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This study investigates the associations between economic growth, healthcare 
expenditure, environmental pollution, urbanization, trade openness, and life 
expectancy in BRICS economies from 2000 to 2024 using a distribution-sen-
sitive panel framework. Quantile regression is applied to capture heterogeneity 
across different levels of life expectancy, supported by robustness checks using 
PCSE, DKSE, and F-GLS estimators, and validated through panel cointegration 
and dependence tests. The results show that healthcare expenditure is positively 
associated with life expectancy, while the relationships for economic growth 
and pollution are mixed and vary with development stage. Urbanization exhibits 
both supportive and adverse associations depending on infrastructure capac-
ity and environmental pressure, and trade openness generally relates to lower 
life expectancy. These findings suggest that policy responses should be tailored 
rather than uniform across countries. Strengthening the efficiency of health-
care systems, coordinating industrial growth with pollution management, and 
adopting environmental and health safeguards in trade and urban policy can help 
BRICS governments align economic expansion with sustainable improvements 
in population well-being.
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1 Introduction

The BRICS countries—Brazil, Russia, India, China, and South Africa—represent some of 
the world’s most dynamic emerging economies, yet they exhibit substantial disparities in life 
expectancy even amid global improvements in mortality coverage (1). This persistent hetero-
geneity raises critical questions about how economic growth, healthcare investment, and envi-
ronmental pressures interact to shape human longevity. Globally, life expectancy at birth has 
risen from 66 years in 1990 to 73 years today (2, 3), but among the BRICS, differences remain 
stark: while the average life expectancy in China exceeds 77 years, South Africa’s is 
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approximately 64 years (4, 5). These contrasts mirror pronounced dis-
parities in prosperity—India’s GDP per capita remains below USD 
2,500, whereas Russia’s surpasses USD 12,000 (6, 7). Collectively, the 
BRICS account for roughly 40% of global CO₂ emissions (8) and 
spend between 3 and 9% of GDP on health (9, 10). These variations 
make BRICS an especially compelling empirical context for investigat-
ing how prosperity, health systems, urban dynamics, and environmen-
tal burdens jointly influence lifespan outcomes. Economic prosperity 
remains a key determinant of longevity. Numerous studies confirm 
that GDP per capita, healthcare expenditure, and social spending 
positively affect life expectancy (2, 7, 11). Demographic variables—
fertility, education, and human development—are also tightly associ-
ated with income and survival outcomes (6, 12). Health spending is 
particularly decisive: cross-country evidence shows that higher invest-
ment in healthcare correlates with longer lifespans (13). According to 
WHO, W (14), between 1995 and 2013, Brazil, China, South Africa, 
and Russia increased their health expenditures as shares of GDP by 
3.0, 2.0, 1.5, and 1.2%, respectively, while India’s share slightly 
declined. Yet, the effectiveness of these resources depends not only on 
spending volume but also on governance quality and health system 
efficiency.

Environmental conditions—especially carbon emissions and air 
pollutants—are another major determinant of longevity. A growing 
body of research demonstrates that sustained exposure to CO₂ and 
PM 2.5 significantly reduces life expectancy (15, 16). However, such 
adverse effects are mediated by socio-economic and institutional fac-
tors: countries with stronger economies and higher health investments 
may partially offset environmental degradation through adaptive 
infrastructure and medical resilience (17). For instance, in China, a 
1% annual rise in PM 2.5 exposure has been associated with a 2.94% 
increase in household healthcare costs (18). Similarly, urbanization 
exerts mixed effects—moderate urbanization improves access to ser-
vices and infrastructure, enhancing life expectancy, whereas unman-
aged urban growth amplifies pollution and health risks (19–21). Trade 
openness further adds complexity: while global market integration 
can boost income and fund social services, it can also accelerate indus-
trialization and pollution, particularly in developing economies (22–
25). Together, these interconnections highlight the necessity of an 
integrated framework linking economic, environmental, and social 
determinants of health. Despite extensive global research, the BRICS 
context remains undertheorized and empirically underexplored. 
These economies are uniquely positioned at the crossroads of rapid 
growth, demographic transformation, and environmental stress, yet 
systematic investigations into how these forces jointly determine lon-
gevity are scarce. Existing studies often rely on global or continental 
averages, masking intra-group heterogeneity. Furthermore, conven-
tional mean-based econometric methods inadequately capture how 
determinants of life expectancy vary across different points in the 
distribution—understanding which factors matter most in lower- or 
higher-life-expectancy contexts remains an open question.

