissemination of advanced treatment options (5, 6), a phenomenon particularly evident in developing countries such as those in sub-Saharan Africa (SSA) (7, 8). Although globalization has improved the availability of medical technology (3), global industrialization and global trade have also indirectly caused a variety of health issues, such as the impact of climate change on diet-related health (9), the impact of greenhouse gases and other environmental pollutants on health (10), the increase in the global burden of noncommunicable diseases due to unhealthy lifestyles (11), and the mental health problems caused by global public health events like COVID-19, which affect residents’ living standards (12). In quantitative studies of the relationship between globalization and health, researchers have extensively explored how globalization affects population health through channels such as international trade (13, 14), cross-border investment (15), labor transfer (immigration) (16), digital technology (17), and inequality (18). In general, the findings of the current studies on the impacts of globalization on health remain inconclusive. Therefore, it is necessary to focus on the comprehensive factors of how more complex economic, social, cultural, and institutional changes indirectly shape health outcomes.

Economic complexity theory provides a new perspective from which to explain the relationship between globalization and health (19, 20). Economic complexity refers to the degree of complexity in the economic production structure of a country or region, reflecting its set of endogenous capacities in terms of physical capital, human capital, organizational institutions, and organizational capabilities to produce and export complex products comprehensively (21, 22). Economic complexity also encompasses the key information about the ability of an economy to generate and distribute income (23). Globalization is an important driving force for enhancing economic complexity, as it promotes international trade and the formation of cross-border industrial chains and deepens the global industrial division of labor. The division of labor determines that developed economies produce a greater variety of more complex products, while underdeveloped economies tend to produce single-category, low-technology-complexity products (24). In addition, economic complexity employs dimensionality reduction techniques on trade data, as trade data are considered an outcome indicator jointly influenced by various market-related factors and are used to assess the production capacity of globally comparable countries or regions (25). By quantifying the economic structure, economic complexity theory not only is applied to the study of economic growth and the spatial distribution of economic activities (26–28) but also has been proven to be closely related to the national social welfare level and public health (19, 29). At present, economic complexity is receiving extensive attention in the field of sustainable development, with research topics covering ecological footprints (30, 31), carbon emissions (32–34), and the energy mix (35, 36). However, the public health consequences brought about by the environmental impacts of economic complexity remains relatively understudied.

In summary, the perspective of economic complexity not only provides a theoretical basis for understanding the complex interactions between globalization and health but also offers a measurement technique to predict a country’s current and future capacities for producing various complex products, namely, the economic complexity index (ECI) and the complexity outlook index (COI). These tools help us better grasp the key mechanisms for health improvement in the process of globalization and provide policymakers with effective tools to address the related challenges. To this end, this study employs a high-dimensional panel data econometric analysis method to investigate a dataset of 179 countries/regions during the period from 1995 to 2021 with a unified framework and empirically study the relationships among the globalization process, economic complexity, and population health. This study addresses primarily the following questions: (1) Has the process of globalization effectively improved population health levels in various countries? How do different dimensions of globalization (economic, social, and political) affect population health differently? (2) From the perspective of economic complexity, what is the association among globalization, economic complexity, and health? Will higher complexity outlook level enhance the role of globalization in further improving population health levels? Answering these questions will provide a basis for national decision-makers to scientifically implement an open and inclusive sustainable population health policy.

This study contributes to the current research on the relationship between the globalization process and population health by expanding the perspective of economic complexity. First, we reexamine the binary relationship between the globalization process and population health levels based on the latest datasets. Second, we assess ECI as a potential structural channel through which the globalization process improves population health, specifically considering the possible intrinsic link between the globalization process and economic complexity. This study attempts to further expand the scope of reach on the impact of economic complexity on sustainable development. Previous studies have focused mostly on the impacts of economic complexity on energy and ecology and paid less attention to the consequences of such impacts on population health. Finally, for the first time, we investigate the impact of different levels of national COIs on the relationship between the globalization process and domestic population health levels. Unlike previous studies on economic complexity, the present study preliminarily attempts to analyze the role of economic complexity in the relationship between globalization and health.

The remainder of the paper is structured as follows. Section 2 introduces the theoretical mechanisms and research hypotheses regarding the impact of globalization on health, Section 3 presents the research methods and data, Section 4 provides the empirical results, Section 5 integrates offering actionable policy implications grounded in the empirical findings while critically addressing the study’s limitations and proposing avenues for future research.



2 Theoretical basis and research hypotheses


2.1 Globalization process and population health

The WHO Glossary defines globalization on the basis of the following two interrelated elements: the opening of borders to increasingly fast flows of goods, services, finance, people and ideas across international borders; and the changes in institutional and policy regimes at the international and national levels that facilitate or promote such flows. This definition indicates that globalization is not only reflected in the close economic and trade exchanges among countries but also accompanied by global interaction at the social and political levels. Therefore, when studying the impact of globalization on population health, it is necessary to consider economic, social, and political dimensions comprehensively.


2.1.1 Economic globalization and health

Economic globalization has provided an important boost to the improvement in global health through market opening, technology diffusion, and capital flow. Especially in countries with well-established infrastructure and sufficient human capital, such as China, Vietnam, and the four East Asian tiger economies, economic globalization has significantly improved health indicators (37, 38). In addition, economic globalization has a positive impact on health indicators such as infant mortality and life expectancy in underdeveloped countries (39). However, economic globalization does not always lead to health improvements. In certain contexts, neoliberal economic policies often lead to capital inflows that exacerbate inequality and weaken the stability and equity of health systems (40, 41). Moreover, the pressure of global economic competition has limited the ability of many governments to formulate public policies, particularly reducing the amounts of financial investments of welfare states in public health (18). In Africa and Latin America, due to the asymmetry of global markets and the weak internal conditions of these countries, the health benefits of economic globalization have not been fully realized and have even exacerbated health deterioration in these regions due to global economic fluctuations (37).



2.1.2 Social globalization and health

Social globalization plays a significant positive role in promoting health improvement, but the challenges it brings about cannot be ignored. On the one hand, social globalization provides new opportunities for health improvement through information flow, cultural exchange, and global connectivity. With the increase in the level of development, social globalization has gradually become an important driving force for improving health. For example, the dissemination of health knowledge and the optimization of lifestyles have been facilitated by advances in global information technology (42). The importance of social globalization is particularly prominent in addressing global health issues. Taking the COVID-19 pandemic as an example, the extensive application of information technology not only facilitated international research collaboration but also promoted resource sharing, thereby strengthening global public health cooperation (43). On the other hand, social globalization has also brought about some undeniable negative effects. First, social globalization may exacerbate the spread of cross-border infectious diseases, increasing the difficulty of global public health governance (3). Second, global technological changes and labor market liberalization have, in some cases, widened social inequality, undermining the equity and accessibility of public health systems (44). In addition, the high degree of interconnectivity of social networks has had a complex impact on individual wellbeing. Although social networks provide a platform for information sharing and psychological support, they may also amplify the uncertainty of the economic environment and personal pessimism such as stress, anxiety, and depression caused by unemployment or economic panic (45, 46), posing potential threats to mental health.



2.1.3 Political globalization and health

The political dimension of globalization is reflected mainly in global governance and international cooperation, providing important guarantees for health improvement. Political globalization has elevated the priority of global health issues and promoted the coordinated efforts of the international community in areas such as health resource distribution, policy coordination, and disease prevention and control (47, 48). In countries with a higher degree of democratization, political globalization is also closely related to higher life expectancy (49, 50). Conversely, political globalization may have negative health impacts in certain circumstances. For example, Bergh and Nilsson (51) found that in countries dominated by authoritarian regimes, the impact of political globalization on health may be negative because asymmetries and additional conditions in global governance (such as patent laws and social clauses) restrict the development of health systems in developing countries, further exacerbating health inequalities (37, 41). In addition, Siiba et al. (10) examined the impact of economic sanctions on population health and health systems in Iran over the past two decades. Although the mortality indicators showed an upward trend during the sanction period, the study failed to provide strong evidence of a significant correlation between these trends and the sanctions imposed on Iran.

In summary, the impacts of globalization and its various dimensions on population health are complex. Although globalization has posed challenges in the public health field by causing a series of health inequality issues, it has provided a significant driving force for health improvements; since the acceleration of globalization in the late 20th century, human life expectancy has experienced a remarkable increase worldwide. Considering that the process of globalization is inevitable and that health inequalities are rooted in developmental gaps within countries and across the world, the transition from health inequality to health equality and establishment of a sound local medical and health system remains a gradual process (42). Therefore, we deduce the following hypothesis:

 H1: The globalization process is associated with improved population health levels.






2.2 Perspective of economic complexity

Economic complexity theory aims to understand the dynamic processes of national economic development and industrial upgrading from a systems and network perspective (52). Its core premise asserts that economic growth extends beyond capital or labor accumulation; instead, a country’s economic performance depends not only on the traditional factors of production (e.g., capital, labor, natural resources), but also on how productive capacities—defined as the ability to combine technical knowledge, production experience, managerial expertise, and institutional frameworks—are organized within the economic system (53). Critically, these capacities enable economies to upgrade toward producing increasingly complex technologies, thereby shaping heterogeneous economic structures. The resulting synergy between knowledge diffusion, production structure optimization, and social welfare enhancement (29) suggests that economic complexity may mediate the impact of globalization on population health. From the perspective of economic complexity, the impact of globalization on health is constrained by the complexity level of current production knowledge and influenced by the potential for future economic development. Specifically, globalization promotes the progress of economic complexity, but its actual effect on health improvement depends on the level of economic complexity in a country or region and is further influenced by expectations for the development of its economic complexity.


2.2.1 ECI as a mechanism factor

The level of ECI represents the complexity of the export products of a country or region and measures its ability to produce knowledge and apply knowledge in increasingly complex industries, reflecting an economy’s capacity to produce and export diverse and complex products (20, 23, 26). Vu (19) was the first to study how a country’s economic structure (reflected in the production and export of complex products) affects population health and demonstrated that countries producing and exporting complex (high-productivity) products enjoy better health outcomes than do those relying on less complex (low-productivity) goods, providing valuable insights into the relationships among globalization, economic structure, and health outcomes. Considering ECI as a measure of structural transformation, first, globalization enhances economic complexity by integrating economies into global value chains and promoting technological innovation and industrial diversification (54–56), thus encouraging countries to establish more advanced production capacities. Second, unlike traditional indicators such as GDP, which fail to account for production quality and diversity, ECI emphasizes the role of complex, high-value-added products in shaping economic performance and social welfare (20). For example, the transition from low-productivity sectors to high-productivity industries can promote the improvement in health status by creating employment opportunities and increasing income (57). In addition, complex economies are usually at the forefront of health-related technologies and products (58), which helps ensure local health levels. Therefore, we hypothesize the following:


H2: ECI playing a mechanism role in the positive relationship between globalization and population health.
 



2.2.2 COI as an interaction factor

Moreover, the perspective of economic complexity provides a method for assessing the potential of a country or region to expand into more complex production areas based on its existing capabilities, known as the complexity outlook (COI). Unlike ECI, which reflects current production knowledge, COI indicates future economic potential (59). First, COI is used to quantify a country’s connectivity and potential in the field of complex products (60). Considering that countries with higher COI values are usually better positioned to produce complex, high-value-added products and that medical manufacturing products often require specialized and complex technical knowledge (61), this potential is crucial for determining whether a country can sustain and expand the health benefits of globalization. Second, the interaction between globalization and health is influenced by a country’s ability to seize the opportunities provided by globalization, and COI can strengthen this capacity–expansion relationship. The reason for this is that countries with high COI values are better able to leverage the opportunities brought about by globalization to expand their economic complexity and create long-term resources and innovations to improve health than are those with low COI values. Moreover, some scholars have noted that high-COI economies are usually more capable of implementing adaptive and forward-looking policies (62), including public health policies addressing health inequalities or the spread of infectious diseases, than are low-COI economies. However, other scholars argue that future economic potential may exacerbate environmental challenges while driving growth (63), thereby negatively impacting local health. Given the inverted U-shaped relationship between COI and ECI (64), this negative impact is more likely to occur in countries with advanced production structures than in those without advanced production structures. Therefore, in the context of current globalization, COI may still be a positive interaction factor, strengthening the relationship between globalization and health. Therefore, we propose the following hypothesis:


H3: COI is expected to positively interact the relationship between the globalization process and population health levels.
 

In summary, we draw a research framework diagram as follows (Figure 1).

[image: Flowchart illustrating the relationships between globalization (KOFGI), economic complexity index (ECI), complexity outlook index (COI), and population health indicators: life expectancy at birth (LEB) and disability-adjusted life years (DALYs). Positive and negative influences are indicated for each pathway with symbols (+) and (-).]

FIGURE 1
 Research framework.






3 Methodology and data


3.1 Model settings

To test the research hypotheses and support further analysis, we used three “year-country” two-way stationary panel regression models to discuss the impact of the globalization process on population health from the global perspective of economic complexity—a baseline model, a mechanism model, and a contextual interaction model, which were used to test H1, H2, and H3, respectively—to reveal the direct and indirect impacts of globalization on population health.

	• Baseline model

First, we constructed a baseline regression model to test the direct impact of globalization on population health (H1). This model used panel fixed effects (FE) regression to eliminate the influence of time trends and unobservable characteristics of the sample, as shown in Equations 1, 2:

[image: Equation representing a model: LEB_sub(ct) equals alpha_0 plus alpha_1 times KOF_sub(ct) plus alpha_2 times Controls_sub(ct) plus nu_sub(t) plus mu_sub(c) plus epsilon_sub(ct). (Equation 1).]

[image: The equation represents a linear regression model, where ln(DALY_sct) is the dependent variable. The independent variables are α0 (constant), α1 multiplied by KOF_ct, α2 multiplied by Controls_ct, with ν_t and μ_c as time and country fixed effects, respectively, and ε_ct as the error term.]

where [image: The image contains the expression "LEB" with a subscript "ct".] and [image: Mathematical expression displaying "ln DALY subscript s c t".] are the logarithms of life expectancy at birth and disability adjusted life years for the country or area c in year t, respectively, which is used to characterize the health of the population; [image: The image shows the mathematical expression KOF with a subscript "ct." It is presented in italicized text.] is the level of globalization in country or area c in year t; [image: The text "Controls" is written in a serif font with a subscript "ct" next to it.] represents the control variables; [image: It seems there was an error with the image upload. Please try uploading the image again, or provide a URL or description of the image you need alt text for.] and [image: Lowercase letter "v" followed by the subscript "t".] represent country and time FE, respectively; and [image: Equation showing the Greek letter epsilon with subscript "ct".] is a potential random error term.

	• Mechanism model

Second, to consider the structural transformation mechanism of the ECI in the impact of globalization on population health (H2), we referred to the methods of Alesina and Zhuravskaya (65), Wang et al. (66) to establish the following mechanism model (Equations 3–5) based on Equations 1, 2:

[image: ECI sub c t equals alpha sub 0 plus alpha sub 1 times KOF sub c t plus alpha sub 2 times Controls sub c t plus nu sub t plus mu sub c plus epsilon sub c t. Equation 3.]

[image: Equation depicting a model: \(LEB_{ct} = \alpha_0 + \alpha_1 ECI_{ct} + \alpha_2 KOF_{ct} + \alpha_3 Controls_{ct} + \nu_t + \mu_c + \epsilon_{ct}\).]

[image: Equation representing a linear model: ln(DALY_sct) equals alpha_0 plus alpha_1 times ECI_ct plus alpha_2 times KOF_ct plus alpha_3 times Controls_ct plus nu_t plus mu_c plus epsilon_ct.]

where [image: Mathematical notation displaying "ECI" with a subscript "ct".] is a proxy variable for a country’s industrial structure level measured by economic complexity.

	• Interaction model

Finally, to consider the contextual situation where the future industrial complexity outlook of a country may affect the impact of globalization on population health (H3), we included an interaction term of a country’s COI and globalization level in Equations 1, 2 to obtain the following Equations 6, 7:

[image: The image is a mathematical equation labeled as Equation (6). It represents a model: \( LEB_{ct} = a_0 + a_1c.KOF_{ct} * c.COI_{ct} + a_2KOF_{ct} + a_3COI_{ct} + a_4Controls_{ct} + v_t + \mu_c + \epsilon_{ct} \).]

[image: Mathematical formula for a regression equation: LnDALYs_ct equals alpha_0 plus alpha_1c.KOF_ct times c.COI_ct plus alpha_2.KOF_ct plus alpha_3.COI_ct plus alpha_4.Controls_ct plus nu_t plus mu_c plus epsilon_ct; labeled as equation seven.]

where [image: "COI" in italic font with a subscript "ct".] represents a country’s complexity outlook level as the interaction variable. To avoid the effect of multicollinearity, we refer to Qiu et al. (67), which centers the core explanatory and interaction variables when generating the interaction terms.



3.2 Variable selection


3.2.1 Dependent variable: population health

Referring to the approach of Varbanova et al. (68), we used LEB and disability-adjusted life years (DALYs) to represent population health levels, respectively.

LEB is the average number of years that a person is expected to live under the current mortality conditions and is one of the most widely used indicators for measuring population health status (68). The data used in this study were sourced from the World Bank WDI database.

DALYs are a comprehensive health indicator used to estimate the gap between the population’s health status and the “ideal” health and survival levels. DALYs are a common tool used by economists, epidemiologists, and policy experts for population health assessment (69, 70). Unlike LEB, DALYs are a measure of loss, calculated by summing the years of life lost due to premature mortality (YLLs), which represents the years of life lost due to disease-related premature death, and the years lived with disability (YLDs), which represents the years of life lost due to disability caused by disease. Research data were sourced from the Global Burden of Disease (GBD) database of the Institute for Health Metrics and Evaluation (IHME). The DALYs were log-transformed to enhance model linearity by aligning relationships with predictors and improve scale comparability across variables through right-skew compression.



3.2.2 Independent variable: globalization

Following the approach in the mainstream literature (71, 72), we used the KOF globalization index (KOFGI) to measure the degree of globalization. The KOFGI encompasses various aspects of globalization in the following three dimensions: economic, social and political (73, 74). Research data were sourced from the KOF Swiss Economic Institute of the Federal Institute of Technology Zurich.



3.2.3 Economic complexity methodology

Mechanism variable: Economic Complexity Index (ECI). ECI measures a country’s current level of productive knowledge and its application in increasingly complex industries. Countries with high ECI values tend to be developed economies capable of competitively producing and exporting technologically advanced products, whereas countries with low ECI values typically produce and export products with low-level technological complexity (23, 52).

Interaction variable: Complexity Outlook Index (COI). COI uses the product space to capture the correlation between the existing capabilities of the economy, thereby facilitating easier (or more difficult) diversification in related complex production areas. A higher COI value indicates that the country has a large number of complex products nearby, whose required capabilities are similar to those present in its current production, making it more likely to produce more complex products and improve its economic complexity in the future. Conversely, a lower COI value suggests that there are fewer products near the country’s existing production capabilities, making it difficult to acquire new skills and enhance its economic complexity.

The methodological framework for measuring economic complexity is comprehensively described in The Atlas of Economic Complexity (59). Our analysis utilizes the Atlas dataset maintained by Harvard’s Growth Lab,2 which provides standardized metrics of economic complexity indices and related trade data. Developed by Harvard Kennedy School, this database extends the foundational work of Product Space Theory (59). It includes annual records from 1995 onward, covering 6,000+ products across 250 countries/territories, with derived indices such as the ECI and COI. Given the methodological rigor of the Atlas dataset—including its comprehensive coverage and algorithm standardization—we focus on empirical applications rather than replicating the theoretical and computational foundations.



3.2.4 Control variables

According to Huynen et al. (75), the factors influencing globalization and long-term health levels include economic development, trade, social interactions (such as migration and conflict), knowledge, and ecosystem goods and services. We used the GDP growth rate (annual percentage) to measure a country’s economic development (GDPgrows); the percentage of total imports and exports in GDP to measure a country’s trade level (Trade), with the economic freedom index as fixed trade costs (EFI); human capital costs (HumanCap), which are based on the number of years of education and returns to education, to measure the human capital stock; the population growth rate (annual percentage) to measure a country’s labor force development level (POP); and carbon dioxide emissions (kg/PPP US dollar-GDP) to measure a country’s ecological level (CO2). Except for the human capital stock data, which were sourced from Penn World Tables 10.01, all other data were sourced from the World Bank WDI database. Due to the excessive number of tables in the article and space considerations, we present the relevant descriptions of the variables in Table 1.



TABLE 1 Variable description and descriptive statistics.
[image: A data table lists variables related to different indices and levels, divided by categories including dependent, independent, mechanism, interaction, and control variables. It includes variable names, sources, observations, and statistical details such as mean, standard deviation, minimum, median, and maximum values. The sources include World Bank WDI database, Global Burden of Disease database, KOF Swiss Economic Institute, Atlas Data database, and Penn World Tables. Variables include life expectancy, disability-adjusted life year, globalization index, economic complexity, trade level, and ecological level among others.]




3.3 Descriptive statistics of the sample data

In this study, a total of 179 countries or regions worldwide from 1995 to 2021 were selected as research samples. Due to significant missing values for some indicators, to improve data accuracy, we removed from the global dataset those sample countries where there were no data for core variables in the observation years, as well as statistical years with missing core variables. The statistical descriptions of the calculation results for each variable are shown in Table 1.

From Table 1, the average life expectancy at birth (LEB) is 69.7463 years (SD = 9.3254), with substantial disparities ranging from 40.6 to 85.5 years. The median LEB (71.7940 years) exceeds the mean, indicating a right-skewed distribution—consistent with most countries clustering above the average, while a subset with extremely low LEB depresses the mean. The log-transformed DALYs (lnDALYs) exhibit moderate cross-country variation (Mean = 10.5390, SD = 0.4264), suggesting relatively homogeneous disease burden patterns globally. In contrast, the KOF Globalization Index (KOFGI) shows pronounced heterogeneity (Range: 22.9253–0.9294). Both the ECI and COI are standardized metrics, where higher values denote greater productive sophistication and stronger future diversification potential. Notably, the COI’s minimum value (−3.7092) signals structural barriers to sustainable development in certain economies, reflecting limited capacity for industrial upgrading.




4 Results


4.1 Multicollinearity and correlation

Variance inflation factor (VIF) values were used to determine possible multicollinearity problems in the three models. As show in Table 2, the main effects regression model had a mean VIF of 2.08 and a maximum value of 3.95; the regression model with the ECI as an independent variable had a mean of 1.99 and a maximum value of 3.71, the mechanism model had a mean of 2.25 and a maximum value of 4.68. When constructing the interaction term, the variable was centered to reduce the influence of multicollinearity, and as a result, the interaction effect test model had a mean of 1.88 and a maximum value of 3.72. The mean VIFs of all models were generally low, and the maximum VIF values were below the threshold of 10, indicating a weak possibility of multicollinearity in this study.



TABLE 2 Multicollinearity test.
[image: Table showing Variance Inflation Factors (VIF) for different models: Baseline, Mechanism (ECI as a dependent variable), Full, and Interaction. Variables include KOFGI, Human Cap, EFI, POP, CO2, Trade, GDPgrows, ECI, and c. COI*c. KOFGI. VIF values range from 1.05 to 4.68. The mean VIF across models ranges from 1.88 to 2.25.]

To illustrate the approximate association between LEB and DALYs as health proxy variables and KOFGI as a globalization proxy variable, we first plotted a country scatterplot of the health level against the degree of globalization during the sample period (Figure 2). The fitted lines in Figure 2 reveal a positive correlation between mean LEB and mean KOFGI and a negative correlation between DALYs and KOFGI across countries.

[image: Two scatter plots show the relationship between the mean KOF Globalisation Index (KOFGi) and life expectancy at birth (LEB) on the left, and the mean KOFGi and disability-adjusted life years (lnDALYs) on the right. The left graph indicates a positive correlation with a fitted trend line, while the right graph shows a negative correlation with a fitted trend line. Data points are labeled with country codes.]

FIGURE 2
 Scatterplots of the relationship between health levels and globalization.


Next, we performed Pearson correlation tests (Tables 3, 4), and the results revealed that LEB and KOFGI ([image: Text showing a statistical result: rho equals 0.784, and p is less than 0.01.]) had a significant positive correlation and that DALYs and KOFGI ([image: Greek letter rho is equal to negative 0.557, comma p-value is less than 0.01.]) had a significant negative correlation, indicating a significant positive correlation between globalization and population health.



TABLE 3 Multicollinearity test: LEB-KOFGI.
[image: Correlation matrix displaying relationships among variables: LEB, KOFGI, ECI, COI, GDPgrows, Trade, EFI, Human Cap, POP, and CO₂. Coefficients and significance levels (p < 0.1, p < 0.05, p < 0.01) are included, with bold highlighting stronger correlations.]



TABLE 4 Pearson correlation coefficient test: DALYs-KOFGI.
[image: A correlation matrix table displaying relationships between various economic and environmental variables, including InDALYs, KOF Globalization Index (KOFGI), ECI, COI, GDP growth, Trade, Economic Freedom Index (EFI), Human Capital, Population (POP), and CO2. The table includes correlation coefficients with significance levels indicated by asterisks: one, two, or three, denoting p-values less than 0.1, 0.05, and 0.01, respectively.]



4.2 Baseline regression and robustness test


4.2.1 Baseline regression

Table 5 shows the results of the empirical test for the baseline regression. Models 1 and 2 were used to investigate the impact of globalization on health without considering other factors. The results revealed that globalization significantly promoted LEB ([image: The text shows a beta coefficient of 0.073 with a p-value less than 0.01.]) and significantly reduced DALYs ([image: Mathematical expression showing beta equals negative 0.002, with a p-value less than 0.01.]). Next, we considered factors that might influence the relationship between globalization and long-term health levels and added control variables through Models 3 and 4. The results showed that the significance levels and the directions remain unchanged. Finally, Models 5 and 6 controlled for the influence of country differences and time trends on the research conclusions. Compared with those of Models 1 and 2, the results showed that the significance levels and directions remain the same, whereas the regression coefficients increased ([image: The mathematical expression shows beta equals zero point zero seven three, an arrow pointing to zero point one one zero.]; [image: Mathematical expression showing beta equals negative 0.002 pointing to negative 0.005.]).



TABLE 5 Baseline regression results.
[image: Statistical table showing regression results for different variables on life expectancy at birth (LEB) and logarithm of disability-adjusted life years (lnDALYs) across six models. Variables include KOFGI, GDP growth, Trade, EFI, Human Capital, Population, and CO2. Some results are significant at 0.01, 0.05, and 0.1 levels. The table shows coefficients, standard errors in parentheses, and significance levels, with country and year fixed effects indicated as YES or NO. Sample sizes (N), R-squared, and F-statistics are also listed.]



4.2.2 Robustness tests


4.2.2.1 Replacing the dependent variable

To avoid any measurement error that might result from the use of a single indicator, based on the discussion by Vu (19) on the relationship between economic complexity and health outcomes, the present study selected mortality indicators for different age groups as alternative measures of population health for the robustness tests. These indicators included the infant mortality rate (number of deaths per 1,000 live births, regardless of gender) MORR_inf, under-five mortality rate (probability of death before age 5 years per 1,000 live births, regardless of gender) MORR_u5, neonatal mortality rate (number of newborn deaths before reaching 28 days of age per 1,000 live births) MORR_neo, and adult mortality rates (death rates for individuals aged 15–60 years per 1,000 people, differentiated by gender) MORR_adul_f and MORR_adul_m.

According to the regression results in Table 6, after replacing the proxy variable for the dependent variable, the effects of KOFGI on the mortality rate across different age groups were all significantly negative. This finding indicates that the estimation results of the promoting effect of globalization on health remain unchanged, suggesting that the choice of dependent variable does not affect the conclusions of the present study.



TABLE 6 Robustness test results: replacing the dependent variable.
[image: Table displaying regression results for different variables across five models: MORR_neo, MORR_inf, MORR_u5, MORR_adul_f, and MORR_adul_m. Each model includes coefficients for KOFGI with standard errors, significance levels, and fixed effects for country and year. Controls are included. All models use a sample size of two thousand six hundred eighty-five except for MORR_adul_f and MORR_adul_m, which use two thousand six hundred seventy-one. R-squared and F-statistics vary for each model. Significance is denoted by asterisks.]



4.2.2.2 Adding control variables

On the basis of the original control variables, to avoid the influence of potential omitted variables on the research conclusions, the present study referred to Vu (19) and included institutional quality and income inequality as control variables while also considering the impact of urban population and health expenditure on population health levels. An analysis of the regression results in Table 7 showed that after adding control variables, the direction of the estimation results of the impact of globalization on population health does not change, further validating the robustness of the conclusions.



TABLE 7 Robustness test results: adding control variables.
[image: A table presents regression results for two models, LEB and lnDALYs, showing variable coefficients with significance levels. Key variables include KOFGI, GDPgrows, Trade, and others. Each variable features coefficients with standard errors in parentheses. Significance is indicated by asterisks: one for p < 0.1, two for p < 0.05, and three for p < 0.01. Both models include country and year fixed effects, with N being 1,092 for both. \(R^2\) is 0.985 for LEB and 0.959 for lnDALYs, and F-statistics are 6.27 and 5.95, respectively.]



4.2.2.3 Winsorization

To eliminate possible outliers among the variables, we conducted a 1% two-sided winsorization for all variables. Table 8 reports the regression results of the dependent variable, the independent variable, and control variables after the 1% two-sided winsorization. The results showed that at the 1% significance level, the regression coefficient of KOFGI had a positive effect on population health, further supporting the conclusions of the baseline regression.



TABLE 8 Robustness test results: removing outliers.
[image: Table showing regression results for two dependent variables: LEB and lnDALYs. KOFGI has coefficients of 0.069 (significant at p < 0.01) for LEB, and -0.002 (significant at p < 0.05) for lnDALYs. Both models include country and year fixed effects and controls. Sample sizes are 2,395 and 2,394, respectively. R-squared values are 0.9784568 for LEB and 0.9532576 for lnDALYs. F-statistics are 9.184897 for LEB and 28.99014 for lnDALYs. Asterisks indicate levels of significance.]




4.2.3 Endogeneity test of the instrumental variable (IV)

To address the endogeneity problem caused by reciprocal causation, following the approach of Acemoglu et al. (76), we used the wave of regional globalization as a possible exogenous source of variation in a country’s globalization process. The average level of globalization participation of the region where a specific country is located may influence the country’s level of globalization participation (77), while the wave of regional globalization does not directly affect the health level of the population in that country. Specifically, the average level of globalization in the region to which a specific country belongs3 was used as an IV for the country’s globalization process (78), and the two-stage least squares (2SLS) method was employed to estimate its causal impact on population health.

According to the relevance requirements for the selection of IVs, the IVs should be related to KOFGI. The first-stage regression results in Table 9 estimate the relationship between the regional globalization and the globalization of the country within that region. The IV showed a positive correlation at the 1% significance level, with an F-statistic of 45.37, which exceeds the 10% critical value for the Stock–Yogo weak identification test, indicating that the selection of this IV is valid. The second-stage regression results (IV 2SLS) showed that the exogenous component of globalization remains significantly positively correlated with health levels, specifically promoting an increase in LEB and a reduction in DALYs.



TABLE 9 Endogeneity test.
[image: Table showing regression results with three models: First-stage KOFGI, IV (2SLS) LEB, and IV (2SLS) lnDALYs. The independent variable IV_KOFGI_ has a coefficient of 0.235 with high significance in the first stage. KOFGI has coefficients of 0.101 in IV (2SLS) LEB and -0.018 in IV (2SLS) lnDALYs, both statistically significant. Country_FE, Year_FE, and Controls are marked as YES for all models. Sample size \( N \) is 2,675 for each model, with \( F \)-statistics of 45.37, 11.99, and 17.48 respectively. Significance levels are noted at p < 0.1, p < 0.05, and p < 0.01.]




4.3 Heterogeneity test

We are interested in whether the globalization process has improved population health levels. Most scholars have separately investigated the three dimensions of globalization:—economic, social, and political (42, 51). Therefore, we conducted regressions on the three subdimensions of KOFGI—KOFEcGI, KOFSoGI, and KOFPoGI. We found from Table 10 that the findings regarding social globalization and political globalization are consistent with those of the baseline regression, whereas some differences appear in the case of economic globalization. Although economic globalization has a certain promoting effect on increasing LEB, this effect is not significant. In addition, the advancement of economic globalization significantly increases DALYs, indicating that economic globalization has failed to make sufficient contributions to population health. Considering that diseases often spread along international trade routes (79), with the cross-border spread of the COVID-19 pandemic as the latest case, as mentioned in the Introduction, global LEB fell back to the 2012 level after the pandemic. Therefore, this result can be easily understood.



TABLE 10 Heterogeneity test: decomposing globalization.
[image: Table showing regression results with six models. Columns 1 to 3 display results for LEB, while columns 4 to 6 are for lnDALYs. Key variables include KOFE, KOFSoGI, and KOFPoGI with coefficients and significance levels indicated by asterisks. All models include country and year fixed effects and controls. The number of observations (N) is 2,685 in all models. R-squared values range from 0.952 to 0.976, and F-statistics range from 11.447 to 36.672. Significance levels are denoted by * for p less than 0.1, ** for p less than 0.05, and *** for p less than 0.01.]

According to a Global Burden of Disease (GBD) study, DALYs are composed of the following two parts: YLLs due to disease-related premature death and YLDs due to disability caused by disease. After decomposing DALYs, we found from Table 11 that the magnitude and direction of the regression coefficient of KOFGI on lnYLLs are basically consistent with those of the baseline regression. The impact of globalization on DALYs is reflected mainly in reducing YLLs rather than YLDs ([image: Beta equals negative 0.000, comma, p greater than 0.1.]).



TABLE 11 Heterogeneity test: decomposing DALYs.
[image: A table presents regression results for three models: Baseline regression, Premature death, and Disability. The variables include lnDALYs, wxya, and fixed effects (Country_FE, Year_FE). KOFGI shows coefficients of -0.005 for Baseline regression and Premature death, significant at p < 0.01, and 0.000 for Disability. R-squared values are 0.9527, 0.9704, and 0.9618, respectively. Sample size (N) is 2,685 for all models. Significance levels are indicated by asterisks: * p < 0.1, ** p < 0.05, *** p < 0.01.]



4.4 ECI as mechanism variable

In Section 2.2, we inferred that the complexity of a country’s production structure plays a mechanism role in the relationship between globalization and health. According to the data in Table 12, globalization has a positive impact on economic complexity ([image: Mathematical expression showing beta equals 0.015 and p-value less than 0.01.]; economic complexity also has a positive impact on LEB ([image: Statistical result showing beta equals zero point three six six, p-value is less than zero point zero five.]) but a negative impact on DALYs ([image: Text showing statistical results: beta equals negative zero point zero two nine, p is less than zero point zero one.], indicating that economic complexity significantly promotes population health. After controlling for the mechanism variable of economic complexity, the impact of globalization on population health remained consistent in terms of significance level and direction. Therefore, economic complexity serves as a mechanism variable between globalization and health, accounting for 3.67% of the mediation in the relationship between globalization and LEB and 7.8% of the mediation in the relationship between globalization and DALYs, thereby validating H2.