This study is designed to address these gaps by (i) evaluating how 
economic growth, healthcare expenditure, environmental quality, 
urbanization, and trade openness are associated with life expectancy 
in BRICS economies, both individually and jointly; (ii) investigating 
whether these relationships vary across different points of the life-
expectancy distribution; and (iii) applying a quantile regression 
framework to capture potential heterogeneity in these associations. In 
doing so, the study seeks to strengthen empirical understanding of the 
development–health–environment nexus in major emerging 

economies and to support more evidence-informed policy discussion 
on balancing growth, sustainability, and population well-being. To 
operationalize these objectives, the analysis follows a structured 
empirical strategy. Stationarity is examined using panel unit-root tests, 
including Levin–Lin–Chu (LLC), Cross-Sectionally Augmented IPS 
(CIPS), and Augmented Dickey–Fuller (ADF). Long-run relationships 
among the variables are evaluated using the Pedroni panel cointegra-
tion test. The core estimation approach employs quantile regression to 
analyze distributional differences, complemented by robustness esti-
mators such as Panel-Corrected Standard Errors (PCSEs), Driscoll–
Kraay Standard Errors (DKSEs), and Feasible Generalized Least 
Squares (F-GLS), along with Dumitrescu–Hurlin panel causality test-
ing to explore directional linkages.

This study aims to make two main contributions. First, it positions 
the BRICS economies within the broader global discussion on health, 
environment, and development by examining life expectancy through 
a multi determinant framework. Second, it applies an analytically 
richer empirical approach that is designed to capture nonuniform 
effects of economic, environmental, and social factors across different 
points of the life expectancy distribution, patterns that are often not 
visible in traditional mean based analyses. The remainder of the paper 
is organized as follows: Section 2 reviews the theoretical and empirical 
literature on life expectancy determinants; Section 3 presents the data-
set, variables, and methodology; Section 4 reports and discusses the 
empirical results; Section 5 presents policy implications and conclu-
sions; and Section 6 outlines limitations and directions for future 
research.

2 Literature review

The literature reviewed in this study was selected through a struc-
tured thematic approach focused on empirical and theoretical contri-
butions related to life expectancy determinants. Priority was given to 
peer reviewed journal articles that examine the roles of economic 
growth, health expenditure, environmental quality, urbanization, and 
trade openness using panel or time series methods. The review com-
bines recent empirical evidence with earlier foundational studies to 
ensure both topical relevance and conceptual continuity. Studies were 
included based on methodological rigor, variable comparability, and 
policy relevance to multi country or emerging economy contexts, par-
ticularly those comparable to BRICS economies.

2.1 GDP and life expectancy

The relationship between economic growth and life expectancy 
has been widely examined in development and health economics, with 
early cross country research documenting a strong and persistent 
income–health gradient (26–28). These foundational studies show 
that higher income levels are generally associated with longer lives, 
although the strength of this link varies across stages of development. 
More recent work applies nonlinear and panel methods to capture 
heterogeneity and structural differences across countries. Evidence 
from Vietnam indicates that education and healthcare reforms play a 
central role in longevity gains, with gender gaps shifting over develop-
ment phases (29). Using broader welfare indicators, Barbier and 
Mensah (30) find that while environmental health improvements 
matter, GDP per capita still delivers larger average returns for life 
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expectancy, especially in low and middle income economies. Yeboah 
et al. (1) show that growth supports longevity but may simultaneously 
worsen ecological conditions, with delayed benefits from renewable 
energy. Sector focused results also support a positive income effect, as 
Akter et al. (31) report that income, aquaculture, and food production 
raise longevity in exporting nations. Macroeconomic instability works 
in the opposite direction: Hataminia and Mohammadzadeh Asl (32) 
link inflation and unemployment to lower life expectancy. Large panel 
evidence confirms that GDP per capita improves longevity while pol-
lution reduces it, and that health spending effects vary by income 
group (33). Crisis based analysis further shows that recessions increase 
mortality and inequality (34). Overall, growth supports life expec-
tancy, but distributional, environmental, and macroeconomic risks 
shape outcomes.

H1: Economic growth increases life expectancy in the BRICS 
countries.