TABLE 12 Production structure mechanism test.
[image: Statistical table displaying regression results for multiple variables including KOFGI, ECI, GDPgrows, Trade, EFI, Human Cap, POP, and CO2, across different columns labeled "X→M", "M→Y1", "X, M→Y1", "M→Y2", and "X, M→Y2." Each cell contains coefficients and standard errors, with significance levels indicated by asterisks (*, **, *** for p < 0.1, p < 0.05, and p < 0.01). The table also notes adjustments for country and year fixed effects, along with values for N, R², and F-statistics.]



4.5 COI as interaction variable

To avoid the influence of multicollinearity, the core explanatory variables and interaction variables need to be centered when generating interaction terms. We incorporated COI and the centered interaction term into the regression equation and focused primarily on the estimation coefficient of the interaction term between the core explanatory variable and the interaction variable (c. COI#c. KOFGI). Table 13 reports the regression results of the interaction effects model, showing that the regression coefficient of the interaction term between globalization and COI on LEB is significantly positive ([image: β equals 0.016, p-value less than 0.01.]) and that the regression coefficient on DALYs is significantly negative ([image: Beta equals negative 0.001, p-value is less than 0.01.]). In other words, the interaction term between globalization and COI has a significant positive interaction effect on population health.



TABLE 13 Scenario impacts of complexity outlook.
[image: Regression table displaying two models: (1) LEB and (2) lnDALYs. Variables include interactions, such as COI*KOFGI, KOFGI, COI, GDP growth, Trade, EFI, Human Capital, POP, and CO₂. Coefficients, standard errors, and significance levels indicate the statistical impact on each model. Both models include country and year fixed effects, with N = 2,301 samples. R² values are 0.978 for LEB and 0.956 for lnDALYs. Significance is denoted by asterisks: * p < 0.1, ** p < 0.05, *** p < 0.01.]

Figure 3 illustrates the interaction role of complexity outlook between globalization and health. The horizontal axis represents the difference in the level of globalization. The vertical axis in the left panel represents LEB, and the vertical axis in the right panel represents DALYs. The high level of COI is obtained by adding one standard deviation to the mean, and the low level of COI is calculated by subtracting one standard deviation from the mean. Figure 3 shows that the effects of globalization on increasing LEB and decreasing DALYs are stronger under a high level of complexity outlook than under a low level of complexity outlook.

[image: Line graphs showing the impact of the KOF Globalisation Index on life expectancy and disability-adjusted life years. The left graph indicates life expectancy increases with higher globalisation, especially in high COI countries. The right graph shows a slight decrease in disability-adjusted life years with higher globalisation, more pronounced in high COI countries.]

FIGURE 3
 Interaction effects.





5 Discussion and conclusion


5.1 Discussion

This study focuses on the relationship between globalization and population health, specifically examining the role of the ECI and COI in this relationship from the innovative perspective of economic complexity, in order to better understand the impacts of globalization on health and to provide valuable insights for policymakers and public health professionals.

Benchmark regressions in Table 5 indicate a statistically significant positive association between globalization and life expectancy at birth and reduces disability-adjusted life years, robust to country fixed effects and time trends. These results align with Jani et al. (42), Martens et al. (80) and Osinubi et al. (81), validating H1. Heterogeneity analyses reveal nuanced associations between globalization dimensions and population health. Contrary to earlier findings, e.g., Bergh and Nilsson (51), economic globalization exhibited a negative linkage with health during our sample period. As shown in Table 10, while its impact on life expectancy was statistically non-significant, economic globalization correlated with elevated disability-adjusted life years, primarily driven by years of life lost from premature mortality rather than years lived with disability. This paradoxical pattern may reflect COVID-19’s disruptive role during 2020–2022. Heightened economic globalization—particularly dense trade and travel networks—facilitated viral transmission (82), as well as facing a higher risk of infection and healthcare system collapse, a shock that may have contributed to the negative health effects of economic globalization while overshadowing its long-term positive effects. Conversely, political and social globalization demonstrated stronger positive linkages with health outcomes. Political integration through multilateral agreements mitigated economic globalization’s risks (83), while social globalization enhanced non-market resource allocation. For example, international organizations such as WHO coordinate vaccine development and push prevention and control guidelines during outbreaks (84), and the transnational flow of information through social media can raise public health awareness (85).

On the other hand, our mechanism analysis systematically examines ECI as a potential structural channel linking globalization to population health. As evidenced in Table 12, globalization shows a positive association with economic complexity, while economic complexity is positively associated with life expectancy and negatively associated with disability-adjusted life years. These patterns suggest that economic complexity partially mediates the globalization-health relationship, corroborating Cornia (37) proposition that the impact of globalization on health and the economy depends on a country’s internal and external conditions, thereby supporting Hypothesis 2. In addition, by introducing economic complexity into the mediation model between globalization and health, we extend Vu (19) theoretical application of economic complexity in health research, providing a theoretical basis for understanding how globalization improves health through the complexity of industrial structures. Different from the ECI, which is a static measure of countries’ existing production complexity, the COI focuses more on the strategic foresight of countries’ future product positioning (63). The results of the empirical analysis of the interaction model show that COI has a significant positive moderating effect on the country’s health gains from the globalization process. The implication is that, as Gomez-Gonzalez et al. (62) point out, high COI economies demonstrate greater strategic foresight to translate the health dividends of globalization more effectively by developing adaptive globalization-health synergistic development strategies based on their own socioeconomic conditions.



5.2 Conclusion

This study conducts a high-dimensional econometric analysis of a panel dataset of 179 countries or regions between 1995 and 2021 to investigate the relationship among the globalization process, economic complexity, and population health, particularly examining the roles of ECI and COI in this relationship from the perspective of economic complexity. Specifically, the study tests the direct effects of KOFGI on LEB and DALYs, as well as the roles of ECI and COI as mechanism and interaction variables, and the following conclusion was obtained:

	1. Globalization-Health Associations. The KOF Globalization Index demonstrates significant positive associations with life expectancy at birth (LEB: β = 0.073, p < 0.01) and negative associations with disability-adjusted life years (DALYs: β = −0.002, p < 0.01), robust to country-level heterogeneity and temporal trends. Robustness checks-including alternative health metrics, control variable expansion, tail truncation, and instrumental variable approaches-confirm result stability (p < 0.05 across specifications). Economic globalization exhibits paradoxical patterns: insignificant for LEB (p > 0.10) but positively associated with DALYs through premature mortality (YLLs: β = 0.11, p < 0.05).
	2. Perspective of economic complexity. Globalization positively correlates with ECI (β = 0.015, p < 0.01), which subsequently associates with higher LEB (β = 0.366, p < 0.05) and lower DALYs (β = −0.029, p < 0.01). Mechanism analyses indicate ECI explains approximately 3.67% of the mediation in the relationship between globalization and LEB and 7.8% of the mediation in the relationship between globalization and DALYs. The globalization-COI interaction term shows synergistic effects: positive for LEB (β = 0.016, p < 0.01) and negative for DALYs (β = −0.001, p < 0.01). Nations with higher COI levels exhibit amplified health improvements from globalization, suggesting COI functions as a complementary enhancer rather than substitute in this relationship.

The globalization-population health nexus exhibits intricate multidimensionality, requiring governments to implement context-specific, stratified development strategies. In accordance with the empirical evidence, we advance the following evidence-based policy recommendations:

Firstly, in order to optimize health outcomes in the context of globalization, policymakers should take into account the characteristics of the different dimensions of globalization and adopt a multidimensional governance framework that synergistically addresses both opportunities and risks. Social globalization should actively promote knowledge diffusion and cultural inclusion through enhanced international health data exchanges and cross-border medical technology flows. Concurrently, political globalization requires strengthening institutional mechanisms for global health governance, particularly through international organizations that facilitate public health collaboration, accelerate SDG3 achievement, and ensure equitable distribution of health benefits. Economic globalization demands careful mitigation of short-term health inequities through trade agreement safeguards and restrictions on harmful industry transfers, while maintaining its long-term development advantages.

Secondly, in terms of specific implementation paths, governments should promote the globalization strategy in a layered manner according to the differences in their economic structures. Countries with higher economic complexity should give full play to the technology diffusion effect and enhance the health governance capacity of low- and middle-income countries by exporting affordable healthcare programs; Economies with medium complexity need to focus on technological innovation and achievement transformation mechanisms for high value-added medical industries; Countries with a single economic structure should prioritize the improvement of basic medical facilities and cultivate endogenous development momentum through the selective introduction of foreign-funded technologies.

Finally, governments should take the enhancement of economic sophistication as a core policy lever and implement differentiated economic structure upgrading strategies to magnify the health dividends of globalization. Countries with complex industrial bases should strengthen the embeddedness of their global production networks, promote the extension of their advantaged industries into high-end medical fields, and accelerate the transformation of the health benefits of technological spillovers through institutional innovation; Countries with a weak industrial base need to balance technology importation and independent innovation, and cultivate local production capacity through open cooperation.



5.3 Limitations and prospects

This study still has several methodological and data limitations. First, while employing rigorous two-way fixed effects panel regression models, macroeconomic-level analyses cannot fully address endogeneity, particularly due to potential unobserved confounders. Second, key variable measurements rely on composite indices whose methodological differences may compromise cross-country comparability, with data limitations (especially in low-income countries) potentially introducing selection bias. In addition, the findings at the national level cannot be directly extrapolated to regional or individual contexts, which may lead to ecological fallacy. The heterogeneous impact of globalization on the mechanistic effects of different social groups and their various sub-dimensions remains under-discussed and further breached through subsequent research.
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2   Growth Lab at Harvard University. “The Atlas of Economic Complexity.” Web application. Harvard Kennedy School, 2024. https://atlas.hks.harvard.edu (Access October 1, 2024).

3   Standard country or area codes for statistical use (M49): https://unstats.un.org/unsd/methodology/m49/ (Accessed October 15, 2024).
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This study investigates the influence of various macroeconomic variables on point-of-sale (POS) systems within the restaurant, café, and food & beverage sectors in Saudi Arabia, analyzing trends in both the total number and value of POS transactions from Q1 2016 to Q4 2023. The research utilized path regression analysis, following initial tests that revealed multicollinearity issues in a standard OLS model. The study was based on secondary data from the Saudi Central Bank and the General Authority for Statistics. The results reveal a positive correlation between several factors and POS sales: per capita income, population, the number of POS devices, credit card loan values, and the COVID-19 crisis, with increases in these factors contributing to higher POS sales. Conversely, higher inflation and the implementation of VAT were associated with a decrease in POS sales. These findings align with economic expectations. In terms of relative importance, the variables were ranked based on their impact on POS sales as follows: Population had the most significant influence, contributing 56.64%, followed by the COVID-19 crisis at 17.62%, inflation at 16.67%, credit card loans at 5.95%, per capita income at 1.69%, VAT at 1.26%, and the number of POS devices at 0.18%. The study offers important insights for policymakers and business leaders regarding strategies to support the expansion of cashless transactions and enhance sectoral resilience amid economic fluctuations.
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1 Introduction

Over the past decade, Saudi Arabia’s economy has undergone significant transformation, driven mainly by the government’s Vision 2030 initiative. This strategic program is designed to diversify the economy and foster sustainable growth, focusing on developing key sectors like hospitality and food services (Saudi Vision 2030, 2023). The hospitality sector, especially restaurants and cafés, has witnessed rapid growth, supported by demographic shifts, evolving consumer preferences, and policy reforms aligned with Vision 2030 objectives (Abha Chamber, 2024). Point-of-Sale (POS) systems have emerged as critical tools supporting this sector’s expansion. Shaba et al. (2024) demonstrated that POS services significantly facilitated financial transactions for rice farmers in rural Niger State, Nigeria, enhancing their access to agricultural inputs and improving market participation. Although their study focuses on agricultural contexts, it highlights the broader potential of POS systems to enable economic resilience and sectoral growth. This growth is reflected in the goals set by the Quality-of-Life program, which envisions a substantial increase in restaurants and cafés. In 2016, Saudi Arabia had just 2,000 restaurants and 171 cafés per million people, far behind global benchmarks like Japan’s 16,000 restaurants per million people (HorizoonX, 2023). The Quality-of-Life program aims to boost these numbers to 3,000 restaurants and 1,032 cafés per million people by 2030, reflecting the importance of the hospitality sector in enhancing both the economy and the country’s social fabric (6Wresearch, 2023).

The importance of POS systems extends beyond payment facilitation to strategic business management. A case study by Hidayati et al. (2023) analyzing a coffee shop in Indonesia revealed that implementing POS systems contributed significantly to operational efficiency, real-time inventory control, financial transparency, and enhanced customer loyalty programs. Despite facing external threats such as growing competition and data security risks, the study emphasized that POS systems can be vital for maintaining competitiveness in the food and beverage industry. In recent years, the Saudi restaurant and café market has seen an influx of international chains and an expanding variety of vegetarian, healthy dining options. This aligns with the evolving preferences of a diverse customer base, while a growing interest in traditional Saudi cuisine has spurred the development of local restaurants. This shift in consumer tastes is driving the broader growth of the food services sector, which is projected to reach a market value of USD 27.18 billion by 2024, with expectations of reaching USD 42.48 billion by 2029 (Market Research, 2024). Particularly among Saudi youth, who represent a significant and dynamic demographic, there is a strong appetite for international cuisine and high-quality dining experiences. In line with this trend, the number of new restaurant registrations in Saudi Arabia surged in 2023, with 4,000 new establishments contributing to a 5% increase in total restaurants, bringing the total to 70,000 (Abha Chamber, 2024). POS systems are no longer mere technological upgrades but have become enablers of consumer engagement and transaction growth. Mahathir et al. (2025) emphasized that redesigning POS systems to prioritize user efficiency, cross-platform compatibility, and security significantly improves retail and food and beverage operational outcomes. Their findings illustrate that the digital performance of POS systems, such as user experience, data integration, and cybersecurity, plays a critical role in shaping customer interactions and transaction volumes. Globally, the rise of the food services industry reflects broader shifts in consumer behavior. In the UK, for example, the frequency of daily café visits increased from one in nine people in 2009 to one in five by 2013 (Allegra Strategies, 2013). An overview of the UK café industry demonstrates that the food services sector continues to grow irrespective of economic conditions (Ferreira, 2017). This rise in demand is likely attributed to the increasing trend of dining out during workdays at establishments such as restaurants, cafés, and cafeterias, as well as the heightened usage of hotel services during vacations and business trips (Denysenko and Budiakova, 2020). Similarly, the growing number of restaurants and cafés in Saudi Arabia mirrors these global trends, highlighting the sector’s importance as a driver of economic and social development. As dining out and café culture become increasingly integral to modern life, the restaurant and café sector in Saudi Arabia is poised to play a central role in the nation’s future economic landscape.

Since 2018, regulatory changes such as introducing and increasing the value-added tax (VAT) have influenced consumer behavior in Saudi Arabia. The VAT adjustment, from 5 to 15% in 2020, altered purchasing patterns by increasing the cost of dining out, which directly impacted the volume and value of Point-of-Sale (POS) transactions in the restaurant, café, and food & beverage sectors (Altawyan, 2022). Thus, VAT adjustments represent a critical macroeconomic factor in understanding shifts in POS data trends (Khan, 2020). Therefore, VAT adjustments represent a significant macroeconomic driver in this study’s analysis of POS transaction trends. At the same time, the COVID-19 pandemic has had a profound effect on global economies, including in Saudi Arabia. The pandemic is consistent with the influence of widespread shifts in consumer behavior, particularly in the food services sector. New health and safety requirements, such as social distancing, hand sanitization, and the adoption of cashless payments, were implemented to protect consumers and employees. Consumer habits also changed, with many opting for food delivery services or preparing meals at home. Studies from various countries, including Poland and Kuwait, show a rise in food delivery usage and home meal consumption, alongside a decline in dining out. These changes had significant consequences for restaurants and cafés, with many establishments experiencing steep declines in dining (Dunn et al., 2021; Czarniecka-Skubina et al., 2021; AlTarrah et al., 2021). For example, reports from the US, Sweden, and Denmark during the pandemic indicated widespread consumer spending and economic activity reductions, with the food services sector particularly hard-hit (Andersen et al., 2020; Lewis et al., 2020).

The pandemic also accelerated the shift toward digital payments. Integrating digital payment innovations has substantially reshaped consumer behavior in the food and beverage sectors. Susilo et al. (2024) found that digital payment methods and point-based marketing strategies significantly enhanced consumer shopping experiences, customer engagement, and loyalty in the culinary industry. Their findings underline consumers increasingly prefer cashless transactions due to convenience, speed, and added value through loyalty programs. As cash usage declined, credit and debit cards and digital wallets on smartphones and watches became more prevalent. This shift was further facilitated by the rise in online ordering, which has become a key driver of trade across many sectors. In Saudi Arabia, Point-of-Sale (POS) statistics from the Central Bank have become essential for tracking economic trends (Saudi Central Bank, 2024). These data provide valuable insights into the performance of various sectors, including food and beverages, and help policymakers make informed decisions on licensing and regulation. Recent POS data reveal fluctuating trends in the volume and value of transactions in the food and beverage sector. For instance, the relative importance of POS transactions in this sector rose from 38.5% in early 2016 to a peak of 55.14% in 2021 before stabilizing at around 52.64% in 2023. Similarly, the share of POS sales value for the food services sector followed a similar pattern, peaking in mid-2020 before experiencing a decline and then rising again toward the end of 2023. These fluctuations underscore the need for a deeper analysis of the factors influencing POS data, such as consumer behavior, economic policies, and broader market conditions, to better understand the economy’s dynamics and inform future decision-making.

While the existing literature has increasingly addressed the role of Point-of-Sale (POS) systems in economic activity, most studies have primarily focused on technology adoption, transaction facilitation, or broad retail trends. There remains a significant research gap regarding the direct impact of macroeconomic variables—such as inflation, per capita income, population dynamics, the expansion of credit facilities, VAT adjustments, and crisis events like COVID-19—on the total sales volume captured through POS transactions within the restaurant, café, and food and beverage sectors in Saudi Arabia. This study addresses this gap by offering an empirical investigation of sector-specific POS performance in the context of Saudi Arabia’s economic diversification initiatives under Vision 2030.

The novelty of this study lies in its integrated analysis of actual POS sales data across regions of Saudi Arabia, combined with key macroeconomic drivers over the period Q1 2016 to Q4 2023. Unlike previous studies that generalize across industries or regions, this research targets explicitly the dynamic and rapidly evolving food services sector, providing granular insights into the economic behaviors that influence POS performance. Theoretically, the study contributes to the literature by demonstrating the relative importance of different macroeconomic factors in shaping consumer transaction activity in emerging economies. Based on identified economic trends and external shocks, the findings offer actionable insights for policymakers, investors, and business owners on optimizing strategic decisions, such as resource allocation, pricing strategies, and technology deployment.



2 Materials and methods

This study employed Path Analysis as the primary methodological approach to achieve the research objectives. Path Analysis was selected after detecting multicollinearity issues using the variance inflation factors (VIFs) when initially testing a multiple linear regression model using the ordinary least squares (OLS) method. Rather than relying on OLS, Path Analysis captured the complex direct and indirect relationships between macroeconomic variables and Point-of-Sale (POS) sales values, while addressing the multicollinearity problem (Mokhtarian and Ory, 2009). The model was specified as follows (Table 1):
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TABLE 1 Study variables.


	Variable
	Description
	Unit of measurement
	Role in model

 

 	Y 	Total value of the restaurant, café, and food and beverage sectors’ sales transactions via POS (cashless payments) 	Billion SAR 	Dependent variable


 	X1 	Per capita income 	Thousand SAR 	Mediating variable


 	X2 	Population size 	Million people 	External (independent) variable


 	X3 	Inflation rate 	Percentage (%) 	External (independent) variable


 	X4 	Number of POS devices 	Thousand units 	Mediating variable


 	X5 	Total value of credit card loans 	Billion SAR 	Mediating variable


 	D1 	COVID-19 crisis dummy pre-COVID (2016–2019) and post-COVID (2020–2023) (1 during crisis, 0 otherwise) 	Dummy variable 	External (independent) variable


 	D2 	VAT implementation stages (ordinal) that take three levels: 5, 10, and 15%. 	Categorical (ordinal) 	External (independent) variable




 

Path analysis extends multiple regression analysis to address multicollinearity among variables. It assumes: (1) linear, unidirectional causal relationships; (2) no interactions between variables (additive relationships); (3) uncorrelated residuals; (4) no correlation between residuals and other variables; (5) error-free measurement of variables; and (6) variables can be measured at interval, nominal, or ordinal levels (Bassiouni and Bassiouni, 2021). These assumptions ensure the validity of the model in analyzing variable relationships.

To conduct path analysis, variables were categorized as follows according to economic theory assumptions:

External (independent) variables: Population (X2), inflation rate (X3), a dummy variable for the COVID-19 crisis (D1), and an ordinal variable for VAT (D2).

Mediating variables:


	• Per capita income (X1) acts as a mediator for external variables such as population (X2), inflation rate (X3), and the COVID-19 dummy variable (D1).

	• Credit card loan value (X5) serves as a mediator for external variables such as per capita income (X1), inflation rate (X3), and population (X2).

	• The number of POS devices (X4) is a mediator for external variables such as population (X2) and VAT (D2).



These mediating variables (X1, X5, X4) also act as external variables for the dependent variable, total POS sales value (Y).

Since understanding the relationships between independent variables and their impact on the dependent variable is essential, path analysis considers both direct and indirect effects through other variables (mediating variables) on the dependent variable.

The interpretation of the model’s variables is grounded in established economic theories. In the domain of consumer economics, variables like population size and per capita income align with Engel’s Law and the Life-Cycle Hypothesis, both of which suggest that rising income and demographic expansion increase discretionary consumption, including dining out (Deaton, 2005). From a fiscal policy perspective, inflation and VAT reduce real purchasing power and can suppress consumption, consistent with Keynesian theory on how taxation and price levels influence aggregate demand (Stiglitz and Rosengard, 2015). Behavioral finance contributes to understanding the role of the COVID-19 crisis, where uncertainty and perceived risk shifted consumer behavior toward digital and contactless payments (Thaler and Sunstein, 2008). Lastly, credit card loans and POS device expansion reflect liquidity access theory and technology adoption models, emphasizing how access to credit and digital infrastructure facilitates spending (Venkatesh et al., 2012).

To apply path analysis, several assumptions were tested based on a previous study (Bassiouni and Bassiouni, 2021). These assumptions include Linearity of Relationships, Normality of Residuals, Independence of Residuals, and Homoscedasticity of the Random Error Term.

Each variable included in the model is grounded in economic theory and expected to influence Point-of-Sale (POS) transactions. Per capita income (X1) is anticipated to have a positive effect, as higher disposable income generally promotes greater consumer spending, particularly in discretionary sectors such as food services. Population size (X2) is expected to correlate positively with transaction volumes, reflecting broader market size and demand potential. Inflation rate (X3) is theorized to have a negative impact on POS sales, as rising prices may erode consumers’ purchasing power. The number of POS devices (X4) is a proxy for payment infrastructure availability; greater device density is presumed to facilitate more transactions. Credit card loan values (X5) indicate consumer access to credit, which can stimulate spending behavior, especially in sectors relying on discretionary expenditure. The COVID-19 crisis dummy (D1) captures the disruptive effects of the pandemic, with an initially expected negative impact due to lockdowns. However, later stages might show a shift toward digital and delivery transactions. The VAT implementation variable (D2) reflects tax policy shocks, which are generally associated with reduced spending immediately following tax rate increases. These assumptions guide the expectations for the directionality and strength of the relationships tested in the Path Analysis model.

To achieve its research objectives, this study utilizes quarterly time series data from Q1 2016 to Q4 2023, sourced from the Saudi Central Bank and the General Authority for Statistics (2024). The data encompasses key variables such as sales values for the restaurant and café sector and the food and beverage sector (Y), focusing on debit card transactions provided by the Saudi Central Bank. This data has become increasingly accessible in recent years and has been widely adopted in economic research, given its ability to capture purchasing behaviors across various commodity groups and economic sectors. The shift from cash to cashless transactions, accelerated by the COVID-19 pandemic, has made debit card data even more significant for analyzing consumer spending patterns (Pallathadka and Pallathadka, 2022; Wisniewski et al., 2024). The widespread use of debit card transactions as a proxy for consumer behavior is evident in studies such as Dunn et al., which examined the impact of the pandemic on consumer spending (Dunn et al., 2021; Seiler, 2020) explored issues like weighting bias and inflation during the COVID-19 period. Given the increased reliance on digital payment methods during the pandemic, this data provides valuable insights into shifting consumer habits, offering a reliable means for understanding economic phenomena in the post-pandemic era.



3 Results

Analyzing Point-of-Sale (POS) transactions and sales values in Saudi Arabia from Q1 2016 to Q4 2023 highlights significant growth trends across sectors (Table 2). On average, total transactions across all sectors amounted to 879.51 million, with a sales value of SAR 90.84 billion. The number of transactions ranged from 115.65 million in Q1 2016 to 2.44 billion in Q4 2023, while sales values fluctuated between SAR 43.1 billion and SAR 157.7 billion. The coefficient of variation for transaction volume (88.71%) indicates substantial fluctuations, while sales value showed a more stable trend (44.18%). The general trend analysis suggests a statistically significant annual growth rate of 11% for transactions and 4.7% for sales value, highlighting steady expansion in the market.


TABLE 2 Descriptive analysis of transactions, sales value, and some related variables by sector (Q1 2016 - Q4 2023).


	Variables
	Minimum
	Maximum
	Mean
	Standard deviation
	Coefficient of variation %
	Annual growth rate %

 

 	All sectors 	Number of transactions (in million) 	115.65 	2437.61 	879.51 	780.22 	11.0 	88.71


 	Sales value (SAR billion) 	43.10 	157.70 	90.84 	40.13 	4.7 	44.18


 	Restaurant and café sector 	Number of transactions (in million) 	16.35 	709.92 	243.16 	227.33 	12.9 	93.49


 	% of total transactions 	13.31 	30.32 	25.01 	5.10 	8.45 	20.39


 	Sales value (SAR billion) 	2.19 	23.37 	10.71 	7.41 	1.90 	69.24


 	% of total sales value 	4.50 	14.82 	10.41 	3.45 	3.71 	33.14


 	Beverage and food sector 	Number of transactions (in million) 	28.19 	573.27 	213.26 	183.33 	1.09 	85.97


 	% of total transactions 	22.83 	35.35 	24.57 	2.18 	5.9 	8.87


 	Sales value (SAR billion) 	4.94 	25.01 	13.36 	6.95 	0.003 	52.03


 	% of total sales value 	11.47 	22.77 	14.15 	2.28 	1.16 	16.11


 	Number of POS devices (in thousand) 	249.23 	1739.07 	711.66 	495.14 	69.58 	6.98


 	Total credit card loans (SAR billion) 	10.33 	27.07 	17.37 	4.95 	28.49 	3.1





Source: Calculated from data of published reports from the Saudi Central Bank (2016–2023).
 

For the restaurant and café sector, the average number of transactions was 243.16 million, comprising 25.01% of the total, with an average sales value of SAR 10.71 billion, or 10.41% of total sales. The standard deviation for these values indicates considerable variation, particularly in the latter years of the study. This sector exhibited a strong annual growth rate of 12.9% in transactions and 8.45% in sales value, confirming its dynamic expansion.

The beverages and food sector displayed a slightly smaller average number of transactions (213.26 million), accounting for 24.57% of total POS transactions, and an average sales value of SAR 13.36 billion (14.15% of total sales). Despite higher dispersion rates, coefficients of variation exceeding 50%, the sector maintained a steady growth in sales value 5.9% annually. This reflects growth in consumer spending, although its relative importance in total transactions remained broadly stable.

The expansion in the number of POS devices was notable, with an annual growth rate of 6.98%, reflecting the broader adoption of digital payment infrastructure, particularly after the COVID-19 pandemic. Total credit card loans grew steadily at 3.1% annually, suggesting stable credit expansion supporting consumer spending. The results emphasize the increasing importance of POS systems and credit access in shaping consumer behavior and supporting the growth of Saudi Arabia’s food services economy.


3.1 Econometric estimation of key economic variables’ impact on total POS sales in the restaurant and café sector and beverage and food sector

The model estimation in Table 3 shows that the Variance Inflation Factor (VIF) (Kelly, 2024) values indicate the presence of multicollinearity among the independent variables, the value of (vif) coefficient reached 23.96, 20.32, 12.48 for variables X1, X5, D2, respectively, and all of those values are greater than 10, which complicates the use of regression analysis. Therefore, an alternative statistical method accommodating multicollinearity among independent variables was required. Path analysis was the most suitable approach (Mokhtarian and Ory, 2009). Path analysis was employed to estimate macroeconomic variables’ direct and indirect effects on POS sales values. The model’s assumptions regarding linearity, normality, independence, and homoscedasticity confirmed its robustness.


TABLE 3 Impact of key economic factors on POS sales value in food sectors in Saudi Arabia.


	Coefficients



	Model
	Unstandardized coefficients
	Standardized coefficients
	t
	Sig.
	Collinearity statistics



	B
	Std. error
	Beta
	Tolerance
	VIF

 

 	(Constant) 	−32.933 	18.733 	 	−1.758 	0.091 	 	


 	X1 	0.157 	0.048 	0.099 	3.298 	0.003 	0.454 	2.204


 	X2 	0.033 	0.635 	0.005 	0.052 	0.959 	0.042 	23.960


 	X3 	−1.270 	0.287 	−0.123 	−4.418 	0.000 	0.526 	1.902


 	X4 	0.019 	0.002 	0.661 	12.299 	0.000 	0.142 	7.062


 	X5 	0.632 	0.264 	0.218 	2.396 	0.025 	0.049 	20.317


 	D1 	4.016 	1.081 	0.140 	3.716 	0.001 	0.288 	3.473


 	D2 	1.510 	1.228 	0.088 	1.230 	0.231 	0.080 	12.476





F = 345.65, Sig = 0.00, DW = 1.821, R2 = 0.987.

Source: Calculated from data of published reports from the Saudi Central Bank (2016–2023).
 

The path analysis model was validated by testing several key assumptions. First, the linearity of relationships between variables was confirmed with a significant F-statistic of 345.65 (p-value = 0.00), rejecting the null hypothesis of no linear relationship. Second, the normality of residuals was verified through Kolmogorov–Smirnov and Shapiro–Wilk tests, yielding p-values below 0.05, confirming normal distribution. Third, the Durbin-Watson statistic 1.821 indicated no autocorrelation in the residuals, falling between the critical values of 0.794 and 1.788. Lastly, homoscedasticity of the error term was confirmed, with the F-statistic and Chi-square test showing no significance, supporting the assumption of constant error variance. These results affirm the reliability of the model’s assumptions and its suitability for analysis.



3.2 Path analysis results

After verifying the assumptions of the regression model, which align with the assumptions of path analysis, except that path analysis allows for multicollinearity among external variables, Figure 1 displays the calculated path coefficients based on regression analysis. The overall model fit indicators for the estimated structural model, with values of Chi-square = 0.132, CMIN/DF = 0.134, Goodness-of-Fit Index (GFI) = 1.00, and Root Mean Square Error of Approximation (RMSER) = 0.00, all point to a high level of model accuracy. These indicators confirm that the proposed structural model accurately explains the relationships and can be reliably used for interpretation. Additional validation procedures were conducted to enhance model credibility. Residual diagnostics, including standardized and studentized residuals, Cook’s Distance, and leverage values, indicated the absence of influential outliers. Furthermore, the Durbin–Watson statistic (DW = 1.821) confirmed the absence of serial correlation in residuals. To further assess robustness, a sensitivity analysis was performed by re-estimating the model after excluding outliers and splitting the sample into two periods: pre-COVID (2016–2019) and post-COVID (2020–2023). The structural relationships remained consistent in direction and significance across both samples. These results reinforce the stability of the path model and its validity in interpreting the structural relationships.

[image: Path diagram showing relationships between variables x1 to x5, d1, d2, and y. Arrows indicate paths with standardized coefficients (β values), such as x2 to x4 (β=2.148) and x5 to y (β=0.632). Significance levels are marked with asterisks where applicable.]

FIGURE 1
 Path diagram illustrating path analysis coefficients.


We conducted robustness and sensitivity analyses to address concerns regarding potential overstatement of causality. The model was re-estimated after removing high-leverage observations and splitting the period into pre-COVID (2016–2019) and post-COVID (2020–2023) subperiods. The structural relationships remained consistent across these subsamples, indicating stability. However, the interpretation of effects, particularly those related to the COVID-19 crisis and VAT, is cautiously approached, and causal terms were deliberately avoided in favor of structural or associative language.

The study derived four structural equations based on the results in Tables 3, 4, revealing significant relationships between key variables. Per capita income (X1) was found to be an intermediary variable influenced by population (X2), inflation rate (X3), and the COVID-19 crisis (D1), explaining about 57% of its variation. The number of POS devices (X4) was influenced by population (X2) and value-added tax (D2), with population having a significant direct effect and VAT showing no significant impact, explaining 83% of its variation. The value of credit card loans (X5) acted as an intermediary for per capita income (X1), inflation rate (X3), and population (X2), explaining 93% of its variation, with significant relationships between X5 and population, and an inverse relationship with inflation. For the POS sales value (Y), significant direct relationships were observed with per capita income (X1), number of POS devices (X4), credit card loans (X5), COVID-19 crisis (D1), and VAT (D2), while an inverse relationship with inflation rate (X3) was also significant. The model explains 99% of the variation in sales value (Y).


TABLE 4 Results of structural equations comprising the path analysis model.
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Source: Derived from the outputs of the study results.
 

Partial effects on POS sales were found for per capita income, population, and inflation, as they impacted intermediary variables like X5. Total effects were identified for the number of POS devices and the value of credit card loans, both directly influencing sales value (Y). Additionally, the COVID-19 crisis (D1) partially affected per capita income. In contrast, VAT (D2) had a total effect on sales value through its direct relationship with Y, despite its lack of impact on POS devices. These results highlight the complex interplay of economic factors influencing the restaurant and café sector in Saudi Arabia.



3.3 Estimation of the indirect effect

The path analysis results indicate several indirect effects of economic variables on the value of credit card loans and point-of-sale (POS) (Table 5). First, a positive relationship is observed between population (X2) and the value of credit card loans (X5), where a one-unit increase in population leads to a 0.058 increase in credit card loans, driven by rising per capita income as the workforce expands. Conversely, an increase in the inflation rate (X3) and the occurrence of the COVID-19 crisis (D1) negatively affect credit card loans, with the former leading to a decrease of 0.0727 and the latter a larger decrease of 0.421. These effects are consistent with the negative impact of inflation and the pandemic on individual income.


TABLE 5 Results of the path analysis model for study variables.


	Impact path
	Estimate
	S.E.
	C.R.
	p

 

 	x1 	← 	x2 	A1 	1.656 	0.531 	3.118 	0.002


 	x1 	← 	x3 	A2 	−2.066 	0.853 	−2.422 	0.015


 	x1 	← 	d1 	A3 	−11.961 	2.373 	−5.040 	***


 	x5 	← 	x1 	B1 	0.035 	0.028 	1.256 	0.209


 	x5 	← 	x2 	B2 	2.148 	0.121 	17.751 	***


 	x5 	← 	x3 	B3 	−0.207 	0.189 	−1.097 	0.273


 	x4 	← 	x2 	C1 	229.966 	18.551 	12.396 	***


 	x4 	← 	d2 	C2 	−87.294 	49.702 	−1.756 	0.079


 	y 	← 	x1 	E1 	0.157 	0.039 	4.010 	***


 	y 	← 	x2 	E2 	0.033 	0.487 	0.067 	0.946


 	y 	← 	x3 	E3 	−1.270 	0.204 	−6.239 	***


 	y 	← 	x4 	E4 	0.019 	0.001 	17.036 	***


 	y 	← 	x5 	E5 	0.632 	0.183 	3.445 	***


 	y 	← 	d1 	E6 	4.016 	0.688 	5.835 	***


 	y 	← 	d2 	E7 	1.510 	0.321 	4.708 	***





Source: Outputs from the statistical Amos software.
 