2.2 Health expenditure and life expectancy

Health spending is well-known as a major factor in determining 
life expectancy, although the extent of influence differs across nations 
and situations. Foundational research in health economics established 
that health investment functions as a form of human capital that influ-
ences longevity outcomes (35, 36). According to Singh et al. (37), 
Central Europe and the Baltic states report that health expenditures 
are generally converged with life expectancy; however, there is still a 
difference in government versus non-government expenditure. 
Adebayo et al. (38) employ quantile-on-quantile regression on the 
United States and find that urbanization and CO₂ emissions have 
negative influences on life expectancy, whereas income and health 
expenditure have positive effects. In BRICS economies (2000–2019), 
Kaur et al. (39) determine that government spending on health leads 
to increases in GDP and GNI per capita, but the effect on life expec-
tancy is not that significant. Moreover, Khan et al. (40) demonstrate 
in Pakistan (2000–2020) that the health expenditure and sustainable 
development goals are integrated with life expectancy and there is a 
short-run causal relationship. The study by Bétila (41), which uses the 
System-GMM in 48 African countries (2000–2018), illustrates that 
ICT use improves the effectiveness of health expenditure that leads to 
the increase of life expectancy and the decrease in mortality. Lastly, 
Boundioa and Thiombiano (42) apply the threshold analysis (1996–
2018) to show that the quality of governance must have critical levels 
of improvement in life expectancy by spending on public health. 
Overall, the literature provides consistent evidence that higher health 
expenditure contributes to improvements in life expectancy, reflecting 
the critical role of healthcare investment in enhancing population 
well-being.

H2: Health expenditure increases life expectancy in the BRICS 
countries.

2.3 Air pollution and life expectancy

A large body of environmental health research has established that 
exposure to air pollution is closely linked to higher mortality and 
reduced longevity across countries and regions (43, 44). These early 
studies laid the foundation for later cross country analyses showing that 
pollution related health risks remain significant even after accounting 

for income and demographic factors. More recent work confirms that 
air pollution interacts with economic and development conditions in 
shaping life expectancy outcomes. Evidence from Saudi Arabia shows 
that CO₂ emissions and PM2.5 concentrations are associated with 
declines in both life expectancy and healthy life expectancy, although 
policy reforms under Vision 2030 have partly moderated these effects 
(15). Broad panel results for developing economies also report a statis-
tically significant negative effect of CO₂ emissions on longevity (45). 
Country studies offer mixed short and long run patterns. In Malaysia, 
carbon emissions reduce life expectancy in the short run, while health 
expenditure improves it (46). In contrast, results for Sub Saharan Africa 
suggest that GDP growth, industrial activity, and emissions can move 
positively with life expectancy, challenging the Environmental Kuznets 
Curve hypothesis (47). Distribution sensitive estimates for GCC coun-
tries show that emission effects remain negative across quantiles (48). 
Mediation evidence from Indonesia links emissions to lower human 
development outcomes despite gains in income and schooling (49). 
Additional African and SAARC panel studies confirm that emissions 
generally reduce life expectancy, whereas renewable energy and urban 
development can offset part of the damage (50, 51).

H3: Air pollution decreases life expectancy in the BRICS 
countries.

2.4 Urbanization and life expectancy

The relationship between urbanization and health has long been 
discussed in demographic and development research, with early studies 
noting that urban growth can generate both infrastructure advantages 
and environmental or social risks (52). Urbanization influences life 
expectancy through multiple channels, including access to healthcare, 
education, sanitation, and employment, while also increasing exposure 
to congestion and pollution. Recent empirical work highlights these 
mixed effects. Using Chinese data from 1990 to 2022, Zhang et al. (53) 
show that education, urbanization, and green growth improve life 
expectancy when environmental pressures are controlled, whereas CO₂ 
emissions reduce longevity. Cross country African evidence based on 
multilevel models indicates that unemployment and HIV prevalence 
widen life expectancy gaps, but urbanization helps moderate these dis-
parities by improving service access (54). Micro level evidence also sug-
gests that the health effects of aging depend partly on urban context, 
income, and lifestyle conditions, confirming a mediating role for urban 
environments (55). However, results are not uniformly positive. Quantile 
based analysis in highly polluted countries finds that poor air quality and 
unmanaged urban expansion are associated with lower life expectancy, 
while governance quality and inclusive development improve outcomes 
(56). Additional distribution sensitive evidence from Ghana shows that 
the effects of urbanization vary across health and income levels, produc-
ing unequal longevity outcomes (57). Taken together, the literature indi-
cates that urbanization affects life expectancy in uneven ways, depending 
on environmental management and institutional quality.