For POS sales (Y), per capita income (X1) and population (X2) positively influence sales, with a one-unit increase in income leading to an indirect rise of 0.0222 billion SAR, and a one-unit increase in population resulting in an increase of 5.984 billion SAR in POS sales. On the other hand, higher inflation (X3), the COVID-19 crisis (D1), and the value-added tax (D2) all contribute to a decrease in POS sales, with reductions of 0.501, 2.144, and 1.643 billion SAR, respectively.

No indirect effects were found for the number of POS devices (X4) or the value of credit card loans (X5) on POS sales. Based on the relative impact of these variables on POS sales, population (X2) ranks highest with a 58.13% influence, followed by the COVID-19 crisis (D1) at 20.83%, value-added tax (D2) at 15.96%, inflation (X3) at 4.87%, and per capita income (X1) at 0.22%. This analysis highlights the significant role of population growth and external shocks like COVID-19 in influencing the performance of the hospitality sector in Saudi Arabia.



3.4 Estimation of direct effects

In addition, the study focuses on interpreting the direct effects on the dependent variable (value of POS). The results in Table 6 indicate a positive relationship between each of the variables: per capita income (X1), population (X2), number of POS devices (X4), and value of credit card loans (X5). An increase of one unit in any of these variables leads to a direct increase in the value of POS sales by approximately 0.157, 0.0328, 0.0188, 0.6320, 4.0157, and 1.5098 billion Riyals, respectively. There is also an inverse relationship between the inflation rate (X3) and POS sales value, where a 1% increase in the inflation rate in Saudi Arabia would decrease approximately 1.2699 billion Saudi Riyals in the value of POS sales. All relationships align with economic rationale.


TABLE 6 Indirect effects of external variables on the internal variable.


	Code
	Indirect effect path
	External variable
	Mediating variable
	Impact value
	Interpretation

 

 	P1 	A1 × B1 	Population (X2) 	Per capita income (X1) → Credit card loans (X5) 	0.058 	X2 affects X5 through X1


 	P2 	A2 × B1 	Inflation (X3) 	Per capita income (X1) → Credit card loans (X5) 	−0.073 	X3 negatively affects X5 via X1


 	P3 	A3 × B1 	COVID-19 (D1) 	Per capita income (X1) → Credit card loans (X5) 	−0.421 	D1 reduces X5 via X1


 	P4 	A1 × E1 	Population (X2) 	Per capita income (X1) → POS sales (Y) 	0.26 	X2 affects Y through X1


 	P5 	A2 × E1 	Inflation (X3) 	Per capita income (X1) → POS sales (Y) 	−0.324 	X3 reduces Y via X1


 	P6 	A3 × E1 	COVID-19 (D1) 	Per capita income (X1) → POS sales (Y) 	−1.878 	D1 reduces Y via X1


 	P7 	B1 × E5 	Per capita income (X1) 	Credit card loans (X5) → POS sales (Y) 	0.022 	X1 indirectly affects Y via X5


 	P8 	B2 × E5 	Population (X2) 	Credit card loans (X5) → POS sales (Y) 	1.358 	X2 affects Y through X5


 	P9 	B3 × E5 	Inflation (X3) 	Credit card loans (X5) → POS sales (Y) 	0.131 	X3 slightly increases Y via X5


 	P10 	C1 × E4 	Population (X2) 	POS devices (X4) → POS sales (Y) 	4.329 	X2 boosts Y via X4


 	P11 	C2 × E4 	VAT stages (D2) 	POS devices (X4) → POS sales (Y) 	−1.643 	D2 reduces Y via X4





Source: Calculated from the outputs of Table 4.
 

Based on the above, the ranking of external variables by their relative importance in direct impact on the value of POS sales, as presented in Table 7, is as follows: the COVID-19 crisis variable (D1) ranks first, followed by the value-added tax variable (D2), then the inflation rate (X3), credit card loan value (X5), per capita income (X1), population (X2), and lastly, the number of POS devices (X4), with relative importance percentages of 52.59, 19.77, 16.63, 8.28, 2.06, 0.43, and 0.25%, respectively.


TABLE 7 Amount of impact of direct and indirect external variables on internal variables.


	Path
	External variable → Internal variable
	Total effect
	Direct effect
	Notes

 

 	A1 	Population (X2) → Per capita income (X1) 	1.656 	1.656 	Direct only


 	A2 	Inflation (X3) → Per capita income (X1) 	−2.066 	−2.066 	Direct only


 	A3 	COVID-19 (D1) → Per capita income (X1) 	−11.961 	−11.961 	Direct only


 	C1 	Population (X2) → POS devices (X4) 	229.966 	229.966 	Direct only


 	C2 	VAT stages (D2) → POS devices (X4) 	−87.294 	−87.294 	Direct only


 	B1 	Per capita income (X1) → Credit card loans (X5) 	0.035 	0.035 	Direct only


 	P1 + B2 	Population (X2) → Credit card loans (X5) 	2.206 	2.148 	Via X1 + Direct


 	P2 + B3 	Inflation (X3) → Credit card loans (X5) 	−0.279 	−0.207 	Via X1 + Direct


 	P3 	COVID-19 (D1) → Credit card loans (X5) 	−0.421 	-- 	Only indirect via X1


 	P7 + E1 	Per capita income (X1) → POS sales (Y) 	0.179 	0.156 	Via X5 + Direct


 	P13 + E2 	Population (X2) → POS sales (Y) 	6.017 	0.032 	Via X1, X4, X5


 	P14 + E3 	Inflation (X3) → POS sales (Y) 	−1.771 	−1.269 	Via X1, X5


 	E4 	POS devices (X4) → POS sales (Y) 	0.019 	0.019 	Direct only


 	E5 	Credit card loans (X5) → POS sales (Y) 	0.632 	0.632 	Direct only


 	P15 + E6 	COVID-19 (D1) → POS sales (Y) 	1.872 	4.015 	Via X1 + Direct


 	P16 + E7 	VAT stages (D2) → POS sales (Y) 	−0.134 	1.509 	Via X4 + Direct





Source: Calculated from the outputs of Tables 2–4.
 



3.5 Estimation of total effects (direct and indirect)

The study focuses on interpreting the total effect on the dependent variable (value of POS sales). The results in Table 8 indicate a positive relationship between each of the following variables: per capita income (X1), population (X2), number of POS devices (X4), credit card loan value (X5), and the COVID-19 crisis variable (D1). Increasing one unit in any of these variables would increase the value of POS sales by approximately 0.179, 6.017, 0.01883, 0.632, and 1.872 billion Saudi Riyals, respectively. Additionally, there is an inverse relationship between both the inflation rate (X3) and value-added tax (D2) and the POS sales value, where an increase of one unit in inflation rate and value-added tax in the Kingdom would result in a decrease in the POS sales value by approximately 1.771 and 0.134 billion Saudi Riyals, respectively. All the results are consistent with economic rationale.


TABLE 8 Percentage impact of external variables on the internal variable (value of POS sales, Y).


	Variable
	Indirect effects
	Indirect %
	Direct effects
	Direct %
	Total effects
	Total %

 

 	X1 (per capita income) 	0.02 	0.22 	0.16 	2.06 	0.18 	1.69


 	X2 (population) 	5.98 	58.13 	0.03 	0.43 	6.02 	56.64


 	X3 (inflation) 	−0.5 	4.87 	−1.27 	16.63 	−1.77 	16.67


 	X4 (POS devices) 	0 	0 	0.02 	0.25 	0.02 	0.18


 	X5 (credit card loans) 	0 	0 	0.63 	8.28 	0.63 	5.95


 	D1 (COVID-19) 	−2.14 	20.83 	4.02 	52.59 	1.87 	17.62


 	D2 (VAT) 	−1.64 	15.96 	1.51 	19.77 	−0.13 	1.26





Source: Calculated from the outputs of Tables 4–6.
 

Based on the above, the ranking of external variables according to their relative importance in total impact on the value of POS sales, as shown in Table 8, is as follows: population (X2) ranks first with a relative importance of 56.64%, followed by the COVID-19 crisis variable (D1) at 17.62%, then the inflation rate (X3) at 16.67%, credit card loan value (X5) at 5.95%, per capita income (X1) at 1.69%, followed by value-added tax (D2) at 1.26%, and lastly, the number of POS devices (X4) at 0.18%.

Path regression analysis revealed several significant relationships. A positive correlation was found between per capita income (X1), population (X2), the number of POS devices (X4), credit card loan values (X5), and the COVID-19 crisis variable (D1) with POS sales. Increases in these factors may have contributed to a rise in POS sales by 0.179, 6.017, 0.01883, 0.632, and 1.872 billion SAR, respectively. On the other hand, an increase in inflation (X3) and VAT (D2) is associated with a decrease in POS sales by 1.771 and 0.134 billion SAR, respectively. These results align with economic expectations. The relative importance of these external variables on POS sales is ranked as follows: population (X2) had the most significant impact, contributing 56.64%, followed by the COVID-19 crisis (D1) at 17.62%, inflation (X3) at 16.67%, credit card loans (X5) at 5.95%, per capita income (X1) at 1.69%, VAT (D2) at 1.26%, and the number of POS devices (X4) at 0.18%.

Based on these findings, the study recommends leveraging population growth by targeting new market segments and offering services like express delivery. It also suggests promoting e-commerce through better online platforms and health protocols, especially during crises like COVID-19. To counter inflation, businesses should enhance operational efficiency to keep prices competitive. Additionally, optimizing the number and placement of POS devices in high-demand areas can boost sales. These strategies will help sustain and grow the sector in Saudi Arabia.




4 Discussion

The results of this study offer important insights into how macroeconomic variables shape Point-of-Sale (POS) activity in Saudi Arabia’s food service sectors from Q1 2016 to Q4 2023. The findings show that population growth and rising per capita income positively drive POS sales, consistent with the expectations in emerging economies, where larger populations and increasing incomes lead to greater consumption of non-essential goods and services. This supports the work of Mokhtarian and Ory (2009), who observed that demographic expansion leads to higher discretionary spending, and aligns with Pallathadka and Pallathadka (2022), who emphasized the role of income growth in boosting consumer spending on dining and leisure activities.

In contrast, inflation and VAT increases negatively impact POS sales, a finding in line with Ferreira (2017), who reported that rising indirect taxes discourage consumption, especially in discretionary sectors like food services. Inflation reduces real disposable income, making consumers more cautious about dining out, a behavior consistent with broader international patterns. The COVID-19 pandemic initially disrupted POS activity, reflecting the findings of Dunn et al. (2021) and Seiler (2020), who documented declines in consumer spending during lockdowns. However, the pandemic also accelerated the adoption of digital payments, leading to a recovery in POS transaction volumes, particularly in sectors adapted to online ordering and cashless environments. This shift highlights the resilience and adaptability of the food services sector in response to external shocks.

The positive association between credit card loan expansion and POS sales illustrates the growing role of financial credit in facilitating consumption, a trend observed across digital economies. This supports the findings of Wisniewski et al. (2024), who noted that greater access to consumer credit promotes sustained transaction growth, particularly in economies undergoing rapid digital transformation. The expansion of POS devices emerged as a significant sales driver, confirming that payment infrastructure investment is critical to supporting cashless economies. This finding echoes the goals of Saudi Arabia’s Vision 2030, which emphasizes developing digital payment ecosystems to reduce cash dependency.

The implications of these findings are substantial. For policymakers, promoting widespread availability of POS devices and ensuring access to affordable digital payment solutions can stimulate economic activity in the food services sector. Targeted fiscal policies that mitigate the adverse effects of inflation and VAT increases could further support consumer spending. Additionally, enhancing financial inclusion through broader access to credit could strengthen resilience against future economic shocks.



5 Conclusion

This study used Path Analysis to examine key macroeconomic variables’ impact on Point-of-Sale (POS) sales in Saudi Arabia’s restaurant, café, and food and beverage sectors from Q1 2016 to Q4 2023. The findings showed that population growth and the expansion of digital payment infrastructure were the strongest drivers of POS sales, while inflation and VAT increases constrained spending activity. Practically, the study highlights the importance of supporting digitalization efforts and managing inflationary pressures to sustain consumer spending in the food services sector.

Theoretically, the study contributes to the growing body of literature emphasizing the interplay between macroeconomic factors and consumer behavior in emerging economies. It reinforces findings from previous global research while adding localized evidence from Saudi Arabia’s unique Vision 2030 transformation context. This study is not without limitations. It focuses on aggregated national-level data, limiting insights into regional or micro-level consumer behavior variations. Additionally, the reliance on secondary data restricts the ability to explore psychological or sociocultural drivers behind consumer choices.

Future research should explore regional disparities in POS sales performance within Saudi Arabia, investigate the role of digital platforms and mobile applications in shaping consumption behavior, and examine generational differences in adopting cashless payment technologies. Longitudinal studies beyond 2024 will also be essential to capturing the evolving impact of ongoing economic reforms and global financial fluctuations on consumer spending dynamics.

However, this study has several limitations that warrant consideration. First, while Path Analysis addresses multicollinearity and captures direct and indirect effects, it does not fully resolve potential endogeneity issues, such as reverse causality between POS expansion and consumer demand. Second, the use of aggregated national-level data restricts our ability to assess regional or consumer-segment-level variations. Third, treating the food services sector as a homogenous entity overlooks possible heterogeneity across restaurants, cafés, and beverage-focused businesses. Future research should also consider models that account for dynamic feedback effects, employ regional or firm-level data, and disaggregate sectoral analysis to better understand divergent consumer behavior and economic responsiveness patterns.
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Background: Calls for investing in essential public health functions (EPHFs) and common goods for health (CGH) are numerous, but it is often unclear to policymakers how such investments lead to health system improvements.
Objectives: To showcase plausible pathways between actions taken to improve specific health system functions—in other words, investments in EPHFs and CGH—and their impact on health system performance, the health systems performance assessment framework for Universal Health Coverage is used. We draw on three examples—community engagement and social participation, taxes and subsidies, and public health surveillance and monitoring—to demonstrate how action in these areas can improve health systems.
Conclusions: This conceptual mapping also points to the crucial role of good governance and demonstrates how investing in multiple EPHFs and CGH can trigger a chain reaction to spur broader health system improvement.
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Introduction

Calls for governments to invest in essential public health functions (EPHFs) and common goods for health (CGH) are numerous (1–8), yet investments are often lacking. It is often unclear to policymakers how investments in EPHFs and CGH can lead to health system improvements ex-ante (9, 10). Thus, this article sketches plausible pathways to demonstrate how investing in EPHFs and CGH can improve health system performance. Our narrative elucidates the chain of events linking investments in EPHFs and CGHs to improvements in health system performance through “pathways”.

EPHFs and CGH have a similar list of key interventions and functions needed for resilient, primary health care (PHC)-focused health systems—meaning systems that empower people and communities, foster multi-sectoral policy and action, and ensure integrated service delivery. Yet, they arise from different underlying theoretical arguments. CGH are population-level, collective action areas required for public health and use economic theory about market and government failures around public goods to make the case for investment in these areas. An overview of CGH categories is provided in Box 1 and the original source for a comprehensive list can be found in (11). CGH include surveillance, legislative and regulatory systems, and environmental protection measures, across sub-national, national, and international levels (11). EPHFs are normative and include a set of fundamental, interlinked, and interdependent activities within and beyond the health sector to advance public health objectives. The list of EPHFs is provided in Box 2 of this article, but for explanatory details please see (12). EPHFs include actions relevant to national, sub-national, and local levels and those that contribute to large-scale efforts to establish CGH (12–14). For example, monitoring and surveillance activities include both individual-level detection and reporting as well as population-level synthesis and are aggregated at the global level.


Box 1 Categories of CGH.

1. Policy and coordination (e.g., disease control policies and strategies).

2. Regulations and legislation (e.g., environmental regulations and guidelines).

3. Taxes and subsidies (e.g., taxes on products with impacts on health to create market signals leading to behavior change).

4. Information collection, analysis, and communication (e.g., surveillance systems).

5. Population services (e.g., medical and solid waste management).

Drawn from (11).



Box 2 List of EPHFs.

1. Public health surveillance and monitoring.

2. Public health emergency management.

3. Public health stewardship.

4. Multisectoral planning, financing, and management for public health.

5. Health protection.

6. Disease prevention and early detection.

7. Health promotion.

8. Community engagement and social participation.

9. Public health workforce development.

10. Health service quality and equity.

11. Public health research, evaluation, and knowledge.

12. Access to and utilization of health products, supplies, equipment, and technologies.

Drawn from (13).


To showcase plausible pathways between actions taken in specific EPHFs and CGH to improve health system performance, the health systems performance assessment (HSPA) framework for Universal Health Coverage (UHC) is used. The HSPA framework not only provides a conceptual basis to orient analyses of health system data, but it also links inputs made within health system “functions” to broader health system goals (15). It is conceptual in nature and not intended to guarantee definitive outcomes, given that policy contexts will inevitably vary.

We draw on three examples embedded within both EPHF and CGH frameworks to demonstrate how investing in these areas impacts health system performance, per the HSPA framework. These examples are: (i) community engagement and social participation, (ii) taxes and subsidies, and (iii) public health surveillance and monitoring. These described links are all drawn in each respective figure to guide understandings (Figures 1–3) and details on the mechanics of the HSPA framework are provided in Box 3.
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FIGURE 1
 Linking community engagement and social participation to the HSPA framework. Please see (15) for the original figure.



Box 3 Mechanics of the HSPA framework.

Within the HSPA framework, possible links between functions, sub-functions, and assessment areas are drawn with a dotted line.

Functions are the foundations of a health system. These functions are governance, resource generation, financing, and service delivery. Each of these functions are illustrated in the example figures (Figures 1–3), whereby governance is in a blue box, resource generation is in a red box, financing is in an orange box, and service delivery is in a purple box.

Sub-functions are specific actions or necessary elements that are conducive to achieving the function's objectives. In other words, sub-functions are key pieces or processes that are needed for each function. For example, within the governance function, there are four sub-functions (policy and vision, stakeholder voice, information and intelligence, and legislation and regulation). Evidently, each of these pieces are needed for ‘good' governance.

Assessment areas are areas that allow for examining the performance of the sub-functions. In other words, assessment areas provide the opportunity to determine how well sub-functions are performing. For example, in the case of the policy and vision sub-function of governance, assessment areas include the existence of documents in written and traceable form, quality of strategic direction, and existence and quality of multisectoral collaboration.


This conceptual mapping can be used to advance policymaker understandings of the potential pathways between EPHFs and CGH and improved health system performance. Improved understandings can help with political prioritization of and investments in EPHFs and CGH. To the best of our knowledge, this article is the first of its kind to draw conceptual links between EPHFs and CGH and health systems outcomes using the HSPA framework.



Example 1: community engagement and social participation


In this example, we begin with community engagement and social participation. We demonstrate that by making governance processes more participatory and inclusive, public health and primary care can be improved to reach the health system goals of equity and people-centeredness, as well as improving population health.


Our first pathway example focuses on community engagement and social participation (12, 16). This refers to strengthening meaningful engagement with people, communities, and civil society in strategic decision-making and service delivery (see Box 4). We start from the governance function within the HSPA framework to illustrate how investing in and prioritizing community engagement and social participation can improve health system performance, as shown in Figure 1.


Box 4 Community engagement and social participation.

Community engagement and social participation refers to strengthening community engagement, participation, and social mobilization for health and wellbeing (12). More specifically, social participation includes amplifying people's voices in public policy decision-making processes, whereas community engagement narrows in on service delivery and program design (e.g., health promotion and health literacy campaigns).


The meaningful engagement of people, communities, and civil society in decision-making processes that affect their health and wellbeing is a key sub-function of governance and labeled as stakeholder voice in the HSPA framework. Investing in community engagement and social participation means investing in the stakeholder voice sub-function of health system governance.

Although there is no single definition of “good governance” (17, 18), almost all governance frameworks include stakeholder participation and voice in policy development and implementation as a prominent, integral element (19–21). Ensuring an inclusive culture of participation starts with making participation a political priority (see #1 in Figure 1). This means not only planning for adequate resources to be devoted to social participation, but also building government capacity to design spaces for participants, particularly those with unheard voices and less power to influence debates and policy-making (stakeholder participation in policy-making) (22) (see #1 in Figure 1). Consequently, the stakeholder voice sub-function is closely linked to policy and vision (see #2 in Figure 1), to ensure policies, strategies, and plans are more responsive to population needs.

Governance that purposefully seeks to be responsive to people's needs and expectations is at the heart of accountability; linked to this is respecting and increasing people's agency for their own health (18). Accountability here refers to government accountability to the public who will be affected by policy decisions (19). A well-designed participatory process also emphasizes transparency in objectives, roles and mandates, and selection criteria for participants (see #3 in Figure 1). An example of this pathway segment is seen in the Tunisian Societal Dialogue for Health. The Societal Dialogue is a civil society-initiated and government-supported partnership that organized a series of large consultative meetings (23). These meetings engaged the government, civil society organizations, and citizens to not only co-design the first post-2011 revolution national health policy, but also empower individuals and communities (23, 24). Despite challenges linked to fluctuating political commitment toward participation, the Societal Dialogue has increased trust among actors and improved policy formulation by taking diverse population needs and views into account (24).

Strong governance requires the inclusion of stakeholder voices and clear policy and vision, which drives excellence across the health system. In other words, collating population views, demands, and needs to guide policies, strategies, and plans is a core aspect of better governance. Better governance has repercussions across other functions, namely financing, resource generation, and service delivery.

“Good” governance, one of the functions within the HSPA framework, enables the service delivery function of health systems performance. The need for good governance is demonstrated by the emphasis placed on community empowerment within the PHC paradigm (25). By strengthening community engagement initiatives, governance of service delivery is enhanced. For example, in Brazil, community representation in local health councils influences service integration and/or quality standards (see #4 in Figure 1) (26). The presence of a strong community voice will positively influence public health and primary care sub-functions of service delivery (see #5 in Figure 1)—both encompassed in the PHC approach (27).

Service delivery is assessed through indicators of access and quality of care (28). Studies demonstrate that the quality of care dimensions of effectiveness (29, 30), safety (28), and user experience (31–35) improve when PHC is implemented as per the principles laid out in the Astana Declaration (36), where a commitment to empowering individuals and communities is outlined (37). Additionally, many of the strategies applied to improve quality of care also aim to improve equity and efficiency. For example, efficiency may be improved through the early management of health problems (i.e., avoiding unnecessary hospitalizations), appropriate prescribing practices, and enhanced care coordination (28) (see #6 in Figure 1).

Ultimately, providing care that is effective, safe, and satisfies users (i.e., high-quality care) leads to various health improvements, such as reduced morbidity and mortality (28), and satisfying users can improve people-centeredness. And in fact, community-oriented primary health care has been found to substantially positively impact the health of underserved populations (28, 38, 39), entailing improvements in equity (see #7 in Figure 1).



Example 2: taxes and subsidies


In this second example, we begin with taxes and subsidies. We demonstrate how taxes and subsidies can positively impact the health system goals of health improvement, equity, and financial protection by strengthening the revenue raising sub-function of financing and the public health sub-function of service delivery.


Taxes and subsidies influence individual behavior (40) and can shape markets through the provision of positive and negative financial incentives (41). For these population-level fiscal instruments to work effectively, mechanisms to collect, pool, and distribute revenue are needed, which are generally within the purview of national governments (42).

As an illustrative example, the Government of Thailand introduced alcohol and tobacco excise taxes. By introducing these excise taxes, the revenue raising sub-function of financing is enhanced (see #1 in Figure 2), contributing to sufficient and stable funds as part of overall government spending devoted to health.
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FIGURE 2
 Linking taxes and subsidies to the HSPA framework. Please see (15) for the original figure.


For these fiscal instruments to work effectively, governance of health financing arrangements must be established, including public financial management (see #2 in Figure 2). Additionally, making decisions regarding the introduction of health taxes requires a strong governance function throughout the process, particularly in areas related to policy and vision, multisectoral collaboration between ministries of health and finance alongside other stakeholders, as well as legislation and regulation (see #3 in Figure 2).

Excise taxes can also create market signals for health promotion (43)—a core aspect of the public health sub-function of service delivery (see #4 in Figure 2). In Thailand, the excise tax was used to create ThaiHealth, a health promotion agency with a broad mandate. ThaiHealth's activities encompass addressing noncommunicable diseases, health protection, disease prevention, and early detection (44, 45).

The funds raised through these taxes are part of overall tax revenues that form the basis of public financing for UHC. These funds can lead to more and better-quality public health services which improves access, an intermediate HSPA framework objective (see #5 in Figure 2), and financial protection, a HSPA framework final goal (see #7 in Figure 2). In other words, improving access to quality health services based on need and not ability to pay, which is a core tenant of UHC. As stressed in the World Health Report 2010, public spending is needed to effectively expand coverage and move toward UHC (46). This requires an adequate tax base, which can come from a range of instruments, including health taxes and subsidies. Ultimately, by improving financial protection, we can expect improvements to health given that user fees largely deter health system use (47), which is another HSPA framework final goal (see #6 in Figure 2). Additionally, equity in the health system may be improved given that most health financing mechanisms have an equity aspect (48), which is an overarching HSPA framework final goal (see #6 in Figure 2). Similarly, a greater influx of taxes and subsidies can support more equitable health financing by improving financial protection against the risk of ill health [i.e., ensuring access to services without financial hardship (49)]. This is especially important given that the COVID-19 pandemic has afforded recognition of the problem of heightened inequity (50) and resulted in those paying out of pocket being more likely to experience worsened financial hardship (51).

Levying health taxes and ensuring equitable health financing moves a health system closer to not only the system goal of equity—recognizing that many approaches to health equity exist (52–55)—but also financial protection. In the case of ThaiHealth that targets noncommunicable diseases, there are ties to financial protection, as socioeconomic differences are linked to differing outcomes (56).



Example 3: public health surveillance and monitoring


In this final example, we delve into the links between public health surveillance and monitoring and the health systems goals of access and health improvement. In drawing this link, we explain how public health surveillance and monitoring, such as through investing in data governance, infrastructure, and interoperable digital platforms, is crucial for both governance and resource generation.


Investing in public health surveillance and monitoring involves strengthening capacities of health authorities to collect, research, analyze, monitor, and evaluate data on a regular basis and understand how to use that evidence to undertake informed decisions (57). Prioritizing this area requires investing in data governance, represented in the information and intelligence sub-function of the health system governance function (see #1 in Figure 3). Further, investing in public health surveillance and monitoring also requires data infrastructure to support interoperability of digital platforms. Infrastructure needs to be supported at the community level (e.g., within primary care) to the national level. Such efforts are represented in the infrastructure and equipment sub-function of resource generation (see #2 in Figure 3).
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FIGURE 3
 Linking public health surveillance and monitoring to the HSPA framework. Please see (15) for the original figure.


A strong information and intelligence sub-function is closely linked with the policy and vision sub-function (see #3 in Figure 3). Evidently, timely and disaggregated data on population health status, risk, protective and promotive factors, threats to health and health system performance, and service utilization can guide policymakers to understand causes of poor health, track progress, and adjust decision-making and implementation strategies (58, 59). Further, disease surveillance and response requires strong leadership and strategic direction to address gaps (e.g., cold chain challenges) and ensure an effective response. The importance of governance is particularly clear when considering that epidemics can proliferate in the absence of sufficient responses, as was the case for the Ebola virus disease outbreak in western Africa in 2014 when it was declared a public health emergency of international concern (60). However, since then, numerous actions have been taken around public health surveillance and monitoring. In the case of Liberia, although the integrated disease surveillance and response strategy was adopted in 2004, it did not allow for an effective response to the Ebola epidemic from 2014 to 2016 due to not securing resources and an abundance of vertical programs (61). Ultimately, after Liberia actively implemented the strategy in 2015 (62), this led to successes and lessons learned around the importance of strong governance, namely around multisectoral collaboration (see #3 in Figure 3), partnership, local ownership, and promoting the PHC approach (63). Moreover, disease surveillance and monitoring also requires the development and implementation of coordination platforms and systems, as well as sectoral and sub-sectoral policies and strategies.

Disease surveillance and monitoring requires adequate resources to support continued efforts and the implementation of response measures. In fact, non-sustainable financial resources was identified across 33 studies as a main issue in implementing the Integrated Disease Surveillance and Response System, an approach that uses one system to collect data about multiple diseases or behaviors (64). Funds need to be allocated for collecting, analyzing, and disseminating data (65). Additionally, disease surveillance and monitoring requires enough trained and competent health workers to carry out the necessary activities, as inadequately trained staff and staff turnover can pose a challenge for disease surveillance (64). Evidently, these activities are linked to financing (e.g., revenue raising, see #4 in Figure 3) and resource generation (e.g., health workforce, see #5 in Figure 3). Ultimately, undertaking public health surveillance and monitoring requires governance, financing, resource generation, and service delivery, particularly in public health (see #6 in Figure 3). Through a more targeted public health surveillance approach, outreach activities can improve equity by better reaching at risk populations while generating efficiency gains to avoid disease spread (see #7 in Figure 3). Thus, improving equity, efficiency, and health within the health system (see #8 in Figure 3). An example of this pathway is demonstrated in Lesotho. When handling the COVID-19 pandemic, rising comorbidities and excess mortality was observed as resulting from both communicable and noncommunicable diseases (66). The government was able to use this data to make the evidence-based decision to scale-up interventions to better target susceptible populations and improve health security (66).



Conclusion

Drawing a direct pathway from one action taken to a final health system objective is difficult. However, via three examples—community engagement and social participation, taxes and subsidies, and public health surveillance and monitoring—we demonstrate how actions in these areas can improve health system performance. By exploring these links, the chain of events to improved health system performance is traced. Our intention is not to provide a prescriptive formula for bringing about particular changes but rather to offer a conceptual mapping that visualizes connections between actions taken and broader impacts on health system goals. Future analyses can also explore drawing conceptual links across additional frameworks or concepts employed by other major institutions (e.g., the European Commission, the Organization for Economic Co-operation and Development, and the World Bank). Additionally, future investigations can measure how specific precursors influence outputs and outcomes, including potential unintended consequences and how they can be mitigated.

Notably, this conceptual mapping also points to the crucial nature of “good governance” which appeared in all three examples. Per the World Bank, good governance “is synonymous with sound development management” (67). Although there is no single definition, different sources outline various key principles. One set of principles include openness, participation, accountability, effectiveness, and coherence (68). Another identifies strategic vision, participation and consensus orientation, rule of law, transparency, responsiveness, equity and inclusiveness, effectiveness and efficiency, and ethics (69). And another, equity, participation, organizational arrangements, accountability, integrity, and transparency (70). Good governance is particularly essential due to the very nature of EPHFs and CGH, as both involve addressing collective action failures among health and non-health stakeholders. Governance anchored in inclusive decision-making with strong coordination across stakeholders is key and can improve financing, resource generation, and service delivery functions to lead to various performance objectives. In fact, participation is thought to be a necessary condition for the other four principles in the first set of good governance principles mentioned above (71).

Although we assessed how specific actions impact health system performance, it is not enough to act in only one area. Investing in multiple EPHFs and CGH can trigger a chain reaction to bring about broader system change. To achieve health system goals, various EPHFs and CGH should be invested in, strengthened, and politically prioritized. Policymakers can not only use our conceptual mapping to improve understandings of interlinkages between frameworks, but to negotiate for increased investments.
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Variable Self-rated health  Mental health status ~ 2-week health status Chronic disease

status status
Rural 0.077%4% (0.006) 0.055%+* (0.008) 0.1025%* (0.008) 0.040%* (0.007)
Counterfactual group. 0.083*** (0.016) 0.064%+ (0.021) 0.053** (0.022) 0032 (0.019)
Urban 0.0724+% (0.013) 0.054%+* (0.018) 0.057%** (0.019) 0.039** (0.015)
Tdifference 0.005 (0.014) 0,002 (0.020) 0.044** (0.020) 0.001 (0.017)
ToT_explained 0,011 (0012) 0010 (0.015) ~0.005 (0.016) ~0.007 (0.014)
ToT_unexplained ~0.006 (0.022) ~0.008 (0.029) 0,049 (0.031) 0.007 (0.026)
Explained Unexplained Explained Unexplained Explained Unexplained Explained Unexplained
Total 0011 ~0.006 0010 ~0.008 ~0.005 0.049 ~0.007 0.007
Pure_
0.018% 0.024%% 0015 0.005

explained
Pure_

~0.001 ~0.009 0,054 0.008
unexplained
Specif_err ~0.007 ~0.014 ~0.019+* ~0012
Reweight_

~0.005 <0.001 ~0.005 ~0.001

err

Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_
explained unexplained  explained  unexplaine explained  unexplained  explained  unexplaine
LnPl <0.001 0.023 <0.001 —0.024 0.001 —0.010 <0.001 0.010
LnPCHI <0.001 —0.587 0.002 —0.616 ~0.003%* —0.892%* <=0.001 —0.407
LaMIRR 0.001¢ ~0010 <0001 0020 0.001 ~0015 0.001 0002
Age 0.004* <0.001 0.006% <0.001 0,003 0.001 0.001 0.001
Age! 0.001 ~0020 0001 ~0.022 0.001 ~0028 0.001 ~0004

Gender (reference groups female)

Male <=0.001 0.002 <0.001 =0.010 <0.001 —0.015 <0.001 —0.032
Ethnicity (reference group: other ethnicities)
Han
—0.004 —0.031 0.005* 0.065 =0.003 —0.031 0.002 0.067
Chinese

Marital status (reference group: married/cohabiting)

Single <0.001 0014 <0001 0.005 0.001 0.020 0.001 0.013
Divorced/
<0.001 0.004 0.001 0.003 ~0.001 —0.009 0.001* 0.001
Widowed
Years of
0.007%* 0.028 0.010% 0.076 0.001 0.020 0002 0.001
education

Agricultural occupation (reference group: non-agricultural)
Agricultural —0.002 =0.022 =0.009 0.012 =0.007 —0.021 =0.013** —0.014

Self-rated social status (reference group: average)

Relatively

I —0.001 =0.004 =0.007%** =0.026 —0.003 —0.033 =0.001 —0.004

low.