H4: Urbanization decreases life expectancy in the BRICS 
countries.

2.5 Trade openness and life expectancy

Earlier globalization and health research indicates that trade inte-
gration can influence population health through several channels, 
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including income growth, technology transfer, and environmental 
exposure (58). Empirical evidence from different regions generally 
finds a positive long run association between trade openness and life 
expectancy, although short run and indirect effects often vary. For 
Pakistan, cointegration and causality results show that trade openness 
and foreign direct investment support longer life expectancy over time 
(59). Similar findings appear in Nigeria, where trade credit linked to 
export and import activity contributes to longevity gains, highlighting 
the role of trade financing (60). Panel causality evidence from Latin 
America also suggests that trade openness significantly improves life 
expectancy, especially in less advanced economies with higher tax 
burdens (61). Country studies provide more nuanced results. For 
China, regime switching models indicate a dual effect in which trade 
raises income and health outcomes but may also increase emissions 
that offset part of the benefit (23). Malaysian evidence likewise shows 
that exports and imports are positively associated with lifespan 
through their connection with economic growth (62). Broader African 
panel estimates using System GMM link welfare and longevity 
improvements with stronger trade and port performance (63). 
Additional ARDL results for China confirm that trade openness, 
public spending, and human capital support life expectancy in the 
long run, with weaker short run effects (64). Overall, most studies 
report a positive but context dependent relationship between trade 
openness and longevity.

H5: Trade openness increases life expectancy in the BRICS 
countries.

2.6 Conceptual framework synthesis

The accumulated evidence indicates that the existing literature 
suggests that life expectancy is shaped by a network of interdependent 
economic, social, environmental, and structural determinants rather 
than by any single factor in isolation. Economic growth and trade 
openness affect longevity primarily through their influence on income 
levels, structural transformation, and fiscal capacity to finance public 

health systems. Health expenditure operates more directly by improv-
ing access to medical services, preventive care, and treatment effec-
tiveness. Environmental pollution contributes to higher disease 
burden and mortality risk through sustained exposure effects, while 
urbanization alters health outcomes by reshaping infrastructure avail-
ability, service delivery, and living conditions, with results varying by 
planning quality and institutional effectiveness. These channels inter-
act and often reinforce one another through both direct and indirect 
transmission mechanisms. Viewed jointly, this evidence aligns with 
an extended health production function framework in which longev-
ity outcomes depend on multiple coordinated inputs. This integrated 
perspective motivates the multivariable empirical specification 
adopted in the following section. Figure 1 presents the conceptual 
framework of the study.

2.7 Literature gap

Although previous studies present useful information about what 
determines life expectancy, such as economic growth, health spend-
ing, environmental pollution, urbanization, and openness to trade (15, 
23, 29, 59), there are still several significant gaps. The majority of 
research is focused on individual nations or states, especially in the 
Western world, Africa, or Asia, and not on the BRICS economies, 
which have peculiarities in the form of high rates of economic growth, 
serious environmental issues, and heterogeneous demographics. Also, 
current research is mainly based on specific mean econometric 
models, which cannot quantify different heterogeneous effects of such 
determinants on various population groups or life expectancy lines. 
Economic, health, environmental, urban, and trade interactions are 
usually considered individually, overlooking the complex interactions 
between them that determine the endpoint of longevity. Conditional 
distributions of life expectancy are also seldom analyzed but are espe-
cially important in the emerging economies, where income inequality, 
uneven urbanization, and environmental strains are widespread 
across space and social ranks. Lastly, although a part of the studies 
examines causality of variables, there are few studies that use powerful 

FIGURE 1

Conceptual framework of the study.
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panel models that consider cross-sectional dependence, heterogeneity, 
and dynamic interactions all in the case of BRICS countries. As a 
result, a methodological study that combines various determinants 
and takes distributional heterogeneity into account is highly lacking, 
which creates a significant gap of knowledge about subtle factors in 
life expectancy in these rapidly changing economies.