Relatively

high <0.001 0.005 0.003 —0.001 0.001 —0.007 =0.001 0.021
ig

Past-month smoking (reference group: no)

Yes <0.001 ~0.016 <=0.001 0.011 <=0.001 0.004 <=0.001 0.014

Variable Self-rated health status Mental health status 2-week health status Chronic disease status

Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_
explained  unexplained  explained  unexplained  explained  unexplained  explained  unexplained

Frequent past-month alcohol use (reference group: no)

Yes —0.001* 0013 <=0.001 =0.010 <=0.001 —0.007 <=0.001 —0.002
Nap habit (reference group: no)

Yes <=0.001 0.005 <=0.001 0.022 <0.001 =0.006 <=0.001 0.029
‘Weekly exercise (reference group: no)

Yes <0001 0,008 0002 0006 <0001 <0001 <-0001 0001

Life satisfaction (reference group: somewhat satisfied)

Dissatisfied/ ~0.001 0013 <0.001 0.020 <=0.001 ~0.003 0.002+% 0027
Neutral
Very satisfied | <=0.001 0031 ~0.001 0.014 ~0.001 0.029 —0.004%+ 0031

Cooking water source (reference group: non-tap water)

“Tap water <0.001 0012 <=0.001 —0.064 =0.003 —0.024 0.003 0.009
Cooking fuel type (reference group: non-clean fucls)

Clean fuels 0.010%* 0.006 0.015%* —0.003 0.024%#* 0.038 0.008 —0.007
Householdsize | <0.001 ~0034 <0.001 0010 <0001 ~0012 <0001 0007
Basic social medical insurance enrollment (reference group: not enrolled)

Enrolled <0.001 0.051 —=0.002 0.085 —=0.001 0.028 0.001 0.028

Level of medical expertise of the visited institution (reference groups fair)

Low <0001 ~0.001 <=0.001 0.012 <=0001 0013 0.001 ~0.004
High 0.003%+% ~0013 0.001 0.004 0.003%+* -0.019 0.001 ~0.005
Year FE Yes Yes Yes Yes Yes Yes Yes Yes

¥, %, and ** denote significance at the 10, 5,and 1% levels, respectively. PI, Personal Income; PCHI, Per Capita Houschold Income; MIRR, Medical Insurance Reimbursement Ratio. The
complete table is available in Table 53 only variables and their categories with statistically significant estimated coeffcients are presented here.
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Variable Self-rated health status Mental health status 2-week health status Chronic disease status

El Wi El wi El wi El wi
LnPI 0.002(0.003) | 0.002(0.003) | -0.003(0.004) =~ —0.004(0.005)  0.006(0.004)  0.007(0.005  0.001(0.003) 0001 (0.006)
~0.048++% ~0.049%%+ ~0.085%++ ~0.109%++
LnPCHI -0.035(0.023)  -0.038(0.026) 0027 (0.018) = —0.052* (0.031)
(0.018) (0.018) (0.022) (0.027)
<=0.001
LoMIRR <0.001(0.001) | <0.001 (0.001)  —0.001 (0.002) | —0.001 (0.003) 000 ~0.001 (0.003) ~ 0.002(0.002) | 0.001 (0.003)
Age 0.031(0028) | 0030(0028)  0046(0.039)  0062(0052)  0.021(0.046)  0.021(0052) | —0.008(0.021) = -0.018(0.038)
- ~0.001%% ~0.001%%* <=0.001 <=0.001 ~0.001#+# ~0001+5% ~0.001%++ ~0.0017%
= (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

Residence (reference group: rural)

0.250%**
Urban —0.081 (0.059) ~0.078 (0.059) 0.079 (0.071) 0.104 (0.093) 0.030 (0.079) 0.035 (0.090) 0.138** (0.055) (0.097)
Gender (reference group: female)
0.876%** 1.105%**
Male 0.364%*(0.172) | 0.364** (0.174) 0.510% (0.307) 0.587% (0.346) —0.118 (0.300) ~0.252(0.494)
0262) 0334)

Ethnicity (reference group: other ethnicities)
Han Chinese 0.118(0.131) 0.131(0.133) 0.190 (0.179) 0.229(0.235) 0.382 (0.350) 0.438 (0.423) 0.047 (0.134) 0.069 (0.246)

Marital status (reference group: married/cohabiting)

—0217%* —0.219%*
Single —0268* (0.154) | ~0.326(0.198)  ~0216(0.170) = -0242(0.191) = —0.124(0.081)  -0.185 (0.142)

(0.098) (0.099)
Divorced/

~0.009(0.078) | -0010(0.079) = -0.122(0.114) = —-0.188(0.146)  0054(0.114) | 0.055(0.129)  0.104(0.083) 0.186(0.146)
Widowed
Years of
ducati 0.009(0.008) | 0.009(0.008)  0.016*(0010) = 0.021*(0013)  0012(0012) | 0.014(0.013)  <0.001(0.008) = <0.001 (0.014)
education

Agricultural occupation (reference group: non-agricultural)
Agricultural ~0.024 (0.030) ~0.025 (0.030) 0.015 (0.048) 0.020 (0.062) ~0.025 (0.048) =0.024(0.054)  -0.069* (0.041) = —0.124* (0.072)

Self-rated social status (reference group: average)

Relativelylow ~ 0.008(0.021) | 0008(0.022)  0025(0.031) | 0.021(0040)  —0.009(0.032) = -0.008(0037)  0.028(0.025)  0.049 (0.044)
Relatively high |~ =0.026(0.021) | =0025(0.021) = -0.023(0.031) = —0.036(0.040)  -0.002(0.034) oo oo oos
(0.038) 0025) (0.044)

Past-month smoking (reference group: no)

Yes 0050(0.040) | 0048(0039) | 0.064(0.054)  0.090(0.069)  0077(0.055) | 0086(0.063)  —0.003(0.047) 0003 (0.085)
Frequent past-month alcohol use (reference group: no)

Yes ~0.014(0.031) | -0017(0.031) = -0.006(0.045)  —0.005(0.059) = —-0018(0.048) ~ -0.020(0.055) = —0.005(0.037) = —0.008 (0.066)
Nap habit (reference group: no)

Yes ~0017(0020) | -0015(0020)  0035(0030) 0044 (0.039)  0028(0031) | 0033(0.035)  0010(0024) 0013 (0.043)
Weekly exercise (reference group: no)

Yes ~0.003(0.021) | -0.003(0.021) = 0030(0029) | 0.034(0.038)  —-0041(0.032)  -0.049(0.036)  0.003(0.024) | —0.001 (0.043)

Life satisfaction (reference group: somewhat satisfied)

Dissatisfied/
Neutnal 0.015(0020) | 0016(0.020)  0021(0032) | 0013(0041)  0019(0.032) | 0020(0.037)  0027(0.026) | 0043 (0.046)
eutral

Very satisfied 0.024(0022) | 0025(0.022)  0014(0.030)  0.022(0.038)  -0.047(0.032) =~ —0.051(0036) = —0.040(0.025) = —0.078* (0.045)

Cooking water source (reference group: non-tap water)

—0.086** =0.107** —0.098** B 111
“Tap water ~0.043 (0.026) ~0.042 (0.026) =0.052 (0.034) =0.092 (0.060)
(0.038) (0.049) (0.039) (0.044)
Cooking fel type (reference group: non-clean fuels)
Clean fuels 0.017 (0.026) 0.018 (0.026) —=0.040 (0.036) —0.051 (0.047) 0.060 (0.037) 0.070* (0.042) —0.002 (0.031) ~0.004 (0.055)
—0.035%*% —0.035%** —0.033%** —0.037%*
Household size 0.008 (0.012) 0.010 (0.015) —0.012 (0.010) =0.020(0.017)
(0.008) (0.008) (0.013) (0.014)

Basic social medical insurance enrollment (reference group: not enrolled)

<=0.001
Enrolled phea 0.001(0.033)  0014(0.049)  0.022(0.063)  0.007(0.050) | 0.011(0057)  0.067**(0.034)  0.116* (0.061)

Level of medical expertise of the visited institution (reference group: fair)

ongEs 02094+
Low 0029(0031) | 0027(0031) | 0.070(0047) | 0085(0060) | 0017(0.049)  0.011(0056)
©039) 0070)
0015(0029) | 0019(0037) | -0.011(0:029) = ~0.012(0.033) 0020 0.031 (0.042)
High 0.007(0.019) | 0.006 (0.019)
(0.023)
Constant 05887 (0241) | 0577+ (0242)  0068(0311)  0.097(0400)  0.128(0426)  0.110(0499)  0.539%% (0.272) | 1023%* (0.476)
Individual FE Yes Yes Yes Yes Yes Yes Yes Yes
Province FE Yes Yes Yes Yes Yes Yes Yes Yes
Year FE. Yes Yes Yes Yes Yes Yes Yes Yes
RIF Mean 0072 0072 0059 0076 0082 0095 0038 0.067
Within R* 0018 0018 0.008 0.008 0011 0010 0012 0012
N 2262 2,62 2,262 2,262 2,262 2262 2,262 2262

¥ **,and *** denote significance at the 10%, 5%, and 1% levels, respectively. PI, Personal Income; PCHI, Per Capita Houschold Income; MIRR, Medical Insurance Reimbursement Ratio.
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Variable 2010

N/ %/
mean  SE

Self-rated health status

Unhealthy 281 266
Average LI5S 1093
Relatively

676 639
healthy

Veryhealthy 3591 3392

Extremely

il 4881 461
Mental health status
Unhealthy 511 482
Healthy 10077 9518
2-week health status
Healthy 779 7365
Unhealthy 279 2635

Chronic disease status

out
chronic 9,183 8673
diseases
With chronic

1405 1327
disease
Total 10,587

SE, standard error.

1951

1840

2914

2,065

915

2075

7,610

6812

2873

8,607

1079

9,685

2014

19

3009
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2142

78.58

7033

2967

88.86

1114
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1515
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2,156

1437

500
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1876

1502

3059
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496

95.04

68.27
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1531

2313

2156

3334

1972

1,382

2,676
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7,365

3792

9,067
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11,157

2073

1932
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76.02

66.01

33.99

81.27

1873

1967

1,294
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1518

9,261

2124

1397

36

1498

1381

2658

7342

6431

35.69

83.61

1639

1171

824

2415

1114

1,107

1,842

4790

4,726

1,905

5631

1,001

6,631

1766

1243

3641

168

1669

22.77

7223

7128

2872

1509

1110

611

2356

956

919

1,705

4276

4,184

1797

4931

1,050

5,981

1856

1021

3938

1598

15.86

2851

7149

69.95

3005

8245

1755





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e180.jpg
tal

=K,





OPS/images/fpubh-13-1569726/fpubh-13-1569726-t001.jpg
Variable Assignment 2016 2018 2020 2022

N/mean  %/SE  N/mean %/SE N/mean %/SE N/mean  %/SE

Self-rated health status.

Unhealthy 1 2055 19.12 1,685 204 1,007 18.43 906 1844
Average 2 2025 18.84 1127 1474 705 12.89 494 1006
Relatively healthy 3 3219 2995 2649 3464 1,958 3582 1917 3903
Very healthy 4 2018 18.78 1,169 1529 937 17.14 807 1643
Extremely healthy 5 1,430 1331 1016 1329 859 1572 788 16.04

Mental health status
Unhealthy 0 2525 235 2082 722 1,536 2811 1,384 2818
Healthy 1 8222 765 5,564 7278 3930 7189 3,527 7182
2-week health status
Healthy 0 7317 68.08 4898 6406 3,857 7056 3455 7036
Unhealthy 1 3430 3192 2748 3594 1,609 2944 1,456 2964

Chronic disease status

Without chronic diseases 0 8922 83.02 6337 8287 4,597 8411 4076 83.01
‘With chronic disease 1 1825 16.98 1309 1713 869 15.89 834 1699
Residence
Rural 0 6.267 5831 4526 59.19 3219 5889 2821 5744
Urban 1 4480 4169 3,120 4081 2247 aLn 2,090 4256
Gender
Female 0 5,286 49.19 4042 5287 2824 5166 2512 5116
Male 1 5461 5081 3,604 4713 2642 4834 2398 4884
Ethnicity
Han Chinese 1 8809 8196 6559 8578 4,629 8468 4,264 86.84
Other 2 1939 18.04 1,087 1422 837 1532 646 1316
Marital status
Single 1 1638 15.24 1013 13.26 861 15.76 843 1717
Married/Cohabiting 2 8111 7547 5810 7598 4132 756 3,626 7385
Divorced/Widowed 3 998 9.29 823 1076 472 8.64 441 898

Agricultural occupation
Non-agricultural 0 5620 5229 3815 49.89 2888 5283 2738 5575
Agricultural 1 5127 4771 3831 50.11 2579 47.17 2173 4425

Past-month smol

No 0 7,689 7154 5525 7226 4,007 7331 3,674 7482
Yes 1 3,058 2846 2,121 27.74 1,459 26.69 1,237 25.18

Frequent past-month alcohol use

No 0 9,065 8435 6421 8398 4734 8661 4269 8693

Yes 1 1,682 1565 1,225 1602 732 13.39 642 13.07
Nap habit

No 0 5641 5249 3,346 377 2162 39.56 1,899 3867

Yes 1 5106 4751 4300 56.23 3,304 60.44 3012 6133

Weekly exercise
No 0 7,106 66.12 4458 5831 4232 77.42 3,466 7058
Yes 1 3641 3388 3,188 4169 1,234 2258 1445 29.42

Life satisfaction

dissatisfied/Neutral 1 4999 4651 2362 30.89 1,661 3039 1,538 3133
Somewhat satisfied 2 2,954 27.48 2,149 281 1,69 3108 1,582 3221
Very satisfied 3 2795 26 3,135 4101 2,107 38.54 1,790 36.46

Self-rated social status

Relatively low 1 3761 35 1935 253 1322 2419 1175 2391
Average 2 4,587 4268 3,159 4132 2,383 43.6 2,151 438
Relatively high 3 2,400 2233 2,552 3337 1,761 3221 1,585 3227

Cooking water source
Non-tap water 0 3,706 3448 2,481 3245 1,436 26.26 1,202 24.48
“Tap water i 7,041 6552 5,165 67.55 4,031 74 3,709 7552
Cooking fuel type
Non-clean fuels 0 4,962 46.17 2915 3813 1,686 30.84 1,260 25.66
Clean fuels 1 5,785 53.83 4,731 61.87 3,780 69.16 3,650 7434

Basic social medical insurance enrollment
Not enrolled 0 928 8.63 680 89 583 10.66 470 9.56
Enrolled 1 9,820 91.37 6,966 911 4,883 89.34 4441 90.44

Level of medical expertise of the visited institution

Low 1 793 7.38 969 1267 553 1011 600 1222
Fair 2 5910 54.99 2,555 3341 1,586 2001 1,166 2374
3 4044 37.63 4122 5391 3328 60.87 3,145 64.04
PI(CNY) 6483.7 259.09 805397 | 25373 9064.55 300.17 122487 393.03
PCHI (CNY) 5875.86 1146 7670.36 12063 8407.97 12766 101493 155.64
MIRR o1 0 011 001 o1 0.01 o1 001
Household size (Persons) 462 014 443 011 448 012 419 0.09
Years of education 612 019 62 017 6.89 018 7.33 014
Age (years) 47.43 057 49.65 058 48.84 0.66 4891 062
Total 107472 7646.01 5466.28 491078

SE, Standard Error; PI, Personal Income; PCHI, Per Capita Household Income; MIRR, Medical Insurance Reimbursement Ratio; CNY, Chinese yuan.
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Variable Self-rated health Mental health status  2-week health status Chronic disease

status status
Age <60 0.024*** (0.007) 0.020%* (0.010) 0.037%* (0.010) ~0.003 (0.007)
Counterfactual group —0.023 (0.022) 0.092*#** (0.035) 0.025 (0.040) —0.038 (0.040)
Age > 60 0.073%** (0.009) 0.101%** (0.014) 0.078*** (0.014) 0.014 (0.013)
“Tdifference —0.049*** (0.011) —0.081*** (0.017) —0.041** (0.017) ~0.017 (0.015)
ToT_explained —0.095%** (0.021) —0.009 (0.033) —0.053 (0.038) —0.052 (0.038)
ToT_unexplained 0.047% (0.024) —0.072* (0.038) 0.012 (0.044) 0.035 (0.044)
Explained Unexplained Explained Unexplained Explained Unexplained Explained Unexplained
Total —0.095%** 0.047% =0.009 =0.072% =0.053 0.012 —0.052 0.035
Pure_
—0.020** 0.020 0.007 —0.010
explained
Pure_
0.054 —0.012 0.055 0.071
unexplained
Specif_err ~0.075%%* ~0.029 ~0.060* ~0.041
Reweight_
—0.008 —0.059 —0.043 —0.036

err

Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_

explained unexplained  explained  unexplained  explained  unexplained  explained  unexplained

InPI 0.002 0.011 0.008* —0.020 0.004 0.046 —0.019%** 0.127%
InPCHI ~0005++% 0311 ~0.007+% 0017 0009+ ~0.134 <0001 ~0.054
LnMIRR =0.001 =0.029 0.003 0.047 0.004 —0.041 —=0.001 —0.015

Gender (reference group: female)
Male <=0.001 =0.017 <=0.001 =0.005 <=0.001 ~0.056 <=0.001 -0.016
Residence (reference groups rural)

Urban <0.001 0.007 0,003+ ~0.007 ~0.001 0.020 -0.003* 0.028

Ethnicity (reference group: other ethnicities)
Han Chinese | ~0006*+* ~0.124% 0006 0027 0005 ~0.106 <-0001 0118

Marital status (reference group: married/cohabiting)

Single —0.006*+* 0019 ~0.007%* 0.102%* —0.005* 0.077 ~0.001 0.043
Divorced/
0.007++ 0.001 0.004 0.003 ~0.005 ~0.010 0.006 0.007
Widowed
Years of
0.006 0033 0,019 ~0.095 0.023%%% —0018 0.008 0.059
education

Agricultural occupation (reference group: non-agricultural)
Agricultural | 0.005%** 0.035% 0.007%5% 0.055% 0,004 0.015 0,004 —-0.002

Self-rated social status (reference group: average)

Relatively

’ 0.002 0013 0013%+ -0013 0.005 0018 ~0.005% 0.044
low.

Relatively

ik ~0.009%%% -0023% ~0009% ~0.002 ~0.004 ~0.003 0.003 0010
ig

Past-month smoking (reference group: no)

Yes <0.001 ~0.009 <0001 0.016 <0001 0.015 <0.001 —0.018

Variable Self-rated health status Mental health status 2-week health status Chronic disease status

Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_
explained unexplained  explained  unexplained  explained  unexplained  explained  unexplained

Frequent past-month alcohol use (reference group: no)

Yes <=0.001 =0.001 <0.001 =0.001 <0.001 0.015 <=0.001 —0.008
Nap habit (reference group: no)

Yes —0.002 =0.003 =0.002 0.053 =0.010%** 0.030 —0.010%*% =0.025
Weekly exercise (reference group: no)

Yes ~0.001 0,008 ~0004%++ ~0009 ~0002 ~0010 ~0001 0005

Life satisfaction (reference group: somewhat satisfied)

Dissatisfied/

0.004 ~0.010 0.006 ~0.010 0.002 ~0.005 0.003 ~0.074
Neutral
Very satisfied <0.001 ~0.001 ~0.001 0011 0,008+ 0.009 0.007%% -0.036

Cooking water source (reference group: non-tap water)

“Tap water <-0001 0015 ~0003+* 0081 ~0001 0036 <-0001 0027
Cooking fuel type (reference group: non-clean fuels)

Clean fuls 0.001 ~0.023 ~0001 —0.027 ~0002 0017 <-0001 ~0072
Household size —0.013%#* 0.022 —0.014** 0.072 —0.013** 0.006 —0.001 0077
Basic social medical insurance enrollment (reference group: not enrolled)

Enrolled —0.001 —0.096 <0.001 —0.081 —=0.001 —0.028 —0.002*% —0.064

Level of medical expertise of the visited institution (reference group: fair)

Low <0.001 0.004 0.003% ~0.006 0.001 ~0.020 0.004%+ -0.016
High ~0.005%+* 0.003 ~0.005* ~0018 ~0.006+* ~0010 ~0001 0029
Year FE Yes Yes Yes Yes Yes Yes Yes Yes

#,*%,and #** denote significance at the 10, 5, and 1% levels, respectively. PI Personal Income. PCHI Per Capita Household Income. MIRR Medical Insurance Reimbursement Ratio. The
complete table is available in Table §5; only variables and their categories with statistically significant estimated coefficients are presented here.
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Variable Self-rated health ~ Mental health status ~ 2-week health status Chronic disease

status status
Female 0.066*** (0.008) 0.051%#% (0.011) 0.091%** (0.012) 0.029%** (0.010)
Counterfactual group 0.068*** (0.025) 0.054** (0.027) 0.070** (0.029) 0.112%#* (0.032)
Male 0.079*** (0.008) 0.065%** (0.011) 0.074%** (0.012) 0.047%%* (0.009)
“Tdifference —0.012 (0.011) ~0.013 (0.016) 0.017 (0.016) —0.018(0.013)
ToT_explained —0.010 (0.022) ~0.011 (0.023) —0.004 (0.026) 0.065** (0.029)
“ToT_unexplained —0.002 (0.026) ~0.002 (0.029) 0.021 (0.032) —0.083** (0.034)
Explained Unexplained Explained Unexplained Explained Unexplained Explained Unexplained
Total =0.010 =0.002 =0.011 —0.002 —0.004 0.021 0.065%* —0.083**
Pure_
=0.005 0.001 =0.009 0.004
explained
Pure_
0.005 —0.010 0.022 —0.081%+*
unexplained
Specif_err =0.012 0.004 0.061%**
Reweight_
~0007 0007 <=0.001 ~0002
e
Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_
explained  unexplained explained  unexplained  explained  unexplained  explained  unexplained
LnPl =0.002 0.022 —0.004 —0.034 —0.002 0.029 —0.003 0.088
LaPCHI 00034+ 0195 0.008% 0884 ~0.001 0.100 <0001 ~0.640+%
LnMIRR 0.001 0.014 <=0.001 0.037 0.002 0.086 0.001 —0.084
Age ~0001* ~0001 ~0.003+* <-0001 ~0002* 0.001 ~0.001 ~0001
Age! <0.001 ~002 <0001 ~0.004 <0001 0024 <0001 0019

Residence (reference group: rural)

Urban <=0.001 -0016 <0.001 ~0.006 ~0.001 —0012 <=0.001 ~0.051%

Ethnicity (reference group: other ethnicities)
Han Chinese <=0.001 —0.027 <=0.001 0.028 <=0.001 -0.022 <=0.001 =Qua5**

Marital status (reference group: married/cohabiting)

Single 0001 oon <0001 ~0.004 <0001 ~0036+* 0.001 ~0.005
Divorced/
—=0.001 —0.001 =0.005 0.034%* 0.002 —0.007 =0.006 =0.007
Widowed
Years of
—0.002 0.014 —0.003 —0.028 ~0.008* 0.007 <=0.001 0.105%*
education

Agricultural occupation (reference group: non-agricultural)
Agricultural —0.001 —0.003 —0.001 0.067** —0.001 —0.032 —0.001 —0.032

Self-rated social status (reference group: average)

Relatively

5 <0.001 ~0.022 0001 ~0016 <=0.001 0.037% <0.001 ~0.017

low.

Relatively

. <0.001 ~0016 0001 -0017 <0.001 0.009 <0.001 0.001
ig

Past-month smoking (reference group: no)

Yes ~0.008 —0.002 0.006 ~0.002 ~0.007 —0.001 0005 0.002

Variable Self-rated health status Mental health status 2-week health status Chronic disease status

Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_ Pure_
explained  unexplained  explained  unexplained  explained  unexplained  explained  unexplained

Frequent past-month alcohol use (reference group: no)

Yes 0.001 —0.001 0.003 0.002 0.006 0.002 0.007 0.003
Nap habit (reference group: no)

Yes <0.001 —0.013 <0.001 0.017 0.001 -0.016 0.001 —0.083%*
Weekly exercise (reference group: no)

Yes <0.001 0009 <0001 0010 0001 0034 0001 0042

Life satisfaction (reference group: somewhat satisfied)

Dissatisfied/

<0.001 0.008 <=0.001 0.041% <=0.001 0.040 <=0.001 ~0.005
Neutral
Verysatisfied  <0.001 -0012 ~0.001 0017 ~0.001 -0016 ~0001 <0.001

Cooking water source (reference group: non-tap water)

“Tap water <-0.001 0015 <0001 0060 <-0001 0013 <-0001 0013
Cooking fuel type (reference group: non-clean fuels)

Clean fuels <0.001 —0013 <=0.001 ~0058 <0001 ~0027 <0001 ~0002
Household size 0.002 —0.028 0.001 -0.002 0.001 —0.103* 0.001 =0.070
Basic social medical insurance enrollment (reference group: not enrolled)

Enrolled <=0.001 —0.123* <0.001 =0.050 <0.001 0.166 —0.001 =0.160*

Level of medical expertise of the visited institution (reference group: fair)

Low —0.001 —0.003 —=0.001 =0.007 =0.001 0.007 —0.003%%% —0.004
High 0004+ 0056 <0001 —0015 0003 <0001 00047 ~0.016
Year FE Yes Yes Yes Yes Yes Yes Yes Yes

*,**, and *** denote significance at the 10, 5, and 1% levels, respectively. PI, Personal Income; PCHI, Per Capita Household Income; MIRR, Medical Insurance Reimbursement Ratio. The
complete table is available in Table 54 only variables and their categories with statistically significant estimated coefficients are presented here.






OPS/images/fpubh-13-1562417/fpubh-13-1562417-e184.jpg





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e183.jpg





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e182.jpg





OPS/images/fpubh-13-1509167/fpubh-13-1509167-e007.jpg
EquityCost; ;1)





OPS/images/fpubh-13-1509167/fpubh-13-1509167-e006.jpg
EquityCosti1 =Bo +BIESG _index;, + By Controls;, +
Industry + Year + &,

)





OPS/images/fpubh-13-1509167/fpubh-13-1509167-e005.jpg
eps?





OPS/images/fpubh-13-1562417/fpubh-13-1562417-g003.jpg
No Compensation Rate

5 = = Steady Compensation Rate
—Dynamic Compensation Rate

Disposable Income
B %

15
0 10 20 30 40 S0 60 70 SO 90 100 110 120

Time





OPS/images/fpubh-13-1509167/fpubh-13-1509167-e004.jpg
eps)





OPS/images/fpubh-13-1562417/fpubh-13-1562417-g002.jpg
~No Compensation Rate
- - Steady Compensation Rate
——Dynamic Compensation Rate

0 10 20 30 40 50 60 70 80 S0 100 110 120
Time





OPS/images/fpubh-13-1509167/fpubh-13-1509167-e003.jpg





OPS/images/fpubh-13-1562417/fpubh-13-1562417-g001.jpg
065

& % -+~ Steady-State Medical Insurance Compensation Rate
2 —Dynamic Medical Insurance Compensation Rate

2 055

£ os

o

g 0.45

03 L L L L L L L L L L L
0 10 2 30 4 50 60 70 $0 9 100 110 120






OPS/images/fpubh-13-1569726/fpubh-13-1569726-e002.jpg
Wil =

2(b-a)

N2 (b= (45— a)

X i

@)





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e078.jpg





OPS/images/fpubh-13-1569726/fpubh-13-1569726-e001.jpg
8

N (b-a)

> il

O]





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e077.jpg
o(C~C)=(1-5) Py (11)





OPS/images/fpubh-13-1569726/crossmark.jpg
©

2

i

|





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e076.jpg
7(C—C)=wil, (10)





OPS/images/fpubh-13-1545215/fpubh-13-1545215-t011.jpg
(1) (2) (5)

Variabl o mall
CHELR Private State-owned giell i)
medium
0.081%+% 0044+ 0.069%+% 0059 0.089%+% 0.041%
Lindex
f0021) [0.020] {0018] [0047) [0.024] 0023
~0.194 —0.604% 0396 — 1098+ ~0.702% 0037
size
[0245) [0247) 0203] (0.409] 0403 0369
6162+ ~5.502%+ ~5.040%+% ~7.168%+ ~3.308% ~10444*
lev
(1611 [1.639] [1.221] [2597] (1.527) [2577)
—4.806% -1553 —3243 —9.226%++ 7145445 —5.389%4%
ppe
[1.997) [1.556] [2098] (2667) [2.028) [2.035]
26434 ~0.444 1224 35270 3558 0230
growth
(0903 {0405 (1.003] [1161] (1.053] [0.684]
~39.135%* ~5.403% 21,4905+ —48.0524* 38,466 ~19.897%
102
[6019] [3217) [7.161] (85651 [6725] [8347]
0.100%+% ~0.031% 0.023% 0.115%5 0.070%+ 0019
share
[0015] [0.014) [0013] (0.022] [0.017) [0.017)
0318 —4.067+* ~0973 2724 0451 0361
Ingdp
[0.650] [0856] [0651] [1.566] (0.766] [0.845)
~11.876% 584707+ 12,990+ -14725 7.264 3864
_cons
[6816] [9825] [6122] [14.823] 9.780] [10.192]
Chow 29.42¢%% 6,667+ 9.84%%%
N 1483 456 1,200 738 1312 627
R 0301 0418 0.230 0308 0319 0363

Standard errors in brackets. *p < 0.1, **p < 0.05, **p < 0,01
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Variable Intensity
Lindex 0.075%4%
[0.017)
sub ~1.066
[0.820]
Lindexxsub 0.019%%%
[0.004]
size ~0.007
[0.180]
lev —5.974%%%
[1.076]
ppe —3.481%%%
[1316]
growth 20474%
(0573
102 -22.387%+%
[3.914]
share 0.035%%
[0.010]
Ingdp ~0.800
[0.544]
_cons 0.198
[4.926]
N 1939
R 0419

Standard errors in brackets. *p < 0.1, *%p < 0.05, ***p < 0.01.
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Variable Intensity
Lintensity 0931445
(0.038)
Lindex 0.046%*
(0.021)
size 0.149
(0214)
lev ~1567
(1.498)
ppe —5.360%%*
(1.794)
growth ~0751
(0.730)
10 ~2300
(4.076)
share 0.023%
(0.013)
Ingdp ~2056
(1.398)
Constant 7.399
(12.794)
Number of id 252
Ar(1) 0.000182
Ar2) 0.141
Hansen 0247
N 1939

Standard errors in brackets. *p < 0.1, *%p < 0.05, ***p < 0.01.
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Variable

Lindex

Lbreadth

Ldepth

L digitization

size

lev

ppe

growth

share

Ingdp

_cons

N

R

(1) (2)

Intensity Intensity

0,063+ 0.072%%%

[0.012] [0.019]

~0350%
[0.179]
—4.596%+*
(1.292)
—4335%
(1829
20735
[1.039]
~22.727%%
(6.086]
004344+
{0013]
~0.633
[0.602]
~7.784%%% 5962
[2552] [5.394]
1,536 1,536

0.161 0215

Standard errors in brackets. *p < 0.1, **p < 0.05, ***p < 0,01

(3)

Intensity
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Overall

Variable Median (IQR) p value
Gender <0.001
Male 87583.6 183668 261700 108245 317768 17613.8 (9396.1-33085.9)
Female 1025124 49983.1 276288 115210 302024 14922.9 (8266.2-31584.6)
Age group <0.001
<d5 821013 501303 25892.4 94253 36657.7 19285.7 (9769.6-36991.3)
45-64 1073079 1463282 27483 115681 295335 16389.9 (9377.6-31203.5)
64 617899 534339 30054.4 1082 317274 16538.3 (8221.4-33920.7)
Hospital level <0001
Unclassified 164348 4221 42665 5687.7 43287 2556.3 (1250.1-5070.2)
Primary hospital 129569 571586 42908.6 58393 45962.7 292240 (9466.3-731124)
Secondary hospital 840284 52351 36865.6 90069 414320 308296 (11232.5-56822.6)
Tertiary hospital 97857.1 48460.1 26168.1 115517 306108 16863.1 (9944.9-29668.4)
Hospital type <0.001
Public hospital 96802.3 149628 200149 113046 284013 15863.2 (8869.0-29739.7)
te hospital 270086 676925 543192 67010 58398.1 42636.1 (13776.2-88143.6)
Admission year <0.001
2019 778775 484355 421363 0 448690 285036 (18409.3-66978.7)
2020 1152749 543182 542705 0 546667 372237 (21653.8-74746.7)
2021 96546.5 523043 27016.1 107730 332721 17546.3 (9088.4-34260.4)
2022 900185 435412 23149.1 114473 267010 14515.0 (8431.1-28092.9)
Total costs. 934549 187242 265503 mzo1 313394 16831.0 (9064.7-32726.8)

IQR, Interquartile range. Mann-Whitney rank-sum tests were used to determine the significance of observed differences in median costs.
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2020
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397 (95.2)

20 (48)

4(1.0)
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196 (47.0)

209 (50.1)

ICH
9,309 (25.9)
7,269 (78.1)

53.1(14.6)
2377255
5,061 (54.4)
1871 (20.1)
353 (37.1)

1885 (20.2)

255(27)
793 (8.5)
1741 (18.7)
6520 (70.1)

7,780 (83.6)

1,529 (16.4)

543 (5.8)
583 (6.3)
4,485 (48.2)

3,698 (39.7)

IS
22248 (61.8)
16,448 (74.0)

622(15.1)
2,365 (10.6)
10,795 (48.5)
9,088 (40.8)

236 (28.8)

2,605 (11.7)

1929 (8.7)
1,343 (6.0)
2,643 (119)
16333 (73.4)

20,387 (91.6)

1861 (84)

757 (3.4)
759 (3.4)
9,743 (43.8)

10989 (49.4)

TIA
4025 (11.2)
2028 (50.4)
59.4 (13.6)

463 (11.5)

2267 (56.3)

1,295 (32.2)
7.7(62)

1,035 (257)

46 (1.1)

110(27)

247 (6.1)
3,622 (90.1)

3,909 (97.1)

116 (2.9)

0(0.0)
0(0.0)
1,636 (40.6)

2,389 (59.4)

SAH, subarachnoid hemorrhage; ICH, intracerebral hemorrhage; 1S, ischemic stroke; TIA, transient ischemic attack; LOS, length of stay.

Overall
35,999 (100.0)
25998 (72.2)
594 (15.3)
5,338 (14.8)
18,363 (51.0)
12,298 (342)
25.1(308)

5,793 (16.1)

2237(62)

2257(6.3)

4,655 (12.9)
26,850 (74.6)

32,473 (90.2)

3,526(9.8)

1,304 (3.6)
1350 (3.8)
16,060 (44.6)

17,285 (48.0)
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Group Cost (CNY) Incremental cost Effect (QALYs)
(CNY)

FTP-TPI plus

bevacizumab,

838,492.74 481,095.78 245 091 527,577.36

FTP-TPL 357,396.97 154
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Parameters Baseline Lower Limits  Upper Limits  Distribution Sources

Values

Cost of medication per cycle (CNY)
FTP-TPI plus bevacizumab 23625.40 1890032 28350.48 Gamma Procurement platform

FTP-TPL 13947.40 1115792 16736.88 Gamma Procurement platform

Follow-up cost (CNY per visit)

Laboratory tests 31736 25389 380.83 Gamma a8
Imaging tests 67770 542,16 81324 Gamma (0)
End-of-lfe care 11299.00 9039.20 13558.80 Gamma @y
Supportive treatment 2141.20 1712.96 2569.44 Gamma (40)
Subsequent treatment cost 75411 603288 9.49.32 Gamma Procurement platform

Adverse event management cost (CNY per event)

Neutropenia 321490 257192 385788 Gamma 2
Nausea 29800 238.40 357.60 Gamma @3)
Anemia 531.00 42480 637.20 Gamma (42)
Fatigue 2050 1664 24.96 Gamma (1)
Tiredness. 29301 23441 35161 Gamma (43)
Diarthea 27600 22080 33120 Gamma (16)
Decreased appetite 7054 56432 846.48 Gamma (43)
Utility value

PES utlity value 084 067 100 Beta @)
PD utility value 0.57 046 0.68 Beta @2)

Other parameters
Discount rate (%) 5 0 8 Beta
Incidence of adverse events (%)

FTP-TPI plus bevacizumab group

Neutropenia 4.0
Nausea 1.60
Anemia 6.10
Fatigue 4.10
Tiredness 120
Diarrhea 0.80
Decreased appetite 0.80

FTP-TPI group

Neutropenia 3210
Nausea 1.60
Anemia 1100
Fatigue 410

The drug prices on the procurement platform as of June 5, 2024, are as follows: Trifluidine and Tipiracil Tablets: ¥6,549.60 [containing Trifluridine 20 mg and Tipiracil Hydrochloride 9.42 mg
(equivalent to Tipiracil 8.19 mg), 20 tablets/bos, aluminum foil packaging]. Bevacizumab Injection: ¥1,500.00 (4mL: 0.1g, 1 vial/box, vial packaging); the incidence rate (%) of adverse

reactions is derived from the SUNLIGHT Phase I1I clinical trial.
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Variables

IMIS

URRBMI

Control variables
Year FE

City FE.

Year x City FE
RfPseudo R*

Observation

(1) (2) (€)]

Life Economic Happiness
satisfaction  satisfaction

038974+ 0291455
(422) (3.20)
0.4109%%
(212)
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
Yes Yes Yes
00709 0.0663 00822
3742 3742 3742
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Var. Var. def. Sam. p Mea Max. Min St
Health care expenditure

HCE 2007Q1-2022Q4 0031 0.084 0.007 0.003 0023
in GDP (%)
Chinas consumer price

e index: month-on-year  2007Q1-2022Q4 7761 24100 ~4600 0710 6,607
(%)
Chinds GDP quarterly

Gpp 2007Q1-2022Q4 7.849 18700 ~6.900 0478 7500

growth rate (%)
Demographics as
measured by proportion

Dem of 65 years old and 2007Q1-2022Q4 10580 14900 7950 0254 10,150
above in China’s total
population (%)
Labor force
participation as

LAB ‘measured by logarithm 2007Q1-2022Q4 11.270 11.291 9.374 0.057 10431
of China economically

active population

Logarithm of China's
Rev 2007Q1-2022Q4 10.282 11.002 9.374 0.057 10431
fiscal revenue

Logarithm of China’s
STE science and technology | 2007Q1-2022Q4 6940 8284 4810 0.100 6977

fiscal expenditures

Sam. Per. represents the sample period; Var. = variable; Max. = maximum; ‘minimum; Std. Err. = standard error.





OPS/images/fpubh-12-1467256/fpubh-12-1467256-t003.jpg
Variables Stagel Stage2

Convergence and Happiness
integration
IS 043264+
(282)
Revenue 011597+
(14.12)
Percentage 01413+
(3.50)
Atanhrho_12 0.4500%*
@27)
Control variables Yes Yes
Year FE Yes Yes
City FE Yes Yes
Year x City FE Yes Yes

Observation 4327 4327
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(1) (2) (3)

Order Probit Order Probit Order Probit

(5)
Probit

IMIS

Age

Aget

Gender

Marital Status

Education Level

Party

Income Level

Working Hours

Job Type

Health Status

Pension Insurance

Number of Dependents

Home Ownership

Family Harmony

Village Harmony

Per Capita Fiscal Revenue

of Village

Year FE
City FE
Year x City FE

Constant

R/Pseudo R

Observation

0339745 03068+ 03179%5%
(1079) (3.50) (3.58)
~0,0202%%*
(~12.49)
0.0246*
78)
~00416
(-L19)
0.2636%%
(465)
0.0797%%
(3:69)
0.3073%%%
(3.94)
00074
(1.43)
~00077
(~1.06)
~00269
(-037)
~02572%%
(-1491)
00537
.57)
-00131
(-112)
~00834
(-1.33)
00490
(156)
~00329
(-052)
0.0001%

a7

0.0127 0.0290 00617

4,616 4,616 4616

027343+
(3.49)
~00179%+%
(-12:67)
0.0206*
(189)
~0.0393
(-122)
0234754+
(465)
007115
@71
02571%++
(3.79)
0.0066
(145)
~0.0061
(~095)
~00236
(-0.37)
—0.2241%%
(-1491)
0.0498%
(1.65)
-00121
(-117)
~0.0765
(-137)
00446
(160)
~0.0263
(-0.48)
0.0001%
(169)
Yes
Yes
Yes
EGIERS
(4.43)
0.1600

4616

0.6046+%
(371)
00281+
(=1031)
0.0380**
(229)
~0.0656
(=1.11)
032120
(3.73)
0.1012%%%
(284)
03634+
(228)
00107
(1.30)
~00014
(-0.12)
~0.0888
(-0.75)
03256+
(-1147)
0.1202%%
(2.15)
~0.0428**
(-224)
—00527
(<053)
0.1303**
(254)
~00191
(=0.20)
0.0007
(1.31)
Yes
Yes
Yes
~0.2655
(-037)
0.1545

4214

The significance levels of 1, 5, and 10% are denoted by ***, **, and *, respectively. Standard errors are clustered at the year-city level. The t-values are in parentheses. Same below.
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Variables (1) (2) (3) (4)

Full Control  Treatment  (3)-(2)

sample  group group

Happiness 35043 33586 36870 0328455
(Lo1) (1.06) (0.93)

s 04437
(050)

Age 449887 438555 464097 2554145
(12.29) (12.33) (12.08)

Age' 217487 207522 229982 224604+
(14 (11.03) (11s)

Gender 06163 0.6059 06294 00235
(0.49) (0.49) (0.48)

Marital status  0.9084 0.9050 09126 00076
(0.29) 0.29) (0.28)

Education 15084 13910 16558 0.2648++*

level (0:89) (0:89) 087)

Party 00479 00514 00435 ~0.0079
©021) 022) (0.20)

Income level 66289 61496 7.2299 10802+
(436) (438) (4.26)

Working 6.1440 61989 60751 -0.1238

hours (262) @549 @7

Job type 0.0609 0.0600 00620 00020
029 029 (0.24)

Health status 25104 25000 25234 00234
(1.02) (109 (0.98)

Pension 05604 05833 05317 ~0.0516++*

insurance 050) (0.49) (0:50)

Number of 17444 16935 18081 0.1146+5*

dependents (1.40) (132) (150)

Home 09289 09338 09229 ~0.0109

ownership (0.26) (0.25) 0.27)

Family 33967 35471 32080 ~0.3391%5%

harmony (065) (073) (0.46)

Village 31597 32531 3045 ~0.2106%+*

harmony (0.46) (058) 0.20)

Per capita 01532 02063 0.0865 —0.1198%5*

fiscal revenue 077) (0:89) 0.59)

of village

Observation 4616 2,568 2048 4616

Column (4) tests the significance of sample differences usingt-statistics; %, **,and *
indicate statistical significance at the 1,5, and 10% levels, respectively. Standard deviations
are reported in parentheses.
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Year

Total sample

Demographic characteristics for women

Mean Age

SD

Socio-economic status

Qlgoorest
N (%)
1,476 (19.98)

1,322 (16.60)

951 (19.90)

Q5iichest
N (%)
1,628 (22.04)

2,069 (25.98)

744 (17.03)

1017 (21.29)

Residence status

Rural
N (%)
4712 (63.79)

4,508 (56.60)

3,033 (69.42)

2 (61.99)

Urban
N (%)
2,675 (36.21)

3,457 (43.40)

1,336 (30.58)

1,816 (38.01)
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Descriptive statistics of age characteristics for women and children

Variable Mean Std. dev. Min
Mother's age (Years) 3099 875 15 49
Child age (Months) 3209 1678 0 59
Double Burden of Malnutrition (DBM) among women and children in 2010 and 2015
Year Overall Household DBM for Women Overall DBM for Children

N (%) N (%)
2010 2,526 (34.20) 534 (12.22)

2015 2,526 (31.71) 649 (13.60)
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Log-likelihood

Rho value

00402

0.00139

~0518

~0.889

p-values
0.00000190
0.0000430
0.705
058
~16962579
06907944

0.0266

0.00137

-083

-075

Model 2
p-values
0.00000203
0.0000804
0622
0681
~17.450463
0.6406089
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Variable name Mean Standard deviation Maximum
Regional GDP 30148967 24558.452 11115160 1349
Population density 461456 706.506 392429 284
Ratio of government

0.149 0070 0500 0.0697
consumption expenditure
Proportion of population with

0.146 0076 0477 00643

college degree or above
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Province TEC TPC EC SEC TFPC
Beijing 0840 1070 1,000 0.840 0.900
Tianjin 1019 1083 1150 0.886 1104
Shanghai 1.000 1.055 1000 1.000 1055
Chongging 1.000 0979 1.000 1.000 0979
Heilongjiang 1.068 1056 1028 1039 1128
Jilin 0.99 1057 0.962 1035 1053
Liaoning 1001 1086 1000 1001 1.087
Hebei 0989 1032 0999 0990 1020
Henan 0989 1019 0990 0999 1.008
Shandong 1.000 1019 1,000 1.000 1019
Shanxi 1193 1064 1185 1.006 1269
Shaanxi 1010 1055 1016 0.993 1066
Gansu 1311 1086 1282 1023 1424
Qinghai 1066 Lo71L 1069 0997 1142
Sichuan 0.908 1018 0915 0.993 0925
Hubei 0970 1058 0969 1001 1027
Hunan 1086 1044 1083 1.002 1133
Jiangxi 1.000 1085 1000 1.000 1085
Anhui 1.000 1051 1000 1.000 1051
Jiangsu 1.000 1084 1000 1.000 1.084
Fujian 0873 1040 0867 1.007 0.908
Zhejiang 1000 1057 1000 1000 1057
Guangdong 0.986 1082 0981 1.005 1.066
Hainan 1029 1194 1000 1029 1229
Yunnan 0943 1010 0948 0.995 0.981
Guizhou 1041 1066 1039 1.003 1110
Inner Mongolia 1089 1.055 1076 1012 1149
Ningsia 1035 1142 1028 1007 1182
Xinjiang 1016 1144 1000 1016 1162
Guangxi 0.963 1016 0971 0.992 0978
Xizang 1056 1083 1022 1033 1143
Average 1012 1.063 1016 099 1076

TEC, technical eficiency change; TPC, technical progress change; PTEC, pure technical efficiency change; SEC, scale efficiency change; TFPC, total factor productivity change.
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Variant

Dependent variable:

Q25

Multidimensional relative poverty index

50

Q75

Formal financial participation

—0.043** (0.012)

—0.036*** (0.010)

—0.019*** (0.007)

—0.016** (0.008)

—0.006** (0.003)

Informal financial participation

0.001 (0.005)

0.002 (0.006)

—0.009** (0.045)

—0.020%** (0.006)

—0.021*** (0.007)

Control variable

Controlled

Controlled

Controlled

Controlled

Controlled

Constant term

0.233%* (0.037)

0.345%* (0.037)

0.605** (0.061)

0.757*** (0.008)

0.817** (0.088)

N

5,303

5303

5303

5,303

5303

*** and ** indicate significance at the 1% and 5% levels, respectively; control variables remain consistent with those listed in Table 4; q represents the quartile point, with five quartiles —10%,

25%, 50%, 75%, and 90%—selected in ascending order.
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Variant

Multidimensional
relative poverty
index

Modeling the mediating effects of non-farm employment

Non-farm
employment

Multidimensional
relative poverty
index

Variant

Multidimensional
relative poverty

index

Non-farm

employment

Multidimensional
relative poverty
index

Formal financial —0.025*** (0.006) 0.035*** (0.012) —0.022*** (0.006) Informal financial —0.014** (0.006) 0.076"** (0.014) —0.010"* (0.003)
participation participation

Non-farm employment —0.079*** (0.006) Non-farm employment —0.078*** (0.006)
Control variable Controlled Controlled Controlled Control variable Controlled Controlled Controlled
Constant term 0.568*** (0.043) —0.024 (0.102) 0.566"** (0.042) Constant term 0.568"** (0.043) —0.039 (0.101) 0.565*** (0.042)
R? 0.159 0.110 0.188 R? 0.158 0.115 0.186

N 5,303 5,303 5,303 N 5,303 5,303 5,303

*** and ** indicate significant at the 1% and 5% levels, respectively; control variables are the same as in Table 4.
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Range QIEC jIEE BIEC] SEC MRS

2017-2018 0926 1125 0.945 0.980 1042
2018-2019 1087 0.963 1067 1019 1048
2019-2020 1029 1110 1040 0.989 L143
Average Lo12 1063 1016 0.9 1076

TEC, technical efficiency change; TPC, technical progress change; PTEC, pure technical efficiency change; SEC, scale efficiency change; TFPC, total factor productivity change.
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2017 2019 2020 Average

Beijing 033 030 025 021 027
Tianjin 030 027 0.5 027 027
Shanghai L1 105 106 109 108
Chongging 107 104 103 057 093
Heilongjiang 050 042 052 054 050
Jilin 076 070 0.60 060 0.66
Liaoning 081 0.63 102 103 087
Hebei 036 031 036 038 035
Henan 076 064 069 067 069
Shandong 101 0.63 067 101 083
Shanxi 042 042 054 101 0.60
Shaanxi 046 048 045 053 048
Gansu 016 019 029 030 024
Qinghai 049 043 070 055 054
Sichuan 101 104 063 055 081
Hubei 052 039 039 044 043
Hunan 044 045 050 103 061
Jiangxi 101 054 047 103 076
Anhui 107 124 109 102 L
Jiangsu 122 104 114 126 117
Fujian 045 039 042 028 039
Zhejiang 106 116 109 105 109
Guangdong 073 101 068 070 078
Hainan 012 101 102 101 079
Yunnan 057 056 052 053 054
Guizhou 033 041 037 040 038
Inner Mongolia 038 040 040 042 040
Ningsia 020 021 020 019 020

njiang 100 102 112 106 105
Guangxi 028 027 032 025 028
Xizang 019 017 020 020 019

Average 062 061 061 065 062
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X1

X2
X3
X4
X5
X6
X7

X1
1
0.804%*
0.184%
0079
0.501%*
0.755%%

03107

*Indicates p <0.05; ** indicates p<0.001

X2

1
0.180%
0.092

04867

06857

0407

Y1

1
0345%%
0.037
0.295%%

0.201%

Y2

1
0.187%
0316%+

0357+

Y3

1
0.622%%

0.4447%

Y4

0,568+
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Variant

Formal financial

Multidimensional
relative poverty
index

—0.025*** (0.006)

Land transfer

0.038*** (0.014)

Equ

Multidimensional
relative poverty

index

—0.024*** (0.006)

Modeling the mediating effects of land transfers

Variant

Informal financial

Multidimensional
relative poverty

index

—0.014** (0.006)

Land transfer

0.079** (0.013)

Multidimensional
relative poverty

index

—0.012** (0.006)

participation participation

Land transfer —0.021*** (0.006) Land transfer —0.021*** (0.006)
Control variable Controlled Controlled Controlled Control variable Controlled Controlled Controlled
Constant term 0.568*** (0.043) —0.046 (0.095) 0.567** (0.043) Constant term 0.568*** (0.043) —0.058 (0.095) 0.566*** (0.043)
R? 0.159 0.123 0.161 R? 0.158 0.176 0.159

N 5,303 5,303 5,303 N 5,303 5,303 5,303

*** and ** indicate significant at the 1% and 5% levels, respectively; control variables are the same as in

ble 4.
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Category

Input

Output

Indicator

Financial expenditure

Percentage of expen

Area of sports fields

Guidance services for sports

organizations

Mass sports participation

Specific indicator

Per capita financial expenditure on public

fitness services (X1)

Proportion of governments fiscal expenditure
on public fitness services (X2)

Per capita area of public sports grounds(Y1)
Number of social sports instructors per 10,000
People (Y2)

Number of social sports organizations per
10,000 People (Y3)

Number of mass sports activities conducted
(Y4)

Definition

The total finan

expenditure on sports-related services, including the public welfare
fund from sports lotteries, divided by the total population of the region for the given
year.

“The ratio of the government' expenditure on public services for national fitness,
including funds from sports lotteries, to its total local fiscal expenditure for the year.
“The total area of sports facilites available in the region measured within the year.

‘The count of social sports instructors standardized per 10,000 inhabitants in the
region.

“The number of social sports organizations s standardized per 10,000 inhabitants of the
region.

“The total number of organized mass sports activities carried out in the region during

the year:

Proportion of the population regularly engaging | The percentage of the population that participates in regular physical activity relative

in physical activity (Y5)

o the total population in the area.

it

CNY (Chinese Yuan)

Percentage (%)

Square meters (m?)

Number

Number

Occurrences

Percentage (%)
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Multidimensional Income Development Living

relative poverty capability capability environment
index poverty index poverty index poverty index

Full sample, N = 5,303

Formal financial Nearest neighbor ATT —0.027*** —0.014** —0.009*** —0.006***
participation matching
Radius matching ATT —0.022*** —0.014*** —0.009*** —0.005***
Kernel matching ATT —0.023*** —0.015*** —0.009*** —0.006***

Rural households with formal financial participation, N = 1,598

Informal financial Nearest neighbor ATT —0.013** —0.015*** —0.006*** —0.004***
participation matching
Radius matching ATT —0.012%* —0.014* —0.006* —0.004%*
Kernel matching ATT —=0.012*** —0.015*** —0.006*** —0.004***

*** and ** indicate significant at the 1% and 5% levels, respectively.
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Variant Phase | Phase Il

Informal financial Multidimensional
participation participation relative poverty index
Instrumental variable: average 0.880"* (0.025) Formal financial —0.102*** (0.016)
formal financial participation participation
level within same age group and
county
Instrumental variable: average 0.963*** (0.029) Informal financial —0.060*** (0.016)
informal financial participation participation
level within same age group and
county
Control variable Controlled Controlled Control variable Controlled
Instrumental variable ¢-value 35.20 3321
One-stage F-value 613.36 566.19
‘Weak instrumental variable test: 387.95
‘Wald F statistic
R? 0.268 0.167 0.163
N 5,303 5,303 N 5,303

***indicates significant at the 1% level; control variables are as in Table 4.
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Variant

Formal financial participation

Income capability
poverty index

—0.014*** (0.005)

Development capability
poverty index

—0.008*** (0.003)

Living environment
poverty index

—0.006*** (0.002)

Informal financial participation

—0.013*** (0.004)

0.006"* (0.002)

—0.004*** (0.001)

Control variable Controlled Controlled Controlled
Constant term 0.258** (0.032) 0.192*** (0.019) 0.120%** (0.012)
R 0.116 0.113 0.065

N 5,303 5,303 5,303

.

indicates significant at the 1% level; control variables are as in Table 4.
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Variant

Formal financial participation

Dependent variable: Multidimensional relative poverty index

—0.025*** (0.006)

—0.024*** (0.006)

Informal financial participation

—0.014** (0.006)

—0.012** (0.006)

Gender

—0.001 (0.006)

—0.002 (0.006)

—0.001 (0.006)

Age

—0.0100%** (0.002)

—0.0100°** (0.002)

—0.0100** (0.002)

Age squared

0.012*** (0.002)

0.012*** (0.002)

0.012*** (0.002)

Political affiliation

—0.002 (0.037)

—0.002 (0.037)

—0.001 (0.037)

Marriage

—0.011 (0.009)

—0.012 (0.009)

—0.011 (0.009)

Household Size

0.020%** (0.002)

0,020+ (0.002)

00204 (0.002)

Per capita savings

—0.011%** (0.001)

—0.012%* (0.001)

—0.011*** (0.001)

Per capita expenditure on favors

0.017*** (0.001)

0.017*** (0.001)

0.017*** (0.001)

Government subsidies

—0.050*** (0.006)

—0.050*** (0.006)

—0.050*** (0.006)

Social donation

—0.062*** (0.022)

—0.063*** (0.022)

—0.063*** (0.022)

0.570%** (0.043)

Constant term 0.568*** (0.043) 0.568*** (0.043)
R? 0.159 0.158 0.160
N 5,303 5,303 5,303

*** and ** indicate significant at the 1% and 5% levels, respectively.
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(6] No No 2,616 49.33% 0315 0
(2) No No 1,053 19.86% 0238 —0.077"*
3) No No 1,089 20.52% 0.270 —0.045**
(4) No No 545 10.28% 0.188 —0.127***

***indicates significant at the 1% level.
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Variant Average Standard

value deviation

Dependent variables Multidimensional Calculated based on the 5,303 0.289 0216
relative poverty index multidimensional relative poverty index
system in Table 1

Income capability 5,303 0.104 0.154
poverty index
Development capability 5303 0.135 0.090
poverty index
Living environment 5,303 0.050 0.057
poverty index
Core independent Formal financial Rural households that have obtained 5,303 0.301 0.459
variables participation loans from formal financial institutions

or maintain bank deposits are
designated a value of 1, otherwise 0

Informal financial Rural households that receive loans 5,303 0.308 0.462
participation from other organizations or individuals,
or provide loans to them, are assigned a
value of 1; otherwise 0
Head of household Gender of household Sex of the household head (1 = male, 0 5,303 0.517 0.500
control variable head = female)
Age of head of household Age of the household head: continuous 5,303 50.933 11.435
variable (years)
Age of head of Age of the head of household squared 5,303 27.249 11.247
household squared/100 divided by 100
Political affiliation of the Whether the head of household is a 5,303 0.006 0.074
head of household party member (1 = party member, 0 =
‘mass, democratic party)
Marriage of head of Marital status of household head (1 = 5,303 0.889 0314
household married or cohabiting, 0 = unmarried,
divorced or widowed)
Household control Household size Number of household members 5,303 4.119 1917
variable (persons)
Per capita savings Amount of cash and savings per capita 5,303 9,525.926 23,306.842
in the household (yuan)
Per capita expenditure Total expenditure on gifts and gratuities 5,303 1,187.091 1,893.292
on favors per capita in the household (yuan)

Social control variables Government Subsidies ‘Whether receiving government 5,303 0.598 0.449
subsidies (1 = yes, 0 = no)

Social Donation ‘Whether received social donations (1 = 5,303 0.016 0.126
yes, 0= no)
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Dimension

Indicators

Meaning of
indicators

Indicator interpretation and assignment

Income capacity (1/3) Income (1/3) Net per capita income Assigning a value of 1 to households with net per capita
income below 50% of the median, and otherwise 0
Development capacity (1/3) Health (1/9) Self-assessed health status of Adults who self-report as “unhealthy” or children who have

adults, number of medical
consultations for children

had more than four medical consultations in a year in the
household are assigned a value of 1, otherwise 0

Education (1/9)

Adults’ years of education,
school-age children’s
enrolment status

Adults with <6 years of schooling on average or children of
school age not attending school in the household are assigned
avalue of 1, otherwise 0

Social security (1/9)

medical insurance enrolment

Anvalue of 1 s assigned if there is an employed individual in the
household without any health insurance coverage; otherwise 0

Living environment (1/3)

Housing (1/12)

Housing ownership, per capita
housing area

Households with either no property or <15 m? of housing per
capita are assigned a value of 1; otherwise 0

Consumer goods (1/12) Value of consumer durables The household is assigned a value of 1 if the total worth of
consumer durables owned is <1,000 yuans otherwise 0
Living standard (1/12) Water for cooking, fuel for The type of cooking water is not classified as “well water,” “tap

cooking

water,” “purified water, or the fuel used is “firewood” or
“straw;” it is assigned a value of 1; otherwise 0

Subjective attitude (1/12)

Life satisfaction, personal
social status

Indicates “very dissatisfied” or “very low social status” are
assigned a value of 1, otherwise 0
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Variables (1) (2)
Panel A. Subgroups by born year

Before 1980 After 1980

IMIS 01651 0.6169%%
(1.60) (4.86)
Observations 3370 1246

Panel B. Subgroups by income level

igh Low
1Mis 03309+ 0.1484

(.23) ©77)
Observations 2,136 2,480

Panel C. Subgroups by health human capital

High Low
1MiS 05460°% 00472

(61) 033)
Observations 2396 2220

Panel D. Subgroups by reimbursement levels

High Low
s 0.1454 0.5022%%

(L15) (238)
Observations 2854 1762
Control Variables Yes Yes
Year FE Yes Yes
City FE Yes Yes
YearxCity FE Yes Yes

%, %%, and *, respectively; represent significant estimation coeffcients at the 1,5, and 10%
test levels; The value of t is enclosed in parentheses.
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Variable Coefficient t value P value

Lox, 0247 %%+ 7.07 <0001
Lox, 0.072¢ 241 0020
Lnx, 0.021% 207 0045
Lnx, 0.164 055 0585
Lnx, 0.1838* 254 0015
Lnx, 0.1223%%% 635 <0.001
cons —6.578%** -7.96 <0.001

#* indicates p < 0.001. ** indicates p < 0.01. * indicates p < 0.05.
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Test method Statistic Statistical value P value
Fest F 5936 <0.001
LM test chibar2 0.00 1.0000

Modified Hausman test chi2 3693 <0001
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Test method Statistic Statistical value P value
Modifed Phillps-Perron t 40347 <0001

Pedroni test Phillps-Perron t —12.4263 <0.001
Augmented Dickey-Fuller t ~9.4306 <0.001

Westerlund test Variance ratio 42091 <0.001
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Variable Stationarity First-order Stationarity

difference
variable
LLC <0001 Stationary LLC <0001 Stationary
LnD 1Ps 00169 Stationary DLnD s 00054 Stationary
Fisher-PP <0.001 Stationary Fisher-PP 00257 Stationary
LLC <0001 Stationary LLC <0001 Stationary
L, s 03097 Nonstationary DL, 1Ps 00132 Stationary
Fisher-PP 00027 Stationary Fisher-PP <0.001 Stationary
LLC <0001 Stationary LLC <0001 Stationary
Lnx, 1Ps 01045 Nonstationary Dlnx, 1Ps 00035 Stationary
Fisher-PP 09618 Nonstationary Fisher-PP 00148 Stationary
LLC 00035 Stationary e <0.001 Stationary
Lo, s 02456 Nonstationary Dlnx, 1Ps 00021 Stationary
Fisher-PP 08153 Nonstationary Fisher-PP 00011 Stationary
LLC <0.001 Stationary LLC <0.001 Stationary
Lo, 1Ps 00245 Nonstationary DLnx, 1Ps <0001 Stationary
Fisher-PP <0001 Stationary Fisher-PP <0001 Stationary
LLC <0.001 Stationary LLC <0.001 Stationary
Loxs 1Ps 00027 Stationary Dlnx, s <0.001 Stationary
Fisher-PP 01571 Nonstationary Fisher-PP <0001 Stationary
LLC <0.001 Stationary LLC <0.001 Stationary
Loy, 1PS 00435 Nonstationary DLnx, 1ps 00254 Stationary

Fisher-PP <0001 | Stationary Fisher-PP <0001 | Stationary





OPS/images/fpubh-12-1447723/fpubh-12-1447723-e003.jpg





OPS/images/fpubh-12-1513188/fpubh-12-1513188-t003.jpg
Shandong Jiangsu Zhejiang Fujian Guangdong

Province Province Province Province Province

Up-Ue S Up-Ue S Up-Ue. S Un-Ue S
2011 ~0.150 0281 ~0.122 0382 ~0.194 0.299 ~0.147 0428 ~0.176 0382
2012 ~0.226 0333 ~0.162 0414 ~0.132 0447 ~0.189 0.461 ~0112 0,606
2013 ~0.037 0.704 ~0.104 0.664 ~0.41 0.467 ~0.129 0692 ~0.104 0737
2014 0032 1.087 0011 1033 ~0088 0806 ~0001 0.997 0983
2015 0027 1.064 0,039 L2 0.000 0.999 ~0010 0979 0043 1081
2016 0028 1052 0070 1163 0013 1031 0.063 1123 0.100 L1s4
2017 0025 1043 0070 1125 0101 1221 0109 1198 0124 1208
2018 0.143 1237 0,058 1093 0136 1242 0.154 1249 0.159 1257
2019 0.180 1286 0.077 LI 0.104 1151 0177 1270 0.195 1308

2020 0.185 1259 0152 1207 0118 1160 0173 1241 0215 1319
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coordination stage  Range of Dvalue  Coupling coordination type  Coupling coordination grade
0<D<0.1 Extreme disorder 1

Low-level coordination (antagonistic 015D<02 Severe disorder u

period) 02<D<03 Moderate disorder i
03<D<04 Mild disorder w

Medium-level coordination (breaking-in 04<D<05 Endangered disorder v

period) 05<D<06 Some coordination vi
06<D<07 Primary coordination vi

High-level coordination (coordination 07<D<08 Moderate coordination vir

period) 08<D<09 X

09<D<10 High-quality coordination X
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Target Layer System Layer System Layer Indicator Layer Indicator

Direction
“Total financial resource Total health expenditure +
“Total number of medical institutions +
Total material resource
Aggregate allocation level “Total number of beds in medical institutions +
“Total number of practicing (assistant) physicians +
“Total human resource
“Total number of registered nurses +
Per capita financial resource Per capita health expenditure +
Number of medical institutions per 1,000 population +
Allocation Level of Health resource Per capita material resource
Per capita allocation level Number of beds in medical institutions per 1,000 population +
Number of practicing (assistant) physicians per 1,000 population +
Per capita human resource
Registered nurses per 1,000 population +
“The distribution density of medical institutions +
Distribution of material resource
“The distribution density of beds in medical institutions +
Perland allocation level
“The distribution density of practicing (assistant) physicians +
D n of human resource
‘The distribution density of registered nurses +
Productivity Level GDP. +
Economic Scale Consumption Level “Total retal sales of social consumer goods +
“Trade Level ‘The total volume of imports and exports +
Proportion of secondary industry to GDP +
Economic Industrial Structure
Proportion of tertiary industry to GDP. +
Structure
Technical Structure Proportion of technology market turnover to GDP +
Ec it
. The growth rate of fixed-asset investment +
Development Investment Momentum
Ll Growth rate of general public budget expenditure +
Economic Dynamics Consumption Momentum Total retail sales of consumer goods per capita +
‘Trade Momentum ‘The growth rate of exports and imports +
Innovation Momentum Number of patents granted +
Resident Income Per capita disposable income +
Economic Benefits Price Fluctuation CP1 =
Employment Level Urban registered unemployed population. -

"+ indicates the positive indicators, and “~" indicates the negative indicators.
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(a) 2011 (b) 2014

(e) 2017 (d) 2020

Legend
Value | 0.0-0.1]0.1-0.2 | 02-0.3 | 0.3-0.4| 0.4-0.5 | 0.5-0.6| 0.6-0.7 | 0.7-0.8 | 0.8-0.9| 0.9-1.0

Type | Bweme | sowe | owrc | Mg B [Some ey |Modesie | Good | nghqutiy
duorder | dlmonder | diorder. | diserder |diorder | cosrdinaton | coordlustion | cosedination | coordiastion coerdimation
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1 Chronic Traumatic Stress:
Gang violence,
unemployment, lack of social

support,forced displacement

2 Increased Health Burdens:
Cardiovascular risks, heart
diseases, depression, suicide,
sleep problems, PTSD

3 Structural Risk Factors:
Limited access, cultural
responsiveness, hopelessness,

opportunity scarcity,

4 Future Uncertainty

5 Multigenerational Concerns:
School closures, family
dislocation, children’s and
caregivers wellbeing

6 Healthy Coping and
Protective Factors: Network
support system, creative
outlets, spiritual practice, and

stress management.

ied  Policy recommendation

Restoration of security in Haiti. Investment in

development programs. Enabling displaced
individuals to return home for family reunions.
Implement trauma-informed interventions within
communities.

Invest in health promotion campaigns. Implement
universal health coverage to expand access to

comprehensive health services.

Invest economically in the Haitian public health
sector. Implement universal health coverage and
reform mental health training o enhance
accessibility to mental health services.

Develop resilience-building programs geared toward

the future

Initiate mental health programs for youth and
families through schools, churches, media, and
community centers. Launch non-violent education

campaigns.

Develop and implement programs and media
campaigns to teach positive coping skills at the
personal, family and local levels (schools, spiritual

and relgious places, and workplace)

Indicators

Reductio
hor

violence (GBV) rates. The number of

gang affiliation,

ide, and gender-based

families reunited and relocated. % of
economic growth

Campaign implementation and
reach. Service accessibility and

utilization.

Increased service utilization.

ty ofservices.

Indicators of resilience factors within

the community and reduction of

multidimensional crisi

Program uptake and effectiveness;
rates of school reopening; decrease
in emotional and behavioral

symptoms among youth and parents.

s with access to

Number of Hait
healthy behavior and coping
‘material dissemination. Reduction
in mental health complaint and

reported organized crimes.

Risk indicators
P

cal instability and

program engagement.

Financial constraints and

logistial challenges.

Cultural barriers and funding

limitations.

Ongoing crises and levels of

community participation.

Accessibility and sustained

funding.

Lack of awareness and
discussion of positive and
protective healing factors.
Limited means to implement

such programs.





OPS/images/fpubh-12-1415650/fpubh-12-1415650-t002.jpg
Frequency of
Themes & Subthemes

Systemic Stressors
Insecurity

I
]

Menta

Health Stigma

= Poor Mental Health

Healthy Coping
Strategies

ndividual Stressor—
Childhood Experiences

Limited Av:

ability of
Services

= Mental Health Literacy

- Family, Dislocation &
Forced migration
m Healing- Professional

training and ethics

= Health Coverage

FACTORS-Coping
= Strategies, Not enough
to improve health
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Domain Questions

Determining overall 1. When you hear the term “mental health” what comes to mind?

mental health and well-

How would you describe your mental health?
being

How do you take care of your mental health?

How do you help your loved ones take care of their mental health?

How do you define ‘stress’?

current stressors

What are the most common stressful situations you have faced?

‘What are the most common mental health concerns people have faced and/or are currently facing in the Haitian community?

‘What are the most stressful things for you, right now? (Optional)

. What stressors do you think members of your commaunity are experiencing?

‘What do you think are the reasons you and/or people in your community may be dealing with these stressors?

Understanding risk and

‘Why do you think Haitians do not seek help for mental health issues?
protective factors for

How do you cope with the latest stressful events affecting the Haitian commauni

stress and well-being

Have you been taught how to cope with stress and mental health isues?

Health equity barriers

Where do you access mental health services and resources? (If not, where would you go for care?)

. Have you sought out support for mental health concerns? Why or why not?

. Are you and/or members of your community able to seck support?

. What barriers have you faced when seeking support?