3 Data and methodology

3.1 Data description

Table 1 presents the variables used to examine the health–econ-
omy–environment nexus in the BRICS economies. The selection of 
indicators was guided by the principles of data completeness, compa-
rability, and reliability across all five countries over 2000–2024, ensur-
ing both cross-sectional coherence and temporal consistency within 
a balanced panel framework. Life expectancy at birth (LLE) serves as 
the dependent variable and is drawn from the World Bank’s World 
Development Indicators, which provide a standardized and interna-
tionally comparable measure. LLE is commonly used as an overall 
indicator of population health because it reflects general mortality 
conditions and summarizes the average number of years a newborn is 
expected to live, given current age-specific death rates. Although it 
does not capture every dimension of health status, it offers a broad and 
consistent benchmark that incorporates the combined influence of 
factors such as basic living conditions, healthcare access, and environ-
mental exposure. Its definitional stability and long-term availability 
also make it well suited for comparative and trend analysis across 
emerging and developing economies (65, 66).

Among the explanatory variables, GDP per capita (LGDP)—mea-
sured in constant 2015 U. S. dollars—was operationalized as a stan-
dardized indicator of economic performance and average living 
standards. Its use allows meaningful comparison across countries and 
over time by expressing real output per person in inflation-adjusted 
terms, thereby minimizing price and currency distortions. 

Government health expenditure per capita (LHE)—reported in cur-
rent U. S. dollars—captures annual public spending on healthcare 
goods and services actually consumed within the year, excluding capi-
tal investments such as buildings, equipment, or information technol-
ogy. This operationalization isolates recurrent expenditure that 
directly reflects the fiscal capacity of governments to sustain health 
service delivery and coverage (67). Carbon dioxide emissions 
(LCO₂)—expressed in million metric tons—were selected as the sole 
environmental indicator because CO₂ data provide complete temporal 
and cross-country coverage within the World Development Indicators 
and ensure consistent measurement across all BRICS members. This 
selection enables comparable long-series estimation of environmental 
pressure associated with industrial activity and energy consumption, 
while alternative pollution indicators, such as PM₂.₅ concentrations or 
water contamination, lack continuity and definitional uniformity for 
the full study period (68).

Urban population (LUP)—the percentage of people living in areas 
classified as urban by national statistical authorities—was used to cap-
ture the demographic and structural transformation associated with 
industrialization and expansion of services. This indicator was chosen 
because it is harmonized by the United Nations Population Division 
within the World Development Indicators, ensuring consistent defini-
tions of “urban” across countries and through time. Such harmoniza-
tion minimizes potential measurement bias arising from national 
classification differences and enhances the comparability of results 
within a multi-country framework. Trade openness (LTOP)—defined 
as the sum of exports and imports expressed as a percentage of gross 
domestic product—was operationalized as a standard ratio widely 
used in cross-country economic research (69). This specification 
scales trade volume relative to economic size, allowing meaningful 
comparison among economies with different output levels and struc-
tural compositions. It also provides a transparent and scale-adjusted 
indicator of external economic integration that aligns with the study’s 
macro-panel design. Together, these operational definitions and trans-
formations underpin a consistent and balanced dataset, allowing for 
elasticity-based interpretation within the logarithmic specification 
and making it possible to examine how economic development, fiscal 

TABLE 1  Data description.

Variable Description Unit of 
measure

Source

LLE

Life expectancy at birth refers to the average number of years a newborn is expected to live, assuming that the current 

mortality rates at the time of birth remain constant throughout the individual’s lifetime. Total (years)

World Bank 

(92)

LGDP

Gross domestic product per capita represents as a proxy of level of economic development is the average economic 

output or income per person, calculated by dividing the total value of goods and services produced within an 

economy over a specific period by the total population of that territory.

(constant 

2015 US$)

World Bank 

(92)

LHE

Government health expenditure per capita, measured in current U. S. dollars, represents the government’s annual 

spending on healthcare goods and services consumed during the year, excluding capital expenditures such as 

buildings, equipment, information technology, and vaccine stockpiles for emergencies or outbreaks.

per capita 

(current US$)

World Bank 

(92)

LCO2

Carbon dioxide (CO₂) emissions per country-year represent the total amount of CO₂ released into the atmosphere 

from the burning of fossil fuels, industrial processes, and other human activities within a country during a specific 

year.

Total (Mt 

CO2e)

World Bank 

(92)

LUP

Urban population refers to the number of people residing in areas classified as urban by national statistical authorities. 

The data are compiled and adjusted by the United Nations Population Division.