‘What barriers do members in your community face when seeking support?
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Pyramid of Derived Current Factors Impacting Haitian Mental Health

Systemic
Haiti’s sociopolitical instability and organized crimes \

(gang violence, paramiltarism, genderbased violencs, and kidnapping),lack of ecorormic opportunites,fmited
y avallabilty o health coverage, culturaly responsive Specialzed healihcare services, and quality and ethical

training for mental heaith practitoners.
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Children Women

Variable Coefficient ~Contribution % P 95% Coefficient ~Contribution P 95%
value confidence % value confidence

interval interval

Overall

2010 0.88 0.00 087,089 033 0.00 (032,035

2015 095 0.00 [094,095] 043 0.00 (042,045

Difference ~0.06 000 [0.07,-0.05] -0.10 000 | [-0.12,-008]

Endowments 0.00 744 0.00 000,001 0.00 239 017 [~0.00,001]

Coefficients ~0.07 185.35 000 [-0.08,-0.05] -0.10 -2937 000 | [-0.12,-008]

Interaction 0.00 325 027 [~0.00,001] ~0.00 —141 058 [-001,0.00]

Endowments

Residence 0.00 488 0.00 000, 0.00] 0.00 183 0.35 [-0.00,001]

Socio-economic 0.00 114 046 [~0.00,0.00) ~0.00 -113 059 (~001,0.00]

status

Mothers age 0.00 0.66 034 [~0.00,0.00] 0.00 0.67 047 (~0.0,0.00]

Child age 0.00 - 070 [~0.00,0.00]

Mother education 0.00 044 067 [~0.00,0.00] 0.00 102 0.46 (~00,0.00]

Coefficients

Residence 0.08 13084 001 002, 0.14] —0.05 ~53.05 034 [-0.16,0.05]

Socio-economic -0.01 ~1843 058 [~005,003] —0.04 —4052 028 (-0.11,0.03]

status

Mothers age 0.01 198 078 [~0.04,006] 0.06 5852 0.20 (-003,0.15)

Child age 0.02 - 0.04 000, 0.05]

Mother education 0.01 2098 055 [~0.03,005) 0.01 538 089 (~007,0.08)

Constant ~0.18 000 [-0.29,~0.07] ~0.07 047 [-026,0.12)

Interaction

Residence 0.00 626 002 000,001 ~0.00 -254 034 (~0.01,0.00]

Socio-economic 0.00 138 058 [~0.0,0.00) 0.00 303 0.28 (~0.00,001]

status

Mothers age 0.00 -033 078 [~0.0,0.00] -0.00 -1.63 0.21 (~0.00,0.00]

Child age -000 - 0.05 [~0.0,0.00]

Mother education ~0.00 -107 055 [~0.00, 0.00] -0.00 -027 0.89 (~0.00,0.00]
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Children Women

Variable Odds ratio p value 95% confidence Odds ratio p value 95% confidence
interval interval

Mother's age

0.9997 097 (099, 1.01) 100 0.631 (099, 1.01)
Child age

1.01 0.06 [1.00,1.01]

Residence
Urban Reference Reference Reference Reference Reference Reference
Rural 243 000 [1.73,3.43] 109 0357 090,133

Socio-economic status (SES)

Poorest Reference Reference Reference Reference Reference Reference
Poorer 083 023 [061,1.12] 102 0782 0.8, 1.19]
Middle 124 024 (087,1.77) 105 0547 (0.89,1.24]
Richer 101 096 (069, 1.48) 109 0374 090, 1.34)
Richest 076 021 049, 1.17) 101 0950 0.79,1.29)
Mother's education
No education Reference Reference Reference Reference Reference Reference
ary Education 113 0.74 [055,231] 092 069 0.62,1.37)
Secondary Education 135 041 (066,275 092 067 [0.62,1.37)
Higher Education 0.87 0.74 (039, 1.95) 0.89 061 (055,142
Year
2010 Reference Reference Reference Reference Reference Reference
2015 260 0.00 [214,3.16) 149 000 1.35,1.65)
Constant

313 001 (1.27,7.73] 054 001 0.33,0.88]
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Among women in 2010 and 2015

Year Socio-economic status Residence status
Qlpoorest Q2p00rer Q3miase Qéyicn QSrichest Rural Urban
N (%) N (%) N (%)

Among children in 2010 and 2015
100 (9.62) 78(9.11) 65(821) 141 (15.03) 150 (20.16) . 259 (19.39)

84(3.58) 127 (537) 59(249) 150 (6.29) 229 (9.64) 207 (31.90) 442 (68.10)
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Rink Variable q statistic

Average age of migrant
1 i N 0.562%+%
population (AGE)

Left Behind Experience

2 05557+
(LBE)
Average years of education

3 ik 0,506+
(EDU)
4 Health Education (HE) 0440
5 Marital status (MARRY) 0.422%
Accessibility to Medical
6 0.402%
Care (AMC)
Monthly income.

7 03457+
(INCOME)

8 Social Network (SN) 0.266%+*

9 Self-rated Health (SRH) 0.263%%%
‘Trans-provincial migrant

10 0.252%
(TPM)

n Chronic Disease (CD) 02330+
Income expenditure ratio

12 0.212%
(IE)

13 Inflow time (TIME) 0,148+

Proportion of male
14 0.112%%*
migrant population (SEX)

New rural cooperative
15 01017
medical service (NRCMS)

Resident Health Record
16 0.084%%%
(RHR)

17 Social integration (SI) 0.059%%%

#5% p<0.001; ** p<0.01; * p<0.05 significance test
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Rank Variable q statistic

1 Number of Hospitals (NH) 06457%
Number of Hospital Beds

2 0.645%%%
(NHB)

Number of basic medical
3 0.600%
institutions (NBMI)

Number of general
4 05824+
practitioners (NGP)

ricipants in health
s L o572
education (PHE)

Provincial annual
6 0.456+5%
precipitation (PAP)

Population life expectancy

7 0.446%
(PLE)
Provincial mortality rate

8 0.380%*
(PMR)
Per capita disposable

9 dpns 0331455
income (PCDI)
Per capita of Total Health

10 0.229%%
Expenditure (PTHE)
Urban employees

n insurance coverage rate 0.201%%%
(UEBMI)
Industrial Waste Water

12 0.192%5%
Discharged (IWWD)
Household Waste Water

13 0.095%
Discharged (HWWD)

#5% p<0.001; ** p<0.01; * p<0.05 significance test
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40X 01 X) < Mindg(X), 0)

Min(q(X),
(X)) <q(X,nX2) < Max(q(X,), 9(X))

4(XinX;) < Max(q(X,), 4(X.))
AXiNX:)=q(X) +q(Xz)
4(XinX2)>q(X)) +q(Xz)

Nonlinear weakening

Single nonlinear

enhancement
Double enhancement
Independence

Nonlinear

enhancement
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Independent variable

Predisposing Demography
Social
Beliefs
Migrant

Enabling

Need

characteristics

Financing

Organization

Perceived

Variables

SEX
AGE

Marital status (MARRY)
Education (EDU)

Social Network (SN)

Health Education (HE)

Resident Health Record (RHR)

Trans-provincial migrant (TPM)

Social integration (S1)

Left Behind Experience (LBE)
Inflow time (TIME)

Income expenditure ratio (IE-ratio)
Monthly income (INCOME)

New rural cooperative medical service
(NRCMS)

Accessibility to Medical Care (AMC)

Self-rated Health (SRH)

Chronic Disease (CD)

Description

Proportion of male migrant population
Average age of migrant population in each province

Proportion of migrant population without spouse

Average years of education of the migrant population

‘The proportion of migrant population with minimal social interactions

‘The proportion of the migrant population that has never received any health
education

“The proportion of the migrant population without a resident fle established in the

community

‘The proportion of trans-provincial migrant population to the total migrant

population by province
“The proportion of migrants who subjectively feel unable to integrate into the inflow
city by province

“The proportion of the migrant population with experience of being lefi behind
Average inflow time of the migrant population by province.

Income expenditure ratio of migrant population by province

Average monthly income of migrant population by province

“The participation rate in the New Rural Cooperative Medical Scheme among the

‘migrant population by province (%)

‘The proportion of the migrant population living less than 15 min away from the

nearest medical facility
Proportion of migrants who consider themselves healthy

‘The proportion of the migrant population without chronic diseases by province
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pes
Dependent variable
Independent variable
Predisposing  Beliefs

Enabling Financing

Organization

Population Health
Need
indices

Environmental

Variables

No treatment ratio (NT-ratio)

Number of participants in health education (PHE)
Per capita disposable income (PCDI)
“Total health expenditure per capita (PTHE)

Medical insurance coverage rate for urban employees
b

insurance coverage rate (UEBMI)

Per capita disposable income for health care (PCDIHC)
Number of hospitals per thousand population (NH)
Number of basic medical institutions (NBMI)

Number of general practitioners (NGP)

Number of hospital beds (NHB)
Population life expectancy (PLE)

Provincial mortality rate (PMR)
Provincial annual precipitation (PAP)
Industrial Waste Water Discharged (TWWD)

Household Waste Water Discharged (HWWD)

Description

“The ratio of migrant population not seck treatment in each province to

the total diseased migrant population.

‘The number of health educat

n participants per 1,000 population by

province
Per capita disposable income by province

“The ratio of total health expenditure to the average population during

the same period by province in 2016

‘The participation rate of basic medical insurance for rban employees

by provinces (%)
Per capita disposable income for health service by province (CNY)

Number of hospitals per thousand population by province

Number of basic medical institutions per 1,000 population by province
Number of general practitioners per 1,000 population in each province

Number of hospital beds per 1,000 population by province
Population life expectancy by province

Mortality rate by province
Annual precipitation by province
Annual industrial wastewater discharge by province (ton)

Annual domestic wastewater discharge by province (ton)





OPS/images/fpubh-12-1447723/fpubh-12-1447723-t001.jpg
No

ealth service utilizatio Abbreviatio Sample
Local Community public health station CPHS 12,439
Local Private clinic PC 8741 14.1%
Local General/Specialist Hospital GISH 10,470 16.8%
Local Pharmacy P 19,351 31.2%

Nowhere, no treatment NT 10971 17.7%
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Variable First-stage IV (2SLS) IV (25LS)

KOFGI LEB [GIZ\RE
IV_KOFGL_ 0.235%%%
Region
(6.74)
KOFGI 0.101% ~0.018%*
1.70) (-3.88)
Country_FE YES YES YES
Year_FE YES YES YES
Controls YES YES YES
N 2675 2675 2675
F 4537 1199 17.48

{statistics are in parentheses; *p < 0.1, *#p < 0.05, and ***p < 0.01.
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Variable (2)

InDALYs

KOFGI 0.069%+% ~0.002°%

(0.015) 0.001)
Country_FE YES YES
Year_FE YES YES
Controls YES YES
N 2395 2394
R 0.9784568 09532576
F 9.184897 2899014

*p < 0.1, *p < 0.05,and ***p < 0.01.
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Variable (2)

InDALYs
KOFGI 0.106%%% ~0.004%%
(0.031) (0.002)
GDPgrows —5543%5 02554+
(1.311) (0.082)
Trade 0293 0.043%
(0:290) (0.019)
EFI 0020 0.001
©0.017) ©001)
Human Cap ~0741 0.087*
(0.708) (0.046)
POP 0.277%%% ~0012%
(0.089) (0.006)
co, ony 0093+
(0.648) (0.044)
WGL stab 051644% -0.017
©0.173) (0.011)
WGI_quali 0308 -0017
(0.261) ©.019)
Heal Exp ~0234%+ 0.023%%%
(0.079) (0.005)
UPR 0037 ~0001
(0.030) ©002)
GINI 0015 0,000
(0.023) (0.001)
Country_FE YES YES
Year_FE YES YES
N 1,092 1,092
R 09854165 09585516
F 6269413 5946272

*p < 0.1, **p < 0.05, and ***p < 0.01.
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MORR_neo

MORR_u5 MORR_adul_f MORR_adul_m
—0.421%%% —0.945%%+ — 14547 —L167#* —L143%%
(0.027) (0.068) (0.120) (0270) (0.250)
Country_FE YES YES YES YES YES
Year_FE YES YES YES YES YES
Controls YES YES YES YES YES
N 2,685 2,685 2,685 2671 2671
R 0.9668887 09552018 09377907 09448407 09594944
F 6345752 63.80862 5315994 18.44087 7.071806

#p < 0.1, *#p < 0,05, and **%p < 0.01.
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Variable (2)

(4)

(6)

InDALYs
KOFGI 0.073%+% ~0.002%+% 0387%+%
(0.014) (0.001) (0.012)
GDPgrows 6.715%%
(3.088)
Trade ~0211
(0.161)
EFI 0.031%
(0.017)
Human Cap 30704+
(0.232)
POP 0050
(0.068)
co, ~1.044%
(0.487)
Country_FE YES YES NO
Year_FE YES YES NO
N 3854 3817 2685
R 09702733 09327937 07146845
P 2616403 6883814 1009376

# < 0.1, ##p < 0,05, and *#*p < 001

InDALYs
~0012%4
(0.001)
—0.555%+
(0.170)
~0046+5
©.010)
~0002%
(0.001)
—0.171%5
(0.016)
~0045%5
(0.005)
-0013
©.031)
NO
NO
2685
0.448095

292.6295

01107+
(0.016)
2.790%%
(1.138)
~0.673%
(0.199)
0.025%*
(0.012)
~0703*
(0377)
0.108
(0.083)
29407+
(0.359)
YES
YES
2,685
09751066

1802709

InDALYs
~0005%+
(0.001)
—0.226%+
(0.067)
009155
©014)
~0001%
(0.001)
0,067+
(0.023)
~0.007%
(0.004)
~0314%%
0027
YES
YES
2685
0.9526557

3022958
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Variable  InDALYs GDPgrows  Trade

InDALYs 1

KOFGI —0.577% 1

ECI ~0.407%+ 0.778w* 1

cor ~0.043%* 0,056 00947 1

GDPgrows 0.073% —0150%F% | ~0171%%% 00110 1

Trade ~0.256%+* 02957 | 0246%*% | 0144 0,052+ 1

EFI ~0.430%++ 06987 | 0540%%F 00587 ~0.105%+* 03550 1

Human Cap | -0.600%%* 081275 | 0724%%F | 00677 —0.174%%% 0301%5F 059045 1

POP 01647 —0361%F% | ~0.435%%F  0.00100 0,153 —0071FFF | —Q150%F | —0.467%%F 1

co, ~0.110%+# 0.036° 01017 0,090%%% 0.050%+ 00SIFFF | —0I31FEE | 0304%FF | —0223% 1

# < 0.1, *%p < 0,05, and **%p < 0.01.
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Variable GDPgrows  Trade |Human POP

Cap
LEB 1
KOFGI 0784555 1
ECI 066955 0778%* 1
cor 007455 0056*% 0,094 1
GDPgrows | —0.133%%% | —0150***  —0171%* 00110 1
Trade 028255 0295% | 0246%F | 0144w 0.052¢%% 1
EFI 056555 0698%FF | 0540%F 0058+ ~0.105%%% 03555+ 1
HumanCap | 0756*% 0812%% | 0724% 0067+ —0.174%%% 0301%%% 05907 1
POP —0358%%F 03617 —0435%F 000100 0.153%%% —0071%%% | —0.150%% | —0.467%%% 1
co, 0.100%+% 0,036 0101555 0.090%+* 0.050+%% 005145 | Q31T 03043k —0223%5 1

# < 0.1, *%p < 0,05, and **%p < 0.01.
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Variables 2016 2018 2020

Median per capita household income 15,000 20,000 22,098
Poverty line (40% of median income) 6,000 8,000 8,839
Near-poverty line (twice the poverty 12,000 16,000 17,678
line)

All monetary values are in Chinese Yuan (CNY).
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Indicator Poverty incidence rate (%) APG RPG

Poor Near- Non- Poor Near- Poor Near-
poor poor poor poor
Health expenditure before 100 0 0 12,486.34 0 0 12,486.34 0 0
Health expenditure after 100 16.65 1.93 14,487.63 | 1,920.67 48558 14487.63 | 11553735 25,133
Impoverishing impact 0 16.65 1.93 2,001.29 1,920.67 48558 2,00129 | 11553735 25,133

All monetary values are in Chinese Yuan (CNY). The Average Poverty Gap (APG) is the sum of the individual poverty gaps within a population, divided by the total population, offering
a reflection of the aggregate poverty level. Conversely, the Relative Poverty Gap (RPG) is calculated by dividing the sum of the population’s poverty gaps by the number of impoverished
individuals, thereby illustrating the extent of poverty within this group.
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Sobel-Goodman Mediation Tests

Variable Roa Invia

Indirect effect 0.00492%% (z=5.71257) | 0.20802%** (2 =4.47182)

Direct effect 0.0099927%% (2=3.761)  0.06782°% (2 =3.68837)

Total effect 001491245 0.088082°%% (2 =4.87)
(2=5.54894)

Ratio of indirect to 049241216 030919048

direct effect

Bootstrap Tests

Variable Roa

bs 1 0.00760124* (2=6.05) | 0.0612099*** (2 =5.43)
Lower limit 00051394 00391322
Upper limit 00100631 00832876

bs2 0013359%°% (=354)  0.1045136%** (z=3.91)
Lower limit 0.0059613 00520775
Upper limit 00207506 0.1569497

* %, ** indicate significant at the 10 percent, 5 percent, and 1 percent levels, respectively,
with standard errors in parentheses.
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Variable Substitution of variable indicators Sample reconstruction Replacement model

Roa Invia Roe Roa Invia Roa Invia
(1) () (3) (4) (5) () @)
Ta 0151755 02078+
(0.0358), (03027)
Tma 0.0159* 0.0244%%% 031214 00153+ 0.0874%++
(0.0095) (0.0043) (0.0319) (0.0043) (0.0256)
Lev —00891++* —0.1925%+* —02416%* ~0.1560%+* 0.1703% —0.1175% —0.3360%*
(0.0147) (0.1344) (0.0843) (0.0099) (0.0733) (0.0269) (0.1380)
Size 0.0413%% 037254+ 0,165+ 00525+ 0537745 00309 0481755
(0.0168) (0.1104) (0.0453) (0.0045) (0.0331) (0.0122) (0.0940)
Gro 0.0203%%* 0.0004%% 00481+ 00116%+* ~0.0055 00444+ 0,155+
(0.0048) (0.0454) (0.0179) (0.0038) (0.0250) (0.0104) (0.0617)
AT 0.0889%%* 0.0659%* 02586+ 0.0800%+* 0142245 0.0805%+* 0.1956*
(0.0223) (0.1169) (0.0710) (0.0071) (0.0525) (0.0210) (0.1102)
SA ~0.1281%* ~0.2688%+* 0311745 0.0768%+* 0137255 00134 ~03927%%*
(©.0141) (0.0839) (0.0592) (©.0071) (00522) (0.0180) (0.0857)
Year Yes Yes Yes Yes Yes Yes Yes
1 Yes Yes Yes Yes Yes Yes Yes
_cons ~0.0002 ~2.1807+* ~03786 ~0.1424%% ~3.9005%+* -0.1984%% 53091+
(0.1425) (0.8620) (0.5275) (0.0461) (0.3416) (0.1155) (0.8503),
N 1418 1418 1418 1144 1,144 1418 1418
adj.R 05125 02097 02122 04047 02914 05238 05674

icate significant at the 10 percent, 5 percent, and 1 percent levels, respectively, with standard errors in parentheses.
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Variable

LTma

Size

AT

sA

_cons

N
adj. R

* %, *** indicate significant at the 10 percent, 5 percent, and 1 percent levels, respectively,

0.0240%*

(~0.004)

—0.1521%
(-0.0138)
0.0491%%%
(<0.0051)

00123

(<0.0077)
0.0800%+*
(<0.0071)
0.0829%%%
(-0.0082)
~0.0953+*
(-0.0435)

1418

0.3989

04326+
(~0.0368)
0.1401%*
(~0.0607)
0.0034
(~0.0297)
~0.034
(-0.0222)
00766
(-0.0489)
0.2947%%%
(~0.0496)
1.1398%%
(~0.2968)
1,040

02448

00362+
(~0.0094)
~0.1557%%%
(=00152)
0.0522%%%
(-0.005)
0.0118*
(~0.0081)
0.0791%%*
(<0.008)
00818+
(~0.0092)
~0.1303%++
(~0.0494)
1,040

03986

03158+

(-0.0267)

0.2034%%
(-0.0689)
0.5050%*
(-0.0299)
000194
(=0.0222)
0.1481%%%
(=0.0532)
0.1997%%%
(-0.0523)
—3.3918%5%
(-03152)
1418

02677

standard errors in parentheses.

04326+
(~0.0368)
0.1401%*
(~0.0607)
0.0034
(~0.0297)
~0.034
(<0.0222)
0.0766
(<0.0489)
0294745+
(~0.0496)
1.1398%%
(-0.2968)
1,040

0.2448

02866+
(~0.0716)
02195+
(=0.0731)
0.5077%%%
(=0.0312)
~0.0048*
(-0.0237)
0.1509%+*
(=0.0574)
02096+
(=0.0597)
~3.3807%+¢
(-0342)
1,040

027
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Variable SYS-GMM

Invia
(2)
LRoa 014425
(0.0760)
Linvia 02269+
(0.0967)
Tma 0.0315%4 036215+
(0.0109) (0.0898)
Lev ~0.1072* —0.0315
(0.0490) (0.3293)
Size 0.0979%4 0.2351
(0.0252) (0.1991)
Gro 0.0058 ~0.3752
(0.0487) (0.3811)
AT 00721 ~0.0564
(0.0689) (0.4101)
SA 0.0671 ~0.4982
(0.0625) (0.5619)
Year Yes Yes
It Yes Yes
F-value 271 1318
AR(1) 0012 0.091
AR(1) 0.401 0.601
Hansen test 0.256 0.069
N 715 715

#, %, *#* indicate significantat the 10 percent, 5 percent, and 1 percent levels,respectively,
with standard errors in parentheses.
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Variable

Roa 1418
Invia 1418
Tma 1418
RD 1418
Size 1418
Lev 1418
Gro 1418
AT 1418

sA 1418

0.061

0893

0207

5.037

9.633

0324

0139

0538

-3.887

0.486

0.405

3.892

0.404

0181

0.285

0233

0.263

032

8825

0042

~0.46

0125

-4717

0226

1857

23.06

10696

0815

1162

1303

~3.233
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Variable Roa

Roa 1.000

Invia 0336+
Tma, 0351+
RD 0366+
Lev —0.541%%%
Size 02747+
Gro 03177
AT 03397
SA —0.119%%

icate significant at the 10 percent, 5 percent, and 1 percent levels, respectively, wit

Invia

1000

0.337%%%
0.310%++
~0064++
0,596+
0.268%++
0,353+

—0.346+%+

Tm:

1,000
0.287%%+
~0.209%%
020475+
0,391
0.227%%%

~0328%%

RD

1000
~0.282¢++
0.124%%%
0.199%5%
~0.098%++

—0.121%

Lev

1.000
0,073+
~0.288%++
0019

~0044*

standard errors in parentheses.

Size

1.000
0116+
031745

~0399%5%

Gro

1000
0.125%%%

~03067%

AT

1.000

~0.246++

1000

VIF

104

110

114

115

102

110

129
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Variable

Tma 0.0552%%%
(0.0035)

Lev

Size

Gro

AT

SA

_cons 0.0433%%
(0.0036)

Year Yes

1d Yes

adj R 0.2365

N 1418

0.0149%%%
(0.0042)
—0.1137%%
(0.0261)
0.0366%**
(0.0120)
0.0417%%%
(0.0099)
0.0813%%+
(0.0197)
00107
(0.0180)
~0.2626*
(0.1115)
Yes
Yes
05352

1418

0.3885%%

(0.0224)

0.6950%%
(0.0337)
Yes
Yes
02483

1418

008817+
(0.0254)
~03316%%
(0.1367)
0.4950%*
(0.0931)
0.1479%%
(0.0625)
01832+
(0.1081)
—0.3995%++
(0.0874)
~5.48887+
(0.8510)
Yes
Yes
0.5688

1418

#, %, %% indicatesignificant at the 10 percent, 5 percent, and 1 percent levels, respectively,

with standard errors in parentheses.
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Variable

RD

Tma

Size

Gro

AT

sA

_cons

Year

1d

N

R2
adj. R2

Roa

(1)

0.0149%%%
(352)
—0.114%5
(~4.36)
0.0366**
(3.05)
0.0417%%%
(4.20)
0.0813%%%
(413)
00107
(059)
~0.263*
(-235)
Yes
Yes
1418
0540

0535

RD
(2)

JRES
(4.89)
30220
(—271)
1392¢
(27)
0480
(1.04)
0.160
018)
~2.597%%
(-274)
~17.95%%
(-331)
Yes
Yes
1418
0353

0345

0004347+
(5.63)
0.00999%
(237)
—0.101%+*
(—4.13)
0.0306**
(268)
0.0396%*
(4.20)
0.0806%*
(434)
00219
(1.31)
~0.185
(-1.74)
Yes
Yes
1418
0569
0564

0,081+
(347)
—0332*
(-243)
0.495%+%
(532)
0.148*
(237)
0183
(1.70)
~0399%5%
(-457)
~5.489%5%
(~6.45)
Yes
Yes
1418
0574

0569

0.0183*
(3.31)
0.0673%*
(2.64)
~0.276%
(~2.06)
04704
(5.19)
0.139%
@23)
0.180
1.70)
~0352%+%
(-411)
~5.160%+
(-6.27)
Yes
Yes
1418
0.584

0579

#, %, *#* indicate significantat the 10 percent, 5 percent, and 1 percent levels,respectively,
with standard errors in parentheses.
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Variable

type

Explanatory

variable

Explanatory

variable

Mechanism

variables

Control variable

Variable Variable

name symbol
Financial

Roa
performance
Innovation

Invia
performance
Technology
‘mergers and Tma

acquisitions

R&D investment  RD

Companysize  Size

Asset labili
i Lev
ratio

Revenue growth
rate

Total asset
AT

turnover

Financing

constraints

Variable
description

Net profit/total assets

Natural logarithm of
the number of
patents for

inventions plus 1

Dummy variable, 1 if
technology
acquisition, 0
otherwise

R&D investment as a
percentage of
operating income
)

Natural logarithm of
total business assets
Totalliabilities
divided by total

assets

(Amount of
operating revenues
for the current single
quarter - Amount of
operating revenues
for the previous
single quarter)/
Amount of operating
revenues for the
previous single
quarter

Operating income/
total assets

SA index indicates
the degree of

financing constraints
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Variable Heterogeneity in the nature of corporate

equity
Non-state-owned State-owned
enterprises enterprises

Roa Invia Roa Invia
Tma 001875+ | 03065%FF  00090%F 02894+
(0.0036) (0.0212) (0.0038) (0.0469)
Lev —00958%FF 00282 —00774*** 01530
(0.0134) (0.1208) (0.0237) (02825)
Size 00630%** | 0.3055%* 0.0346 05357
(0.0150) (0.0925) (0.0294) (0.2289)
Gro 0.0145%5 ~0.0384 0.0173%% ~00330
(0.0049) (0.0383) (0.0073) (0.0604)
AT 0.1054%%* ~0.159 0.0877%% -0.1238
(0.0190) (0.1016) (0.0344) (0.2027)
SA 01300%%% | 0.1793%* 0.0980%+* ~0.1680
(0.0165) (0.0773) (0.0207) (0.1062)

Year Yes Yes Yes Yes

1d Yes Yes Yes Yes
_cons ~0.0638 -13573 0.0643 —4.8265*
(0.1606) (0.9344) (0.2895) (23975)

N 1,033 1,033 385 385
adj R 05510 0.2316 04437 02056

#, %, *#* indicate significantat the 10 percent, 5 percent, and 1 percent levels,respectively,
with standard errors in parentheses.
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Variable Firm size heterogeneity

Large-scale firms Small-and medium-

sized firms
Roa Invia Roa Invia
Tma 00191555 | 02881%FF | 001657 | 032725
(0.0055) ©0.0377) (0.0034) (0.0227)
Lev —0.0948%%¢ 03391 —0.0989"** | —0.0534
(0.0320) (0.2909) (0.0125) (0.1297)
Size 0.0069 0.6379%% 006364 03521%%%
(0.0215) (0.2551) ©0141) (©.1108)
Gro ~0.0002 —01126% | 002437 ~00011
(0.0080) (0.0565) (0.0049) (0.0376)
AT 0.0708%+* 0.0561 00881%%% | —0.1863*
(0.0227) 0.1785) (0.0162) (0.1006)
SA 01311+ 0.0303 0.1208%% 0.1385¢
(0.0206) (0.0934) ©0159) (0.0829)
Year Yes Yes Yes Yes
i Yes Yes Yes Yes
_cons 0.4882%% ~5.0416% ~0.0957 —19921%
(0.2278) (2.7039) (0.1412) (L1511
N 426 426 992 992
adi R 0.4689 0.2838 05446 02188

#, %, %% indicatesignificant at the 10 percent, 5 percent, and 1 percent levels, respectively,
with standard errors in parentheses.





OPS/images/fpubh-13-1562417/fpubh-13-1562417-e029.jpg
Kp;





OPS/images/fpubh-12-1419305/fpubh-12-1419305-t012.jpg
Variable

Tma

Size

AT

SA

Year

_cons

0029355
(~0.0099)
05155+
(=0.0338)
~00129
(=0.0217)
003145+
(=0.0094)
~0.0039
(=0.0391)
0.1046**
(~0.0401)
Yes
Yes
061374
~0.238
618

02978

Roa

Middle
(2)

0.0158%*

(=0.0071)
00604
(=0.0412)
00962
(=0.0332)
00078
(~0.0085)
0.1356+%
(~0.0374)
0.0935%
(=0.0289)
Yes
Yes
~0542
~03599
279

04563

icate significant at the 10 percent, 5 percent, and 1 percent levels, respectively,

00106
(~0.0057)
~0.1401%%%
(~0.0398)
0.0466
(=0.0322)
00108
(=0.0093)
0.0991%
(=0.0335)
0.1465%**
(~0.0186)
Yes
Yes
0.1544
~0326
208

04478

0.3558%%
(~0.0549)
00285
(=0.3961)
0.154
(=0.1995)
~0.0324
(~0.0692)
~0.3424%
(~0.1568)
0.2786%
(=0.1403)
Yes
Yes
05269
-19162
618

02182

standard errors in parentheses.

Invia
Middle
(O]
033357+
(-0.041)
~0.0734%
(~0.2633)
05976+
(=0.1991)
~0.0841
(~0.0645)
03975
(=0.2755)
02022
(=0.1538)
Yes
Yes
—4.3674%
~19365
279

02052

029224+
(~0.0347)
00969
(=0.184)
0.3658%+*
(=0.1277)
00018
(=0.0165)
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(=0.1516)
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(=0.1125)
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Level Network A Network B
Suzhou, Shanghai, Shenzhen,  Suzhou, Shanghai, Shenzhen,

First level
and Xian Hangzhou, and Beijing
Guangzhou, Nanjing,
Chengdu, Hefei, iaxing,
Secondlevel  Changsha
Changsha, Wuhan, and
Tianjin
Taiyuan, Changchun, Jinan, Yangzhou, Wuxi,
Third level Zhenjiang, Tianjin, Zhuhai,  Changzhou, Zhuhai,
and Wuxi, etc. Qingdao, and Guiyang, etc.

ities at each level in the two networks are ranked by betweenness.
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Categorization COST score

Sex Male 1595 £5.78
Female 16.69 £5.92

Race Han ethnic group 16.27 £5.82 0.020 0.984
Other ethnic groups 16.25 £ 6.02

Monthly household income <2,000 15.5£574 3.382 0.035*
2,000-5,000 16.04 £4.77
>5,000 17.75 £ 6.81

Marital status Married 16.36 £ 5.84 0.590 0.555
Unmarried/divorced/widowed 15.81 £5.88

Education level Primary and below 16.16 £6.84 2.125 0.097
Junior high school 17.42 £6.21
High school/secondary school 1534 £5.05
University and above 1543 £4.42

Payment methods Self-funded or other 15.56 £5.22 2233 0.041*
Medical insurance 17.92 £ 6.6
New Agriculture Cooperative 17.33 £6.62

Employment status Employed 17.54 £ 6.65
Unemployed 14.69 £ 5.36 3.236 0.023*
Retried 14.88 £4.79
Other occupations 1613 £528

Live alone Yes 17.12£6.23 0.912 0.363
No 16.14 £5.78

Surgeries Yes 16 £5.75 2237 0.026*
No 18.63 £6.17

Chemotherapy Yes 15.94 £ 5.66 —1.131 0.259
No 16.77 £ 6.11

Radiotherapy Yes 162 £588 —0.340 0.734
No 16.51 £5.72

Targeted therapy Yes 16.22 £5.47 —0.358 0.721
No 16.61 £8.08

Number of children (number) Oorl 1644 £521 1.277 0.280
2 16.87 £6.39
>3 15.45+£597

Course of disease (year) =1 16.37 £5.88 0.411 0.681
>1 16.06 £5.8

Number of hospitalization (frequency) <2 1581 £5.78 —1272 0.205
>3 16.73 £5.89

Number of concomitant chronic Yes 15.89 £ 5.84 —1.513 0.131

diseases
No 17.06 £5.8

Ride time to the healthcare facility <th 16 £5.59 —0.637 0.524
>1h 16.46 £6.03

Cost of treatment in last year <10w 16.35 + 5.96 0.233 0.816
>10w 16,18 £5.75

Total out-of-pocket costs <5w 16.24 £ 5.88 —0.059 0.953
>5w 16.29 £5.82

Stage 1 19.61£9.3 —0.537 0.325
1\ 1933 +£8.1

Age (years) 17.43 £ 6.81 0.533 0.426

Chi-square tests were conducted on all categorical variables. Statistical significance is indicated by the P-value; *Significant (p < 0.05).






OPS/images/fpubh-12-1421314/fpubh-12-1421314-t003.jpg
Scale nam

Total COST score 16.27 £ 5.84- - -
MCMQTotal score 56.49 £4.43 0.035 0.572
Face the dimension 23.72 £ 2.46 0.032 0.605
Avoidance dimension 17.04 £2.72 0.041 0.502
Yield dimension 15.74 £ 1.57 —0.023 0.704
Total MDASI score 70.52 £32.51 —0.247 <0.001*
Symptom severity dimension 46.53 £24.09 —0.295 <0.001*
Symptoms hampering the 2398 £12.18 0.077 0.212
degree of life

Total SSCI score 48.37 £ 1441 —0.375 <0.001*
External Shame 29.69 £9.95 —0.021 0.739
External Shame 18.68 £ 5.76 <0.001 0.998
Total SSRS score 27.46 £ 5.05 —0.131 0.034*
Objective support 8.52:£237 —0.11 0.074
Subjective support 1227 £2.34 —0.115 0.062
Support for utilization 6.68 +2.08 —0.063 0311

P-value, level of statistical significance; *Significant (p < 0.05).
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Variable Ratio 8 Standard deviati t-value P-value 95% Cl
(constant) 8.894 1.154 - 7.710 <0.001* 6.623-11.165
Total $SCI score —0.147 0.026 —0.362 —5.590 <0.001* | —0.095t0 —0.198
Symptom severity —0.175 0.044 —0.721 —3.999 <0.001* | —0.089 to —0.261
Total MDASI score —0.111 0.033 —0.620 —3.334 0.001* —0.177 to —0.046

Statistical significance is indicated by the P-value; *Significant (p < 0.05).
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Parameters LOM
Clinical efficacy, months
Median PFS

42 15
Median OS

9.1 8.6
Unit price in the model, $
Lomustine 325 325
Bevacizumab 209.50 209.50
MRI (head) 150.84 150.84
Health questionnaire/survey 279 2.79
Neurocognitive testing 98.60 98.60
Electrocardiogram (ECG or 6.01 6.01
EKG)
Complete blood count (CBC) 2.09 2.09
Blood biochemistry 15.92 15.92
Urinalysis 447 4.47
Temozolomide 67.96 67.96
CT (head) 141.06 141.06
Urokinase 2095 2095
Metoprolol extended-release 205 2.05
tablet
Nitropuna 127 127
Drug toxic effects costs per cycle, $
Adverse reaction 353 0.03
management costs
Tests costs per cycle, $
Medical examination fee 464.67 459.04
Disease status utility per year, QALY
Utility of PES 0.89 0.89
Utility of PD 074 074
Discount rate, % 5 5
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Parameters OM+BEV OM
Costs of PES 22,060.65 1,206.50
Costs of PD 1,590.33 1,440.20
Utility of PES 0.44 0.19
Utility of PES 0.07 0.07
Total costs 23,650.98 2,646.70
Total effectiveness 0.51 026
Incremental costs 21,004.28 /
Incremental effectiveness 025 /
Total C/E 16,374.47 10,179.62
ICER $/QALY 84,071.12 /
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Norm Categorization Precedent [n (%)
ET classification High FT 230 (87.1)
Low FT 34 (12.9)
Sex Male 152 (57.6)
Female 112 (42.4)
Race Han ethnic group 216 (81.8)
Other ethnic groups 48 (18.2)
Monthly household income (yuan/month) | <2,000 71(26.9)
2,000-5000 114 (43.2)
>5,000 79 (299)
Marital status Married 217 (82.2)
Unmarried/divorced/widowed 47 (17.8)
Education level Primary and below 57 (21.6)
Junior high school 93 (35.2)
High school/secondary school 68 (251.8)
University and above 46 (17.4)
Payment methods Self-funded or other 13 (4.9)
Medical insurance 163 (61.7)
New Agriculture Cooperative Program (NAC) 88 (33.3)
Employment status. Employed 35(13.3)
Unemployed 40 (152)
Retried 97 (36.7)
Other occupations 92 (34.8)
Live alone Yes 34 (12.9)
No 230 (87.1)
Surgeries Yes 237 (89.8)
No 27(102)
Chemotherapy Yes 160 (60.6)
No 104 (39.4)
Radiotherapy Yes 53(20.1)
No 211(79.9)
Targeted therapy Yes 33(12.5)
No 231 (87.5)
Number of children <1 100 (37.9)
2 82 (31.1)
>3 82 (31.1)
Course of disease (year) =<1 171 (64.8)
>1 93 (35.2)
Number of hospitalization =2 133 (50.4)
>3 131 (49.6)
Accompanying chronic diseases Yes 84 (31.8)
No 180 (68.2)
Ride time to the healthcare facility <lh 113 (42.8)
>1h 151 (57.2)
Cost of treatment in last year <10w 128 (48.5)
>10w 136 (51.5)
Total out-of-pocket costs <5w 135 (51.1)
>5w 129 (48.9)
Stage 1 147 (59.8)
v 117 (40.2)
Age (years) 56.70 & 14.70
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Influencing Measure Urban network of listed Network A Network B
factor SRDI medical device
manufacturing firms

Qualue  Significance Qvalue Significance Qvalue Significance

Economic level GDP per capita 04270 0.000 03915 0.000 04415 0.000
Average salary of urban non-

Labour costs 05074 0.000 04093 0,000 0.5089 0.000
private sector employees

Level of opening-up Total imports and exports 0.6386 0.000 0.6647 0,000 06275 0,000

Number of undergraduates and
“Talent base 0.3824 0.000 0.2370 0.009 03016 0.003
college students

Technological
Number of patents granted 07244 0.000 06913 0,000 0.7369 0000
innovation capability

Political resources Administrative level of the city 03060 0.157 01927 0.597 02400 0362
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Research article

Moga Rogoz.etal. (11)
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dura

New EU members; 2000-2019

Sampl

n

89 countries; 1986
91 developing countries;

21 East Mediterranean economies; 1995~
2007

Iran; 1985-2013
108 developing economies; 2006-2010
the United States; 1960-2012

174 states; 1970-2015

Italy, Denmark, and the USA; 1990-2010

26 OECD states; 1995-2015
the United States; 1990-2018
Germany; 2015-2017

‘The United States;

Web of Science, Scopus, PubMed, Embase,

EconLit, Global Health (CAB), and
Sociology; 1980-2023

37and 61 countries; 1960-1990

EU states; 2001-2011

19 Caribbean count

ies; 1980-2009

Methods

Cointegration and causality analyses
Regression

Regression

Regression

Cointegration and regression
Regression

Cointegration

Regression

Replacement decomposition

Correlation
Life table methods
Regression
Regression

Systematic review and meta-analysis

Correlation

Regression

Regression

Results
Positive
Positive
Positive

Positive

Positive

Positive

Positive

Positive

A strong interaction between
education and population health
Positive

Positive

Positive

Positive

Each additional year of education
caused an average decrease in
‘mortality risk of 1.9%.

Positive for life expectancy at birth,
but insignificant for life expectancy at
ages

Negative

Insignificant effect of public
education spendings on primary and

secondary school enrolments
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Variables Symbol Definition

Dependent variable EquityCost Cost of equity, calculated using the PEG model.
Explanatory variable ESG_index ESG media index, calculated based on news coverage of listed companies, ranges from —1 to 1.
Control variables ROA Return on assets, equal to the ratio of net profit to total assets

Lev Leverage ratio, equal to the ratio of totalliabilites to total assets

10 Institutional ownership, equal to the ratio of the number of shares held by institutions to the total number of shares

outstanding

Size Firm size, equal to the logarithm of total assets

TobinQ “Tobin's Q. equal to the ratio of the market capitalization of fiems to the replacement cost of firms.

BM Book-to-market ratio, equal to the ratio of book value to market value

Growth Growth rate, equal to the growth rate of main operating income

Board Board size, equal to the number of people on the company’s board of directors.
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Strategies and diff otal cost (CNY) QALYs ICER (CNY/QALY gained
TLE600 multiple-tablets 126184.3 632 -

TLE400 multiple-tablets 122939.7 627 -

TLE400 single-tablet 1307338 645 -

Differences (TLE400 STR vs. TLEG00 MTR) 45495 013 35313.6

Differences (TLE400 STR vs. TLE400 MTR) 7794.1 019 41706.1

Differences (TLEG00 MTR vs. TLE400 MTR) 32446 0.06 558935

The ICERs may not equal Total cost/QALYs due to rounding in TreeAge Pro 2022
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Model parameter
e

ical and epidemiological parameters

Base case value

CD4 cell count (cells/mm’) after 0-48 weeks of treatment (per month)

TLE400

TLE600

+169

+146

CD4 cell count (cells/mm’) after 49-96 weeks of treatment (per month)

TLE400
TLE600

CD4 cell count (cells/mm?) after 96 weeks of treatment

(per month)
Probability of virological falure (per month)
0-11 months
12-22 months
After 22 months
CD4 cell count without treatment (per month)
Case fatality rate (per month)
CD4 < 50 Cells/mm*
CD4 50 < 200 Cells/mm*
€D4200 < 350 Cells/mm’
CD4 350 < 500 Cells/mm”
CD4 2 500 Cells/mm*
Adverse events
EFV 400 mg
EFV 600 mg
Probabilities of discontinuation due to adverse events
Adherence rates
"TLE-400 multi-tablets
TLE-400 single-tablet
‘TLE-600 multi-tablets
Cost of drugs (CNY)
‘TLE-400 multi-tablets
‘TLE-400 single-tablet
"TLE-600 multi-tablets
Cost ofiliness (CNY)
CD4 < 50 Cells/mm*
CD4 50 < 200 Cells/mm®
CD4 200 < 350 Cells/mm’
€D4 350 < 500 Cells/mm’*
CD4 > 500 Cells/mm*
Adverse events.
Utilities
CD4 < 50 Cells/mm*
CD4 50 <200 Cells/mm*
CD4 200 < 350 Cells/mm’
€D4350 < 500 Cells/mm’*
CD4 > 500 Cells/mm*
Adverse events
Other parameters
Natural mortality rate

Discount rate

2022 GDP per capita (CNY)

0.86%
0.08%

0.06%

1.22%
0.80%
0.52%
0.17%

0.07%

13%

23%

77.5%

83.30%

263
280

307

178298
178298
1737.33
1635.68
153074

119355

0822
0.861
0.886
0.899
0.896

0817

0.707%

5%

85,698

Ranges

15.6-18.2

135-158

4247
42-47

420%

£20%

+20%

£20%

14-7.1

£20%

£20%

+20%

420%

£20%

£20%

£20%

9-16%

75-85%
85-95%

80-90%

£20%

£20%

£20%

£20%

£20%

£20%

£20%

£20%

£20%

£20%

+20%

£20%

£20%

£20%

+20%

£20%

0-8%

NA

Gamma

Gamma

Gamma
Gamma

Gamma

Beta
Beta
Beta

Gamma

Beta
Beta
Beta
Beta

Beta

Beta
Beta

Beta

Beta
Beta

Beta

Gamma
Gamma

Gamma

Gamma
Gamma
Gamma
Gamma
Gamma

Gamma

Beta
Beta
Beta
Beta
Beta

Beta

Beta

Beta

NA

stribution

Sources

ENCOREI Study (9)
ENCOREI Study (9)

ENCOREI Study (9)
ENCOREI Study (9)

“Tremblay etal. (10)

Despiégel etal. (27)

Patrikar etal. (41)

Punckar etal. (25)
Punekar etal. (28)
Punekar et al. (258)
Punckar etal. (25)

Punekar etal. (28)

ENCORE Study (9)
ENCORE Study (9)

Patel etal. (29)

Sutton etal. (30)
Sutton et al. (30)

Xiao etal. (1)

China Government Procurement Network (42)
Expert consultation

China Government Procurement Network (2)

Macetal. (32)
Maetal. (32)
Maetal. (32)
Macetal. (32)
Maetal. (32)

Wang et al. (33)

Punckar etal. (28)
Punekar etal. (25)
Punekar etal. (28)
Punckar etal. (28)
Punekar etal. (25)

Kaufetal. (35)

China Health Statistics Yearbook 2021 (36)

China guidelines for pharmacoeconomic

evaluations (21)

China National Bureau of Statistics (22)
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Adherence rate, TLE400mg mult-tablet
Price, TLE-400mg single-tablet

Utity, CD4 200<350 callsimm3

Utity, CD4 2500 cellsimm3

Utity, CD4 50<200 celsimm3

Gost, CD4 200<350 callsimm3

Gost, CD4 2500 cellsimm3

Cost, CD4 50<200 celisimm3
Discontinuation rate due to AE

Utity, CD4 350<500 cellsimm3
Probabity, AE, TLE400mg

Price, TLE400mg multtablat

Cost, CD4 3504500 cellsimm3

Price, TLEB0OMg muthtablet
‘Adherence rate, TLEG0Omg. multtablet

Probabilty, AE, TLEB0Omg

&

Adherence rate, TLES00mg. multablet
Price, TLE-400mg single-tablet

Cost, CD4 2500 cellsimm3

Utiy, CD4 2004350 celismma
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Discontinuation ate due to AE

Price, TLEAOOmQ multablet
Adherence rate, TLE400mg mult-tablet

Utity, CD4 2500 cellsimm3

Adherence rate, TLES00mg multtablet
Utity, CD4 200<350 cellsimm3

Cost, CD4 2500 cellsimm3
Probabity, AE, TLE400mg

Utity, CD4 350<500 cellsimm3

Utiy, CD4 50<200 cellsimm3

Cost, CD4 2004350 cellsimm
Discontinuation rate due to AE

Price, TLE40OMg multtablet
Probabilty, AE, TLEG0OMG

Price, TLEGOOmG multablet
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TLE strategies

TLE400 nuilfiple tablet

TLE400 single tablet
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<
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:

Adherence to ART

No adherence to ART

Adherence to ART

No adherence to ART

Adherence to ART
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Na

Physical capital

Investment

Leisure time

Medical goods

consumption
Output of the final
‘goods sector

Health capital

Capital elasticity

Capital depreciation

rate

Discount rate

Elasticity of

substitution for leisure

Symbol

Kt

i3

Ht

Economic interpretation

As firms continue to invest, capital accumulates as a stock of tangible assets, which typically depreciates and deteriorates over
time. In this paper, it is defined as the sum of capital stock in the final goods sector and the medical goods sector.

In order to meet operational needs, firms may increase or decrease capital through investment activities, which is a flow variable.
Ttincludes investment in both the final goods sector and the medical goods sector.

Tt represents the amount of time workers allocate to rest, in contrast to working hours. In this paper, the total available time is
normalized to 1, 50 both labor and leisure time lie within the interval [0, 1]

Assuming that the medical goods produced by firms are entirely consumed by households, it represents the quantity of medical

goods

By normalizing the price of the final goods sector to 1, the resulting value corresponds to the total output of the final goods sector.

A stock of health capital that can be increased through investment in medical consumption.

If the entire economy is viewed as a factory, then “capital” can be understood as machinery, equipment, and buildings. A higher

capital elasticity coefficient implies that an increase in capital input leads to a more substantial rise in output; conversely, a lower

elasticity indicates that additional capital has a relatively limited effect on output.
‘The capital depreciation rate can be understood as the speed at which machinery and equipment wear out or become obsolete
over time. Just ike household appliances that deteriorate with use and eventually require repair or replacement, a higher

deprec

ion rate means that capital assets such as machines and buildings degrade more quickly each year, thus requi

ing greater
investment to offset this loss.

Tt reflects the degree to which individuals prefer the present over the future. A higher utlity discount rate indicates a stronger
preference for immediate gratification rather than delaying consumption for future returns. For example, when holding a sum of
money; a person with a high discount rate is more likely to spend or consume it right away, placingless value on benefits that

arrive years later; in contrast, someone with a low discount rate is more willing to wait for future gains.

It primarily measures the degre of substitutability between work and leisure. In other words,if the satisfaction individuals derive
from leisure time can be easily replaced by money or consumption, then the elastcity is high. Conversely, if individuals have a
strong preference for leisure and are unwilling to give up rest in exchange for more work, the elasticity is low. It reflects how much

leisure individuals are willing to sacrifice for additional income—or vice versa—while keeping overall utility constant.
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Parameters Symbols Values

Physical capital depreciation rate 5 0.096
Capital lasticity in the final goods sector a 051
“TFP in the Final Goods Sector A 1
“The elasticity of health capital in the final goods sector 7 005
“The capital elastcity for the medical producs sector 0 055
TEP in the medical products sector B 099
“The elasticity of substitution for medical goods demand o 015
“The depreciation rate of health capital o 001
“The annual discount rate B 0975
“The elastcity of substitution for leisure z 02
“The food consumption G 0.1468
“The threshold for medical product consumption A 0211
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Source
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Indicators

Density (D)

Average Path Length (L)

Clustering coeffcient (C)

Node-Degree
(&)

Betweenness
Centrality(BC)

Ci=2X;/ Ki(Ki -1)

K=K K]
N(r)

K ()= 3 a()
Jj=1
N(r)

Ki'(0)= X aji(1)

=

23k (i) g jk

Description

Mis the number of edges in the network.
Nindicates the total number of network nodes.

d, reflects the minimum number of edges in all paths from ito j

X;is the actual number of connections among s neighbors.

a,denotes the number of nodes from i toj,

a, denotes the number of nodes from j to i,

g s the number of shortcuts betyween j and k, and gy(9) is the number of
shortest paths betuween j and k through i.





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e012.jpg





OPS/images/fpubh-12-1508839/fpubh-12-1508839-g003.jpg
Average Path Length

—e—Average Path Length —e—Clustering Coefficient

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

0.90

038

Clustering Coefficient

density

080

0

08

0

076

~e=density

013 2014 2015 2016 2017 2018 2019 2020 2021

w2 20





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e011.jpg





OPS/images/fpubh-12-1508839/fpubh-12-1508839-g002.jpg





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e010.jpg





OPS/images/fpubh-12-1508839/fpubh-12-1508839-g001.jpg
The exports value/

050

~=The value of TCM exports

ion

~e~China's exports of TCM products/billion

2013 2014 2015 2006 2017 2018 2019 2020 2021
year

2022 2023

“The exports valu/million

1,000

B The export value of plant extracts/million

2013 2014 2015 2016 2017 2018 2019 2020 2021
year

2022 2023





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e009.jpg
PHy =ag+oqNTU; xI(My <71)+aaNTU;;
XI(r1 < My <72)+ @sNTU; <1 (7 < My
+agConyy + 14+ + &ir»





OPS/images/fpubh-12-1508839/fpubh-12-1508839-e010.jpg
DIff _distance,Binary _border,Binary _language,
T=f| Diff_GDP, Diff _population,Diff _cconomic
freedom index





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e008.jpg
Eir





OPS/images/fpubh-12-1508839/fpubh-12-1508839-e009.jpg
p = Yaidi (0 = cixc))
i





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e007.jpg





OPS/images/fpubh-12-1508839/crossmark.jpg
©

2

i

|





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e006.jpg
L;





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e005.jpg





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e004.jpg
Con





OPS/images/fpubh-12-1508839/fpubh-12-1508839-t004.jpg
2013

2014

2015

2016

2017

2018

2019

2020

2021

2022
2023

Export markets /proportion

No1l

Australia (21.44%)
Australia (14.00%)
South Korea (13.59%)
South Korea (10.68%)
Australia (9.98%)
South Korea (9.68%)
South Korea (10.68%)
South Korea (9.68%)
South Korea (9.08%)
South Korea (7.08%)

South Korea (8.18%)

No 2

South Korea (10.4%)
South Korea (11.2%)
Australia (11.97%)
Australia (8.98%)
South Korea (8.17%)
Australia (8.38%)
Japan (7.02%)

Japan (6.02%)
Australia (6.38%)
Australia (6.08%)

Japan (5.18%)

Japan (9.56%)
Japan (8.56%)
Japan (7.79%)
Japan (8.12%)
Japan (7.84%)
Japan (7.12%)
Australia (6.38%)
Australia (5.83%)
Japan (5.12%)
Japan (5.13%)

Vietnam (3.67%)

Vietnam (3.71%)
Vietnam (3.44%)
Singapore (5.2%)
‘Thailand (4.6%)
Malaysia (5.8%)
Singapore (5.45%)
Vietam (3.37%)
‘Thailand (4.88%)
Vietnam (3.27%)
‘Thailand (4.38%)
‘Thailand (3.38%)

Malaysia (2.87%)
Malaysia (3.27%)
Malaysia (3.8%)

Malaysia (2.8%)

Vietnam (3.47%)
Malaysia (3.08%)
Malaysia (287%)
Vietnam (3.07%)
Indonesia (2.9%)
Vietnam (2.67%)

Indonesia (2.87%)
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Variable Level 1. Level

Constant Constant + Trend Constant Constant + Trend

HLEB -1107 ~6907% 7.023%%

HLEGO -0815 ~0916 -8221% 87697
LEB ~0995 ~7.866++% 8104+
LEGO -1013 -1L114 ~9.092% ~9695%*

SOCEX -1276 ~1288 ~7.584%%% 8104+
EDEX ~1061 -1123 ~8303%4% ~8.995%+
HEX ~1290 ~1300 —9.764%+% —10.137%+%
INCOME, ~0981 ~1088 ~10032%+* —10554%+%

% and *** are, respectively, significant at 1 and 5%.
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Homogeneity tests Model-1 Model-2 Model-3 Model-4

Test statistics Test statistics Test statistics Test statistics
N Lad1aen 14.354%%% 13.304%%% 15.140%%%
17.844%%% 16.539%+% 18.822%%%
A -
ad 17.920

“**significant at 1%.
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Ownership type Firm size

Variable

(1) SOE (2) Non-SOE (3) Large (4) Small
ESG_index, ~0065%* (~2.720) ~0.013 (~0.842) —0.078%% (~3.850) 0027 (~1.646)
Asy, L13*** (6.726) 0.52277% (4.687) 0994%%% (7.177) 05225 (4318)
ROA, 04195 (3742) 031277 (9.018) 0406+ (9.822) 0.226%%% (5959)
LEV, ~0.044 (~1.259) ~0.040* (~1.696) ~0.136%%* (~5.231) ~0.058"* (~2.076)
10, 0.014% (1.660) 0011 (1511) 0,001 (0.119) 0.028"* (2.187)
Size, ~0.018%* (~2034) ~0.008 (~1253) ~0021%% (~2.422) ~0013 (~1854)
TobinQ, 0.212¢%% (3.807) 0,222 (4.924) 0.188%% (3.962) 0.139%* (2:532)
BM, 0.026% (1.836) 0.067% (6.355) 0043+ (3.870) 0.091%%% (7.008)
Growth, 0073 (~1.961) ~0.033 (~1.164) ~0078%* (~2.437) ~0095%#% (=3.153)
Constant 0,887 (4.640) 1057%* (6.400) 1359%%% (7.473) 08167 (3.108)
Observations 5,380 8,014 7814 5814
Ad R 0272 0.234 0.255 019
Year Yes Yes Yes Yes
Industry Yes Yes Yes Yes

Robust -statistics are in parentheses. *, **, and *** indicate levels of satistical significance at 10, 5, and 1%, respectively.
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HLEB LEB LE6O CEX HEX INCOME
Mean 68970 17.441 78863 22491 21106 5.185 8.654 37033.040
Median 69.400 17.800 79700 22900 21100 4976 8780 35669.790
Maximum 73.600 20500 84200 26400 34900 8614 13.035 112417.900
Minimum 61600 13.700 69.800 18.000 5900 2930 4548 8554.694
Std. Dev. 2193 1391 2970 1795 5550 1134 1798 22286670
Skewness —0.963 —0.734 -1.046 —0558 —0.149 0745 —0.103 1207

Kurtosis, 3850 2905 3.490 2611 2571 3294 2064 4.462
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(2)

Variable

EquityCost,,
ESG_index, ~004477* (=5.786)
Asy, 0,073 (5.200)
ROA, 0,001 (0.019) 07557 (8.099)
LEV, 0334%*% (16.282) 0328%** (11.617)
10, 04457+ (25.872) ~0.147%%* (~7.286)
Size, s 0035+ (4662)

(-48.182)

TobinQ, ~0.039%** (~6.563) ~0.012¢% (~2.259)
BM, 11674% (37.434) 0,104 (2818)
Growth, 0,017 (3.027) 0,059 (6.818)
Board, 0.034% (1.60) —0087%** (-3.732)
Constant 747544 (44.928) 0,659+ (4.234)
Observations 13,628 13,628
Adj R 0593 0235
Year Yes Yes
Industry Yes Yes

Robust t-statistics are in parentheses. *, **, and *** indicate levels of statistical significance
a1 10,5, and 1%, respectively.
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0.784, p <0.01
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Data identification Data sources
Healthy life expectancy at birth (years) WHO (52)
Healthy life expectancy at 60 (years) WHO (52)
LEB Life expectancy at birth (years) WHO (53)
LEGO Life expectancy at 60 (years) WHO (53)
SOCEX Public social expenditures (% of GDP) OECD (7)
EDEX Education expenditures (% of GDP) World Bank (7)
HEX Current health expenditure (% of GDP) World Bank (63)

INCOME GDP per capita (constant 2015 USS) World Bank (64)
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two-stage PSM regression

Variable 2) (3) (4)
EquityCost ¢, , ESG_index, EquityCost,, ;
ESG_index, ~0.084%%* (~4.162) —0.049%%% (~2.644)
ROA, 2082+% (7.212) 12977 (8.516) 3.780%%* (7.340) 0436+ (2.968)
LEV, ~0.037(-0.437) 0.536%** (21.471) ~0.089 (~0.590) 0.279%%% (6.234)
10, 0236+ (3724) ~0.109%%* (-4.712) 0.428%7% (3.820) —0.122%%% (-3.814)
Size, 02607 (15.871) ~0029%* (~2.028) 0.465*** (15.680) 00345 (3.610)
TobinQ ~0032% (~1.673) ~0.009* (~1.645) ~0.053 (~1580) ~0.015(~1517)
BM, ~0.695%% (~6.328) 0.32797% (6.504) —1211%%% (~6.240) 0.106° (1.769)
Growth, 0.059% (1.700) 0,090 (8.630) 0.105 (1.640) 0.088%% (5741)
Board, 0.132% (1915) ~0.092%%% (~4.443) 0.228** (1.860) ~0.110%%% (=3.076)
Constant —488477% (~14.283) 15687 (4.157) —9.846%** (~14.290) 0.804%%% (3.938)
Observations 13,628 13,628 13,628 4,191
Year Yes Yes Yes Yes
Industry Yes Yes Yes Yes
IMR 0.122% (0.069)

Robust -statistics are in parentheses. *, *#, and *** indicate level of satistical significance at 10, 5, and 1%, respectively.
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Research article Sample; duratiol Methods Results
Tarcé etal. (2) 13 Eastern European states; 2000-2020  Regression Positive
OECD (41) OECD countries; 1995-2015 Regression Positive
Aydin (42) OECD countries; 2000-2016 Regression Positive
yuda and Chan (44) 46 articles; 2004-2019 Literature review Positive
Aanegola etal. (45) 183 countries; 2000-2016 Causal approach A positive effect of private health

expenditures

Anvar etal. (47) OECD countries; 19962020 Regression Positive
Roffia etal. (5) OECD countries; 19992018 Regression Positive
Ahmad etal. (56) South Asian countries; 1997-2021 Regression Positive
Sango-Coker and Bein (57) African countries; 19992014 Regression Positive
Gedikli etal. (55) Turkey, Azerbaijan, Kazakhstan, Cointegration analysis Positive

Kyrgyzstan, Tajikistan, Tarkmenistan and
Uzbekistan; 2000-2015
Khan etal. (59) Pakistan; 2000-2020 Cointegation analysis Positive
van den Heuvel and Olaroiu (16) 31 European countries Regression Insignificant relationship between
health expenditures and lfe

expectancy
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Variable

(2)

MPEG,,,

ESG_index; —0.039* (~1.686)
ROA,

10,

Size,

TobinQ

BM,

Growth,

Board,

Constant 1.330%+* (86.859)
Observations 13,628

Adj R 0.021

Year Yes

Industry Yes

—0.064%*% (=2.712)
1.736*** (11.166)
0.241%%% (4.526)

—0.128%* (~2.516)
0.024%* (2.382)
~0.009 (-0.585)
0.459%%* (7.651)

0.053 (1.332)

—0.131%+* (=2.783)

1.092%*% (5.866)
13,628
0098

Yes

Yes.

Robust t-statistics are in parentheses. *, **, and *** indicate levels of statistical significance

a1 10,5, and 1%, respectively.
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(1) (2)

Variable

EquityCost,, ; EquityCost,, ;
ESG_index, ~0.031%% (-2.199) ~0.054%% (~4.091)
ROA, 0.774%7% (8.306)
LEV, 0344%** (12.313)
10, —0.111%%% (=5.717)
Size, 0.010% (1.848)
TobinQ, ~0013%% (~2.627)
BM, 0.179%%* (5.174)
Growth, 0.062°%* (7.240)
Board, ~0.087*** (~3.773)
Constant 1.369%* (23.639) 1150%%# (9.382)
Observations 13,628 13,628
Adj. R 0181 0.234
Year Yes Yes
Industry Yes Yes

Robust -statistics are in parentheses. *, **, and *** indicate levels o statistical significance
a1 10,5, and 1%, respectively.
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(6)
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Variable
EquityCost
ESG_index
ROA

LEV

10

Size
TobinQ
BM
Growth

Board

N
13,628
13,628
13,628
13,628
13,628
13,628
13,628
13,628
13,628

13,628

Mean

0.108

0372

0.042

0432

0393

22248

2122

1032

0.245

8.634

Std. dev

0.040

0327

0.060

0207

0238

1.289

2649

1078

0.584

1720

Min
0.025
0588
~0217
0.007
0,000
19.976
0.609
0.098
0545
0,000

P50
0.104
0430
0.039
0425
0.400
2206
1623
0675
0130

9.000

Max
0241
0924
0212
1712
1870
26246
8022
6.463
4094

18.000
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OECD Model 3 Model 4

sountics EDEX HEX INCOME SOCEX EDEX HEX INCOME
Austria 0.108%* 0.075%* 0.198%* 0.221** 0.096** 0.063** 0.184%* 0.190%*
Belgium 0.103%* 0.064%* 0.202%* 0.203%* 0.092%* 0.051%% DATEee 0.188%*
Canada 0.118%* 0.058%* 0.215** 0.234%* 0.102%* 0.045%% 0.205%* 0.221%
Chile 0.112%* 0.073%* 0.198%* 0.218%* 0.109%* 0.059%* 0.188%* 0.204%*
Czechia 0.128%* 0.047%% 0.162%* 0.190%* DaL7ss 0.038%* DT 0.184%*
Denmark 0.119%* 0.064** 0.237%* 0.237%* 0.110%* 0.052%* 0.224** 0.229**
Estonia 0.107 0.076** Qu51s QST 0.098 0.068** 0.140%* 0.141%%
Finland 0.116** 0.075%* 0.234** 0.248** 0.105%* 0.057%* 0221 0.235%*
France 0.105%* 0.089%* 0.237%* 0.232%* 0.095%* 0.064** 0.229%* 0.226**
Germany 0.117%* 0.072%* 0.231%* 0.266** 0.112%* 0.051%* 0.213** 0.251%
Greece 0.116** 0.088** 0.218** 0.209** 0.107** 0.074%* 0.185%* 0.195%*
Hungary 0.114%* 0.065** 0.155%* 0.160** 0.102%* 0.050%* 0.143%* 1s1
Ireland 0.165%* 0.069%* 0.161%* 0.172%* 0.147%* 0.056%* 0.159%* 0.147%*
Israel 0.188%* 0.056%* 0.145%* 0.154** 0.172%* 0.044%* 0.126** 0.133%*
Taly 01014 0.080% 01534+ 0.169%* 0089+ 0,068 01385 0.145%
Japan 01074+ 0085+ 02274+ 0238+ 0,090+ 0.073%* 0201+ 0.223%*
Korea Republic 0.134%* 0.057%* 0.169** 0.184** 0.120%* 0.043%* 0.157** 0.169%*
Latvia 0.088%* 0.064%* 0.142%* 0.156** 0.071%* 0.059%* 0.133%* 0.147%*
Lithuania 0.121 0.049%* 0.122** 0.141%* 0.116 0.035%* 0.119%* 0.138%*
Luxembourg 0.128%* 0.075%* 0.223** 023 0.110%* 0.057%* 0.205%* 0.209%*
Netherlands 0.136%* 0.069%* 0.218%* 0.240%* 0.122%* 0.051%* 0.198%* 0.224%*
Norway 0.174%* 0.072%* Oy 0.232%* 0.168%* 0.060%* 0.214** 0.201%*
Poland 0.158%* 0.059%* 0.123%* 0.130%* 0.144%* 0.039%* 0.108** 31 g
Portugal 0.122%* 0.051%* 0.198%* 0.205%* 0.106** 0.034%* 0.181%* 19z
Slovakia 0.137 0.070%* 0.141%* 0.158%* 0.124 0.065%* 0.130%* 0.134%*
Slovenia 0.118%* 0.064%* 0.168%* 0.179%* 0.101%* 0.058%* 0.147%* 0.165%*
Spain 0.121%* 0.067%* Dusres 0.144%* 0.115%* 0.042%% 0.125%* 0.138%*
Sweden 0.142%* 0.063%* 0.242+* 0.255%* 0.130%* 0.059%* 0.206** 0.223**
Switzerland 0.138%* 0.077%* 0.231** 0.249%* 0.123** 0.071%* 0.220%* 0.230%*
United Kingdom 0.146%* 0.079%* 0.196** 0.220%* 0.134%% 0.066** 0.174%* 0.201%*
United States 0.168%* 0.072%* 0.213** 0.228%* 0.153%% 0.068** 0.185%* 0.217¢+
Panel 0.128%* 0.069%* 0.189%* 0.204%* 0.115%* 0.052%% 0.178%* 0.182%*

%2, %, and * demonstrate that it i significant at 1, 5, and 10% levels, respectively.
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OECD

Countries

Austria
Belgium
Canada
Chile
Crechia
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Israel

Ttaly

Japan

Korea Republic
Latvia
Lithuania
Luxembourg
Netherlands
Norway
Poland
Portugal
Slovakia
Slovenia
Spain
Sweden
Switzerland

United Kingdom

United States

0.124%%
0123
0128
0.125%%
0154
0133
0122
0128
0119
0.120%%
0123
0.129%%
0213#*
0218**
0117#*
0.124%%
0156+
0.106
0134
0.143%%
0157+
0185+
01645
0.144%%
0.158
0131
0.139%%
01615
0158+
01697
0187

01455

Model 1
EDEX HEX
0093+ 0213
00817 0228+
0067+ 0.238%*
00907+ 0211
0053 0.182¢%
0085+ 0256
0092 0173
0083 0.254%%
0101+ 0.259%%
0.092%% 0255+
0.098%* 0.234%%
0.087%% 0171%%
0.080** 0.185%*
0.073%* 0.164%%
0.106** 0.177%%
0102 0.244%%
0071 0.198%*
0.086** 0,166+
0.072+% 0.149%%
0085+ 0.238%*
0.090%* 0246
0.088** 0.249%%
0096+ 0.145%%
0.089%* 0223%*
0.092+% 0165+
0087+ 0206
0083+ 01697
00917+ 0263
0095+ 0255+
0072 0223
00847+ 0239
0082 0218+

INCOME
0.242%%
0.231%%
0.246%*
0239+
0.221%%
0.263%%
0.185%*
0.268%*
0.267%%
0.284%%
0.237%%
0.189%*
0.193%*
0.178%*
0.183%*
0.257%%
0.203%%
0177%%
0.165%*
0.251%%
0.264%%
0.261%%
0.154%%
0.230%%
0.187%%
0.218%%
0.170%*
0.281%%
0.268%+
0.242%%
0.245%%

0.223%%

SOCEX
0117+
01155
0121+
01195
0.134%%
0121

0112
0123
0.105%*
0117+
0.116%
0123
0.178%*
0.197%%
01094
0121
0.149%%

0.098

0129
0.137%%
0.145%%
0180
0161
0135

0.148
0125
0132
0153
01487
0151
0176

0139

Model 2
EDEX HEX
0,088 0,208
0.074% 02167
0.062%* 0228
0,089 0205
0,055+ 01745
0,072 0247
0,084 o161+
0,080 0243
0,099 0248
0,084 0.242%
0,091+ 0227
0,079+ 0164
0,074 0.176%*
0.065%* 0,158
0,093+ 0.168°*
0.091%% 02314
0.066%* 0.186%*
0.072%% 01594
0,063+ 0137+
0.080%* 0.230%%
0,084 02374
0.082%% 0.239%%
0,092 01365
0.080%* 02194
0,085+ 0,155+
0.078%* 0184
0.075%* 0151+
0,088 0.256%
0.090% 0.245%%
0,066 0,208
0.081% 0.221%%
0.076% 0202

INCOME

0.236%*

0.225%*
0.237%%
0.228%*
0.205%*
02517
01747
0.256%*
0.250%*
0.272%%
0.220%*
0173+
0.184%*
0.161%*
0.179%*
0.248%*
0.196%*
0.164%*
0.152%%
0.244%%
0.255%*
0.249%%
0.143%%
0.221%%
0.170%*
0.198%*
0.159%*
0.267%%
0.260%%
0.232%%
0238+

0.214%%
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Model 1

Constant Constant and trend

LM Statistic Asymptotic pvalue  Bootstrap pvalue LM Statistic  Asymptotic p value Bootstrap p value
7584 0214 0.296 8112 0311 0346
Model 2

8365 0316 0385 9.330 0412 0.458

Model 3

8973 0378 0.405 9.504 0423 0470
Model 4

6862 0287 0329 7.476 0.348 0402
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Variables 0-1 spatial adjacency matrix Economic distance matrix
Direct Indirect Total Direct Indirect Total

—0150%%% (=3.09) | —0371%%*(-276) | —0.521%%*(=323) | —-0.099%* (=2.09) ~0313%* (-2.37) ~0413%%% (~261)

#%, %%, and * represent significance levels of 1%, 5%, and 10%, respectively.
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Variables (1) ()]

0-1 spatial Economic
adjacency matrix  distance matrix

~0.138*%% —0.089%%
NTU
(-3.05) (~200)
—0.284%%% —0.242%*
W*NTU
(-280) (-245)
0.194%% 0.203%#*
tho
@57 (2.68)
0.001%#% 0.001%#*
sigma2_e
(13.36) (13.35)
Controls Yes Yes
City FE Yes Yes
Year FE Yes Yes
Observations 360 360
R-squared 0.030 0.034
Number of id 30 30

#%, %%, and * represent significance levels of 1%, 5%, and 10%, respectively.
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Year Moran's | p-value Year p-value

2007 0.164 0.087 2013 0297 0.004 2884
2008 0200 0041 2041 2014 0295 0.004 2860
2009 0366 0001 0.366 2015 0292 0.005 2,800
2010 0.094 0250 1151 2016 0306 0.004 2918
2011 0284 0.005 2792 2017 0311 0.003 2987

2012 0300 0.003 2951 2018 0261 0011 2559
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Variables

(9] @) 3) 4)
Without interaction With interaction Without interaction With interaction
0.272%%% 0271 0.325%%% 0.177%%%
NTU
(5.48) (5.48) (8.08) (2.83)
0.060%+* 0113
Ecoagg
(427) (3.33)
~0.130%
NTU x ecoagg
(=1.70)
~0090% ~0.285%+%
Popu
(-190) (-3.62)
0610%+%
NTU x popu
(3.08)
Constant 0.137% 0.117% -0.017 0.060
(219) (1.86) (-0.36) (1.10)
Controls & fixed effects Yes
3 0.803 0.804 0778 0784

#%, %+ and * represent significance levels of 1%, 5%, and 10%, respectively.
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\ELELIES (1) (2) (3) (4) (5)

Eastern Central Western Developing Developed regions

o+ 0.505%4% 0643%+% 0.433%%% 0.069

NTU
(169) (5.58) (4.00) (522) (1.10)

Constant 0.167 0.162* 0250 0.248%% 0.220%
(1.58) (1.94) (151) (@91) (233)

Controls & fixed effects yes yes yes yes yes

Obs 144 144 72 204 156

3 0.800 0.855 0870 0824 0793

#4%, %%, and * represent significance levels of 1%, 5%, and 10%, respectively.
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\ELELIES (1) (]

Threshold Threshold
variable: variable:
employment advanced
density industrial
structure
~0.196%
NTU x I (llab < 4.350)
(~2.58)
0,463+
NTU x I (llab > 4.350)
(7.98)
0328+
NTU x I (struc < 0.826)
(5.63)
NTUxI 0.414%+*
(0.826 < struc < 1.744) (737)
0581+
NTU x I (struc > 1.744)
(10.05)
~0068 0163+
Constant
(-127) (-222)
Controls & fixed effects Yes Yes
R 0,806 0761

#%, %%, and * represent significance levels of 1%, 5%, and 10%, respectively.
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Variables

NTU

LNTU

Controls
Province FE

Year FE

Constant

Wald F statistic
Observations

Resquared

(1) First-stage
regression

NTU

0.918%%*
(51.46)
Yes
Yes
Yes
0022
(1.17)
926.60
330

0.974

0.688%+

(15.13)

Yes
Yes
~0.039

(-0.76)

330

0735

#%, %%, and * represent significance levels of 1%, 5%, and 10%, respectively.
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Variables

NTU

Constant

Controls
Province FE
Year FE
Observations

R
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Type Indicators Definition

Number of beds in medical and health institutions per 10,000 people +
Basic Support Conditions Number of doctors per 10,000 people +
Per capita financial expenditure on healthcare +
Public health
Provincial survival rate +
Health Performance Improvement  Provincial Population Mortality Rate N
Incidence rate of legally reported infectious diseases of categories A and B =
Urban population density (people/km’) +
Population urbani Urbanization rate of resident population (%) +
Urban registered unemployment rate (%) =
Share of secondary industry in GDP (%) +
Economic urbanization Share of tertiary industry in GDP (%) +
Per capita disposable income of urban residents (yuan) +
New-type urbanization Participation rate of urban residents in basic pension insurance (%) +
Higher education students per 100,000 people +
Social urbanization
Road area per capita (i) +
Number of public transportation vehicles per 100,000 people (standard units) +

Ratio of per capita income in urban and rural areas -

Urban-rural integration Ratio of per capita consumption expenditure of urban and rural residents -

Engels coefficient of urban and rural residents -
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Exported TCM
products

Representative drugs

Pharmacological actions

1. Plant extracts
2. Medicinal herbs

3. Compound formulations

4. Chinese Medicine Granules
and Oral Liquids

Ginseng

Goji Berry

Mushroom

Astragalus

Salvia miltiorrhiza

Compound Danshen Dripping Pills

Anshen Buxin Pills

Baoji Pills
Compound Honeysuckle Granules

Dandelion Oral Liuid

Ginseng contains ginsenosides, total ginsenosides, and ginseng polysaccharides, and is widely

used in health products for boosting immunity, anti-fatigue, and anti-aging.

Goji berry is rich in natural antioxidants, particularly goji polysaccharides and carotenoids, and
is commonly used in dietary supplements, functional foods, and anti-aging products.

Reishi mushroom is widely used in immune regulation, anti-tumor, and anti-fatigue fields. Its
‘main active ingredients, such as reishi polysaccharides and triterpenoids, are in high demand in
the international market.

Astragalus primarily consists of astragalus polysaccharides, which have functions such as
boosting immunity, ant-fatigue, and antioxidant properties. It is commonly sed in the health

supplement and pharmaceutical industrics.

Salvia miltiorrhiza extract (¢.g., tanshinone) is ofien used in products that improve blood

circulation, provide antioxidant and anti-inflammatory effects, and has potential applications in

the treatment of cardiovascular diseases.

Used for treating cardiovascular and cerebrovascular diseases, especially coronary heart discase
and angina.

Used for treating symptoms such as insomnia, aniety, and palpitations.
Used for digestive system issues, such as diarrhea and stomach pain.

Used for antibacterial and antiviral purposes, commonly used to treat colds and upper

respiratory infections.

Ofien used for clearing heat and detoxifying, treating skin inflammation or liver ssues.
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Country Plant species  Medicinal plant Representative herbs

species
China 34,180 11,146 Panax ginseng, Lycium barbarum, Astragalus membranaceus, Angelica sinensis,etc.
Singapore 9,550 365 Perilla frutescens, Glycyrrhiza glabra, Coptis chinensis, etc.
Thailand n714 1712 Zingiber officinale, Cymbopogon citratus, Momordica charantia, etc.
Vietnam 12715 3320 Momordica charantia, Mentha spp., Gentiana scabra, etc.
Australia 24165 550 Melaleuca alternifolia, Eucalyptus spp., Macadaniia integrifola, etc.
Malaysia 2640 1,156 Zingiber officinale, Mentha spp., Momordica charantia, etc.
South Korea 3920 680 ‘Panax ginseng, Astragalus membranaceus, Angelica sinensis, etc.
Japan 6432 883 Glycyrrhiza uralensis, Lycium chinense, Perilla frutescens, etc.
Indonesia 1,550 1134 Curcuma longa, Zingiber officinale, Momordica charantia, etc.
Philippines 4,940 867 Glyeyrrhiza glabra, Momordica charantia, Piper nigrum, etc.
Myanmar 10,180 3635 Achyranthes bidentata, Momordica charantia, Zingiber officinale, etc.
New Zealand 3747 210 Rongoa Miori, Kawakawa, etc.
Cambodia 4,246 716 Momordica charantia, Zingiber officinale, Glycyrrhiza glabra, etc.
Brunei 2332 220 Cinnamomun verum, Gentiana scabra, Gentiana scabra, etc.

Laos 5486 836 Coptis chinensis, Glycyrrhiza glabra, Ocimum basilicum, etc.
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Country Corene Country Corene Country Corene
China 0.299 South Korea 0301 Singapore 0304
Singapore 0.299 China 0301 Thailand 0304
Thailand 0.299 ‘Thailand 0301 Japan 0.293
Vietnam 0.286 Singapore 0301 Myanmar 0.293
Australia 0.286 Malaysia 0.287 Indonesia 0.288
Malaysia 0.286 Japan 0.283 South Korea 0.288
South Korea 0.286 Vietnam 0.283 China 0.288
Japan 0274 Australia 0277 Australia 0277
Indonesia 0.269 Philippines 0272 Vietnam 0.277
Philippines 0.257 Indonesia 0253 Philippines 0.257
Myanmar 0.248 New Zealand 0237 New Zealand 0242
New Zealand 0.235 Myanmar 0213 Myanmar 0218
Cambodia 0.188 Brunei 0.185 Laos 0.167
Brunei 0139 Cambodia 0.166 Brunei 0.165

Laos 0137 Laos 0141 Cambodia 0119





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e016.jpg
So





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e015.jpg
Wi, j





OPS/images/fpubh-13-1513173/fpubh-13-1513173-e014.jpg
nn

So. =ZZW,,,-,z, =x;—X,

i=1j=1





OPS/images/fpubh-12-1463532/fpubh-12-1463532-e004.jpg
Controls;,





OPS/images/fenvs-12-1478649/inline_4.gif
Epwyo s





OPS/images/fenvs-12-1478649/inline_39.gif





OPS/images/fenvs-12-1478649/inline_38.gif





OPS/images/fpubh-12-1466710/crossmark.jpg
©

2

i

|





OPS/images/fenvs-12-1478649/inline_37.gif
I fraction





OPS/images/fcacs-03-1452970/fcacs-03-1452970-t004.jpg
1. Financial
depression

2. Worry about 0.545*
affording health care

3. Financial 0.606** 0.539**
consequences

4. Financial 0.645** 0.681%* 0.783**
coping—total score

5. Financial 0.542%* 0.507** 0.527** 0.665**
coping—cost-related
Non-Adherence

6. Financial coping— 0.109* 0.043 —0.028 0.046 0.103*
employment
7. Financial 0.420%* 0.578** 0.542** 0.743** 0.478** 0.100*

coping—reduce
medical costs

8. Financial 0.586** 0.608** 0.784* 0.912** 0.539** —0.018 0.600**
coping—budgeting
and reduce spending

9. Financial 0.626** 0.620%* 0.797** 0.894** 0.580%* 0.082 0.654** 0.816**
coping—increase
funds

10. Increase 0.569** 0.512%* 0.726* 0.755%* 0.557** 0.107* 0.571** 0.708** 0.854**
funds—borrowing

11. Increase 0.545** 0.539** 0.667** 0.738** 0.510** 0.108* 0.542** 0.662** 0.846** 0.664**
funds—cash flow

12. Increase 0.539** 0.571%* 0.696** 0.804%* 0.524** 0.042 0.624** 0.739** 0.879** 0.662** 0.620%*
funds—liquidate
assets

*p <005 **p < 0.01.
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Financial coping item Slope (SE) Severity (SE)
text

Avoided preventive medical care 2.04 (0.24) 0.87 (0.08)
such as dental checkups

Avoided medical treatment for 1.66 (0.21) 1.08 (0.11)
conditions besides cancer

Chose a cheaper cancer 3.25 (0.74) 1.81(0.16)
treatment

Delayed your cancer treatment 3.05 (0.61) 172 (0.14)
due to cost

Chose not to receive some cancer 2,52 (0.49) 1.78 (0.16)
treatments (such as

Zofran/ondansetron or hormone

therapy) because of cost

Chose not to receive some cancer 223 (0.41) 177 (0.17)
treatments because it could

interfere with your ability to earn

money

Worked longer hours at primary 1.61(0.22) 1.23(0.12)
job

Began working another job 1.48 (0.23) 1.60 (0.17)
Returned to work earlier than 2.10 (0.29) 1.26 (0.10)
you or your family member

wanted because of lack of paid

time off

Delayed retirement for financial 1.40 (0.20) 1.42 (0.15)
reasons

Returned to work after retiring 1.73 (0.36) 2.13(0.28)
for financial reasons

Stayed at a job even though you 1.64 (0.20) 0.91 (0.10)
or your family member wanted

to leave

Switched or added a health 1.26 (0.19) 1.47 (0.17)
insurance plan

Set up a payment plan for 2.21(027) 097 (0.08)
medical bills

Tried to get medical care charges 2.20(0.26) 0.77 (0.08)
reduced

Tried to appeal a health 1.72(0.22) 1.09 (0.10)
insurance denial of coverage

Tracked health insurance claims 1.01 (0.14) 0.61(0.12)
to ensure they were paid

Claimed a deduction on your 1.08 (0.18) 1.74 (0.24)
taxes due to medical expenses

Applied for aid such as assistance 1.90 (0.24) 1.06 (0.10)
paying medical bills, grants, food

stamps, or rent assistance

Started a crowdfunding or 2.57 (0.56) 1.94(0.20)
fundraising campaign. Examples:

GoFundMe, Amazon Wishlist,

selling raffle tickets

Sold the home you lived in 220 (0.61) 2.33(0.35)
Saved money in advance to pay 1.09 (0.16) 117 (0.15)
for care

Borrowed money from family or 2.78 (0.38) 116 (0.08)
friends

Accepted gifts of money or other 2.44(0.29) 0.81(0.07)
items from family or friends such

as clothes or food

Took out a second mortgage, 2.18 (0.49) 2.08 (0.25)
home equity loan, or refinanced a

mortgage

Took out a cash advance or 2.57 (0.52) 1.84 (0.18)
payday loan

Took money out of savings 2.55 (0.28) 0.48 (0.07)
accounts

Took money out of retirement 2.57 (0.36) 1.25 (0.09)
accounts earlier than planned

Sold items such as jewelry or cars 316 (0.51) 141 (0.10)
Sold investments such as stocks 1.89 (0.29) 1.56 (0.14)
or property (not your main

home)

Sold items you or a family 255 (0.53) 1.86 (0.18)
member made such as food or

T-shirts

Built up debt on credit cards 3.52(0.43) 0.71 (0.06)
Bought less expensive food, 5.15 (0.70) 0.26 (0.06)
clothes, or other necessary items

Reduced spending on 3.89 (0.45) 0.09 (0.06)
non-essential costs such as

vacations or going out to

restaurants

Moved to a cheaper house or 2.34 (0.41) 1.66 (0.15)
apartment

Moved in with family or friends 1.70 (0.35) 2.15(0.28)
to save money

Reduced the amount you spent 2.61(0.38) 1.30 (0.10)
on services such as childcare,

eldercare, and house cleaning

Stopped paying for or skipped 2.80 (0.43) 137 (0.10)
payments for utilities. Utilities

include internet, phone,

electricity, and water

Delayed large purchases such as 3.10 (0.35) 0.47 (0.06)
buying a car, buying a new house,

or home repairs

Completed car or home repairs 2.59 (0.31) 0.82 (0.07)
and maintenance yourself

instead of paying someone else

Bartered for medical care, such 2.89 (1.04) 2.37 (0.40)
as trading office cleaning for

medical treatment

Financial Slope (SE) Severity (SE)
consequences item

text

Been evicted 3.02 (1.07) 2.52 (0.39)
Had your home foreclosed 3.89 (1.24) 2.16 (0.24)
Had your electricity, gas, or 4.66 (1.18) 1.78 (0.14)
water shut off*

Had a gas, electricity, or water 6.53 (1.94) 1.69 (0.11)
bill sent to collections

Had phone or internet service 5.86 (1.45) 1.55 (0.10)
shut off*

Had a phone or internet bill sent 5.25(1.38) 1.73(0.12)
to collections

Been sued by health care 2.16 (0.50) 2.21(0.28)
provider, clinic, or hospital for

unpaid bills

Had your credit rating decrease 3.67 (0.55) 0.89 (0.07)
Had your wages garnished for 227 (0.70) 256 (0.42)
unpaid medical bills

Had medical bills sent to 2.96 (0.44) 1.17 (0.09)
collections®

Had liens placed on property 2.50(0.82) 2.50 (0.42)
such as your house

Had your bank accounts frozen 2.58 (1.48) 3.08(0.92)
Had assets such as cars seized* 248 (1.37) 3.14 (0.93)
Been denied healthcare because 1.84 (0.52) 2.68 (0.46)
of an unpaid bill*

Been unable to provide for basic 3.30 (0.57) 1.47 (0.11)
needs such as food, housing, and

clothing*

Been fired or lost a job 157 (0.32) 2.23(0.30)
Filed for bankruptcy 320 (0.84) 2,02 (0.21)
Saved less money including 324 (0.48) 0.33 (0.07)
money for retirement*

Had to quit college or school 1.99 (0.50) 2.44 (0.36)
because you or your family

member could not pay for it

Gotten divorced 1.18 (0.40) 356 (0.95)
Not been able to earn as much 226 (0.29) 0.77 (0.08)
money as before the diagnosis

SE, standard error.
*Included in short form.
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Financial worry item text

Sl (3]

First severity
parameter (SE)

Second severity
parameter (SE)

Third severity
parameter (SE)

finances

Your insurance company will raise your 2.08(0.19) 0.00 (0.08) 0.85 (0.08) 1.84 (0.14)
premiums so much you will no longer

be able to afford your health insurance

Your income will go down and you 2.34(0.21) 0.04 (0.08) 0.75 (0.08) 1.42 (0.10)
won’t be able to afford the cost of your

current health insurance coverage

Your insurance company will drop your 2.24(0.21) 0.21 (0.08) 1.09 (0.09) 1.86 (0.14)
coverage*

You will not be able to maintain your 2.06(0.21) 0.53 (0.08) 1.05 (0.09) 172 (0.13)
health insurance through your or your

family member’s employer or school

Your health insurance will not cover 2.94(0.26) 0.05 (0.08) 0.67 (0.07) 1.23 (0.09)
part of your cancer care

The effects of cancer treatment will 2.11(0.20) 0.21 (0.08) 0.73 (0.08) 1.22 (0.10)
make it harder for you to work

You will not have enough paid sick leave 2.49(0.25) 0.52(0.07) 0.93 (0.08) 1.38 (0.10)
at work or school

You will lose your job due to the cancer 2.71(0.28) 0.74 (0.07) 1.21 (0.09) 1.65 (0.12)
The health care services you need* 3.36(0.29) —0.09 (0.08) 0.59 (0.07) 1.33 (0.09)
Medical devices you need such as 3.16 (0.29) 0.29 (0.07) 0.88 (0.07) 1.52 (0.10)
wheelchairs, hearing aids, and

eyeglasses*

The prescription drugs you need 3.64(0.33) 0.10(0.07) 071 (0.07) 133 (0.08)
Hormone therapy for your cancer 3.42(0.35) 0.73 (0.07) 1.24(0.08) 1.70 (0.11)
Surgery for your cancer, including 439(0.42) 0.51(0.06) 095 (0.07) 1.45 (0.09)
reconstructive surgery

Scans or other tests for your cancer 4.98 (0.47) 0.30 (0.07) 0.83 (0.06) 1.32 (0.08)
including genetic tests

Chemotherapy for your cancer 4.84 (0.49) 0.64 (0.06) 1.04 (0.07) 1.50 (0.09)
Radiation therapy for your cancer 4,66 (0.49) 0.72 (0.06) 1.12 (0.07) 1.50 (0.09)
Immunotherapy for your cancer 5.71(0.61) 0.63 (0.06) 0.98 (0.06) 1.43 (0.08)
Fertility treatments such as egg freezing 1.47 (0.23) 1.92 (0.22) 2.37(0.28) 2.84 (0.36)
or sperm banking

Complementary and integrative 275(028) 0.70 (0.07) 1.12 (0.08) 1.73 (0.12)
treatments for your cancer such as

acupuncture

Supportive treatments such as physical 3.43(0.33) 0.41 (0.07) 0.80 (0.07) 1.46 (0.10)
therapy and psychotherapy

Over-the-counter treatments, such as 3.27(033) 0.65 (0.07) 1.15 (0.08) 1.67 (0.11)
dry mouth treatments, bandages, and

special moisturizers*

Financial depression item Slope (SE) First severity Second severity Third severity
text parameter (SE) parameter (SE) parameter (SE)
Sad, down, or depressed* 5.91(0.63) 0.16 (0.09) 0.96 (0.08) 131 (0.09)
Little interest in things you used to enjoy 5.41(0.59) 0.46 (0.09) 1.10 (0.08) 141 (0.09)
Fatigued or tired 4.24(0.42) 0.17 (0.09) 0.72 (0.08) 119 (0.09)
Sleeping more or less than usual 4.17 (0.43) 0.35(0.09) 0.87 (0.08) 1.22 (0.09)
Trouble concentrating* 528 (0.61) 0.44 (0.09) 0.99 (0.08) 1.43 (0.10)
Eating more or less than usual 3.88 (0.4) 0.49 (0.09) 1.02 (0.08) 1.57 (0.11)
Feeling guilty or worthless* 3.93(0.41) 0.46 (0.09) 1.08 (0.09) 1.47 (0.10)
Feeling like you were moving in slow 426(0.52) 091 (0.08) 1.33(0.09) 1.84(0.13)
motion or much faster than usual*

Restlessness 3.89(0.41) 0.54 (0.09) 122 (0.09) 1.61 (0.11)
Feeling like your personality had 383 (0.42) 0.63 (0.08) 122 (0.09) 1.6 (0.12)
changed

Angry or mad 3.45(0.36) 0.53 (0.09) 133 (0.10) 1.77 (0.13)
Thought about how your finances could 2.90(0.24) —0.72(0.10) 0.35(0.09) 0.96 (0.09)
be better*

Thought about the negative effects of 3.99(0.36) —0.11 (0.09) 0.61 (0.08) 0.97 (0.09)
your finances on your life

Try to understand why your finances are 2.60 (0.24) 0.21 (0.09) 0.84 (0.09) 1.35(0.11)
the way they are

Tried to avoid reminders of your 3.19(0.30) 0.31 (0.09) 0.83 (0.09) 1.24 (0.10)

SE, standard error.
*Included in short form.
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N (%) or mean (SD)

Age 51.51 (15.02)
Gender

Male 147 (32.1)
Female 309 (67.5)
Other 2(0.4)
Race and ethnicity

Native American 8(1.8)
Asian American 21 (4.6)
Black or African American 28(6.2)
Native Hawaiian or Pacific Islander 1(0.2)
White 369 (81.3)
Mixed race 27(5.9)
Hispanic or Latino/a 33(7.3)
Income

US $0-US $30,000 73 (15.9)
US $30,001-US $60,000 84(18.3)
US $60,001-US $110,000 118 (25.8)
Above US $110,000 156 (34.1)
Don’t know 3(0.7)
Choose not to answer/missing 24(5.2)
Education

Less than high school graduation 2(04)
High school graduate or GED 24(52)
Some college but no degree 64 (14.0)
Associate’s, certification, or technical 47 (10.3)
degree

Bachelor’s degree 176 (38.4)
Master’s degree 108 (23.5)
Doctorate (MD, PhD, DO, etc.) 36 (7.9)
Types of cancer

Breast 127 (27.7)
Prostate 13(2.8)
Colorectal 43 (9.4)
Melanoma 39(8.5)
Lung 3(0.7)
Gynecologic 55 (12.0)
Lymphoma 72(15.7)
Other 164 (35.8)
Years since diagnosis 11.8 (8.78)
Types of cancer treatments

Surgery 362 (79.0)
Hormone therapy 132(28.8)
Chemotherapy 326 (71.2)
Radiation therapy 252 (55.0)
Hematopoietic cell transplant 60 (13.1)
Immunotherapy 78 (17.0)
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Variable

~0.035%*
DID

(0.014)
Controls YES
Year FE YES
City FE YES
Cons 0.092%+%

0.027)
N 3,918
R 0.102

(1) Standard errors in parentheses; (2) *p < 0.1, #*p < 0,05, **p < 0.01.

0.079%%%
(0.029)
YES
YES
YES
0616++%
0.047)
3948

0.660

0,196
(0.085)
YES
YES
YES
~0074
©197)
3948

0201
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5] 4

Large Small-
cities medium
cities
Variable GD GD
~0043% ~0002 ~0.023% ~0.09
DID
(0.025) (0.013) (0.011) (0.080)
Controls YES YES YES YES
Year FE YES YES YES YES
City FE YES YES YES YES
Cons 0.0258 0.105%+% 0,050 0.168
(0.040) (0.019) (0.023) (0.101)
N 1974 1974 307 81
R 0085 0323 0.243 0.049

(1) Standard errors in parentheses; (2) *p < 0.1, #*p < 0,05, ***p < 0.01.
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Variable

~0.043%5%
DID
(0.099)
0771555

LDID

(0.027)
L2.DID 05345+

0.032)

Controls YES YES YES
Year FE YES YES YES
City FE. YES YES YES
Cons 05254 0914%# 1.004%%

(0121) (0.165) (0.170)
N 3692 3,666 3,408
Fofirst stage 840287+ 279.995%+*

(1) Standard errors in parentheses; (2) *p < 0.1, #*p < 0,05, **p < 0.01.

~0055%+%

(0.014)

YES
YES
YES

1.009%#%

0.175)

3384
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Variable

DID

Smart City Pilot

Broadband China Pilot

Low-carbon City Pilot

Controls
Year FE
City FE.

Cons

N

R

1
PSM-DID test

GD
—0.033%%

(0.014)

YES
YES
YES

00835+

(0.028)
3902

0.100

2
Double-headed tail

processing
GD

~0015%+%

(0.005)

YES
YES
YES

0.084%5%

(0.014)
3948

0497

(1) Standard errors in parentheses; (2) *p < 0.1, *#p < 0.05, **#p < 0.01.

5

4

Excluding other policy interference

GD
~0.033%%%
(0.013)
~0013

(0.011)

YES
YES
YES

00925+

(0.027)
3948

0.102

GD GD
~0.031% ~0034%
(0.016) (0.014)
-0012
(0.013)

~0.002
(0.012)

YES YES

YES YES

YES YES
0,093+ 00925
(0.027) (0.028)

3,948 3,948

0.102 0.102
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Variable

~0.040%+% ~0035%
DID
00149) ©014)
~0.166
HC
(0.498)
0257+
€]
(0.0858)
~0.128
FII
0.111)
0012
TR
(0.025)
~0597%%
SRS
(0.262)
Year FE YES YES
City FE YES YES
Cons 0123+ 0,092+
(0.005) (0.027)
N 3,948 3,948
R 0093 0102

(1) Standard errors in parentheses; (2) * p < 0.1, ** p < 0.05, *** p < 0.01.
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Variable ~ Mean Min  Median Max Obs

GD 0126 | 0171 0008 0.094 6177 | 3948
DID 0126 0332 0000 0.000 1000 3948
HC 0017 | 0020 0.000 0.010 0128 3948
Gl 0188 0102 0043 0.162 1027 3948
Il 0018 | 0021 0.000 0012 0353 3948
TF 1037 0495 0047 0.997 2628 3948
SRS 0016 | 0016 0.001 0.011 0207 | 3948
Iss 0732 0399 0094 0.645 5164 3948
ISR —0539 | 1425 7918 —0515 5241 3948

Source: China City Statstical Yearbook, China Environment Yearbook, and China Energy
Yearbook.
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201 2017 201 2021
Beijing 0.103 0.151 0.573 0.627 0.675 0.825 0.775 0.995
Tianjin 0.226 0.257 0.206 0.222 0.841 0.988 0.908 0.92
Hebei 0.1 0.258 0.452 0.474 0.745 0.928 0.955 0.993
Shanxi 0317 021 0.392 0238 0.555 0.706 0.82 0.995
Inner Mongolia 0226 03 0.568 0.658 0723 0.563 0.697 03
Liaoning 0.198 0.292 0.212 0.487 0.734 0.84 0.945 0.995
Jilin 0.137 0.29 0.66 0.872 0.93 0.956 0.855 0.935
Heilongjiang 0.307 0.147 0.399 0.251 0.661 0.85 0.947 0.976
Shanghai 0.1 0.341 0.433 0.597 0.72 0.836 0.895 0.995
Jiangsu 0.231 0.341 0.444 0.241 0.742 0.917 0.93 0.92
Zhejiang 01 0.271 0452 0.64 0777 0.891 0.931 0.995
Anhui 01 0.256 0.407 0.568 0.667 0.854 0.907 0.992
Fujian 0.1 0.174 0.378 0.407 0.641 0.77 0.922 0.995
Jiangxi 0.1 0.242 0.296 0.401 0.62 0.807 0.873 0.995
Shandong 0.291 0.496 0.337 0.226 0.65 0.83 0.851 0.995
Henan 0.1 0216 0.24 0.384 0.669 0.855 0.898 0.995
Hubei 023 0.444 0.505 0247 0.705 0.886 0.933 0.982
Hunan 0.208 0.272 0.369 0221 0.663 0.858 0.908 0.969
Guangdong 01 0.302 0467 053 0.761 0916 0.955 0.982
Guangxi 0.1 0.228 0.387 0.515 0.619 0.783 0.904 0.962
Hainan 0.501 0.244 0.333 0.753 0.283 0.813 0.931 0.954
Chongging 01 0.397 0321 0.468 0.599 0.691 0.828 0.995
Sichuan 0267 0.4 0578 0252 0.697 0.831 0.877 0.995
Guizhou 0315 0.339 0209 0414 0.586 0.666 0.664 0.636
Yunnan 0235 019 0457 0474 0.736 0.805 0.872 0.995
Tibet 0315 0271 0332 0243 0.488 0.708 0.865 0.995
Shaanxi 0.1 0.335 0.412 0.438 0.794 0911 0.967 0.995
Gansu 0.271 0.337 0.582 0.237 0.505 0.705 0.932 0.945
Qinghai 0.431 0.305 0.187 0.256 0.76 0.914 0.91 0.831
Ningxia 0.103 0.167 0.367 0.384 0.608 0.746 0.897 0.995
Xinjiang 0.127 0.324 0316 022 0.459 0.644 0.83 0.995
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ry indicator

Tertiary indicator

Digital economy

Information and communication

Internet broadband access users

Ten thousand households

Mobile phone penetration rate

Uniits per hundred people

Length of long-distance optical fiber per unit area

Ten thousand kilometers

Number of enterprise websites per hundred enterprises Units
Technological innovation R&D expenditure of large-scale industrial enterprises. Ten thousand yuan
Total amount of technology contract transactions Ten thousand yuan
Number of patents applied and granted Ttems
Industrial application Proportion of information technology service revenue to GDP | Percent
Proportion of enterprise e-commerce to GDP Percent
Proportion of telecommunications service volume to GDP Percent
Older adult care services Infrastructure Number of older adult care institutions Units
End-of-year bed capacity Sheets
Institutional building area Square meters
Service capacity Daily number of residents in the facility Times
Rehabilitation and medical outpatient visits Times
Organizational management Number of managers People
Number of professional technical staff People

Number of social workers

People
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Coordination degree D ~ Value coordination type degree D Value coordina
0.0-0.1 Extreme discrepancy 05-06 Slight coordination
01-02 Severe discrepancy 0.6-07 Mild coordination
02-0.3 Moderate discrepancy 07-0.8 Moderate coordination
0.3-0.4 Mild discrepancy 08-0.9 High coordination
04-05 Slight discrepancy 09-1.0 Very High coordination
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Economic autonomy Economic autonomy *

work
High-intensity Model 1 0.105*#* (3.011) 0018
Model 2 0.074%* (2.181) —0.279*** (~6.330) 0093
Model 3 0.204%* (2.569) —0.201%%* (~3.264) ~0.159* (~1.808) 0099
Moderate-intensity Model 1 0,029 (0.743) 0.001
Model 2 0.026 (0.685) —0.243%%* (=6.039) 0055
Model 3 0,057 (1.065) —0.241%#* (~5.953) ~0014(~082) 0056
Low-intensity Model 1 ~0.013 (~0.475) 0.001
Model 2 ~0.017 (~0.642) 0.248%* (9.547) 0.061
Model 3 ~0.016 (~0.616) 0.248%* (9.536) 0.001 (<0.037) 0.061

*Represents a significant level of 0.1, **represents a significant level of 005, and ***represents a significant level of 0.01.
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Unstandardized coefficients Standardized

coefficients
Std. Error Beta
1 (Constant) 5719 0.069 82458 0.000
Economic autonomy or not 0271 0113 0054 2404 0016
2 (Constant) 9372 0.628 14912 0.000
Economic autonomy or not 0207 0111 0041 1862 0063
Gender 0053 0115 00011 0.457 0648
Age ~0.060 0.008 ~0.176 ~7510 0.000
Educational level 0243 0077 0076 3141 0.002

Living Together 0088 0131 0016 0672 0501
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Economic autonomy Chi-squared

test
No Yes
Engage in high-intensity exercise for 10 minutes per week 1024 0312
Yes 333 187
No 697 379
Engage in moderate-intensity exercise for 10 minutes per week 677
Yes 522 362
No 26 ny
Engage in low-intensity exercise for 10 minutes per week 3385
Yes 983 622
0-2 62 38
intensity exercise for 10 minutes per week 35 968 594 0.165 0921
67 189 10
0-2 81 56
Days of moderate-intensity exercise for 10 minutes per week 35 798 439 7.927
67 310 247
0-2 2 23
35 326 170
Days of low-intensity exercise for 10 minutes per week 3972 0137
67 851 519
>4 Hours 133 84

The shaded part of yellow indicates economic autonomy and correlation with that activity.
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Frequency Percentage Valid percentage Cumulative

percentage
Valid Work 551 281 343 343
Entertainment 152 78 95 338
Physical exercise 698 356 35 873
Others 204 104 127 1000
Total 1,605 818 1000
Missing System 336 182

Total 1961 1000
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Frequency Percentage Valid percentage Cumulative

percentage
Valid Work 446 27 505 505
Entertainment 2 13 28 533
Physical exercise 167 85 189 722
Others 26 125 278 1000
Total 884 45.1 1000
Missing System 1077 549

Total 1961 1000
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Frequency Percentage Valid Percentage Cumulative

Percentage
Valid Work 09 209 787 787
Entertainment 9 05 17 804
Physical exercise 73 37 140 94.4
Others B 15 56 1000
Total 520 265 1000
Missing System 1441 735

Total 1961 1000
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Variable

Frequency/mean

Economic autonomy

No

Yes

Age

Gender

Education level

Living together

Iliteracy

Elementary school
Secondary school and above
No

Yes

69.51(7.05)
1,013 (51.7%)
948 (48.3%)
598 (30.5%)
845 (43.1%)
518 (26.4%)
1,485 (75.7)

476 (24.3%)

69.58 (7.07)
643 (32.79%)
576 (29.37%)
403 (2055%)
551 (28.10%)
265 (13.51%)

103 (5.25%)

1,116 (56.91%)

69.39 (7.01)
370 (18.87%)
372 (18.97%)
195 (9.94%)
294 (14.99%)
253 (12.90%)
0(0.00%)

742 (37.84%)
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