(% of total 

population)

World Bank 

(92)

LTOP

Trade openness is measured as the sum of a country’s exports and imports expressed as a percentage of its gross 

domestic product (GDP), indicating the degree of integration with the global economy. (% of GDP)

World Bank 

(92)
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capacity, urbanization, environmental pressure, and trade integration 
jointly influence life expectancy across the BRICS economies.

All series are transformed into natural logarithmic form to reduce 
heteroskedasticity and allow elasticity based interpretation of coeffi-
cients. The data are obtained from the World Development Indicators 
database, which provides internationally comparable cross country 
statistics on health and development indicators. The final dataset 
forms a balanced panel covering five BRICS countries over the period 
2000 to 2024, with 25 annual observations per country and 125 total 
observations. Variable definitions were checked for consistency across 
countries and years, and after verification no missing observations 
remained, so no interpolation or imputation procedures were 
required. This balanced structure supports stable multi model and 
distribution based estimation.

Table 2 indicates definite differences in the mean values and dis-
persion of the indicators. The mean of life expectancy is high (4.236), 
and the standard deviation is low (0.092), with the result meaning that 
there are similar health outcomes between BRICS. Both carbon emis-
sions and GDP per capita indicate high standard deviation (1.144) and 
mean (7.241), respectively, as well as economic and environmental 
disparities. The mean (5.577) of health expenditure is large with a 
broad range of the government expenditures. Conversely, the means 
of urbanization and openness to trade are moderate (4.054 and 3.751) 
with low standard deviations (0.359 and 0.288) and have more stable 
trends. Such differences explain why quantile regression is more suit-
able because average-based procedures would fail to capture such 
variations.

Table 3 presents the connection of life expectancy and all the inde-
pendent variables. The lifespan is positively correlated with GDP 
(0.304), health expenditure (0.189), carbon emissions (0.538), and 
negatively correlated with urbanization (−0.163). The data demon-
strate that economic expansion, enhanced healthcare finance, and 
urbanization positively influence longevity, whereas trade exposure 
may introduce adverse health or environmental consequences. The 
positive association between life expectancy and emissions reflects the 
outcomes of the initial stages of industrialization in emerging 
economies.

The relatively high correlations among GDP, health expenditure, 
and urbanization indicate some degree of interdependence among 
these variables and raise the possibility of multicollinearity affecting 
coefficient estimates. We accounted for this issue by applying robust 
estimation methods—specifically, Panel-Corrected Standard Errors 
(PCSE), Driscoll–Kraay Standard Errors (DKSE), and Feasible 
Generalized Least Squares (F-GLS)—in order to produce consistent 
standard errors and reliable inference in the presence of correlated 

regressors, heteroskedasticity, and cross-sectional dependence. 
Furthermore, the quantile-regression approach focuses on conditional 
distributions of life expectancy rather than mean effects, which helps 
lessen the sensitivity of estimates to potential multicollinearity among 
strongly related predictors. These combined steps help ensure that the 
relationships identified are stable and reflective of underlying struc-
tural patterns rather than distortions from correlated explanatory 
variables.

3.2 Theoretical framework

A significant economic model in the field of health economics is 
the Grossman (35) Model, which explains the interaction between 
health and economic behavior. It considers health as stock capital, 
which individuals invest to improve well-being and productivity. 
Although health is a natural process that worsens with age, it can be 
retained or enhanced by using investments like medical care, healthy 
lifestyles, and education, which are explained by the model. Building 
on this view, Smith and Dunt (70) proposed the health production 
function that incorporates both the health expenditures and non-
health inputs as determinants of health outcomes. In the recent past, 
Shaari et al. (71) added health investments to their model, emphasiz-
ing that they enhance life expectancy. Equation (1) reflects the 
Grossman health function.

	 ( )=  Health output f health inputs
	 (1)

Extending the model to include economic, environmental, and 
social variables, the health output (life expectancy at birth) can be 
modeled using government spending on health and government 
variables:

	 ( )= , , 2, ,itLE f GDP HE CO UP TOP
	 (2)

In Equation (2) LE = life expectancy which is a dependent variable 
and GDP = gross domestic product, CO2 = carbon dioxide emission, 
UP = urbanization and TOP = trade openness are the independent 
variables.

Equation (3) represents the logarithmic format.

	

β β β β
β β ε

= + + + +
+ +

0 1 2 3 2
4 5

it it it it
it it it

LLE LGDP LHE LCO
LUP LTOP 	 (3)

TABLE 2  Descriptive statistics.

Variable Obs Mean Std. 
dev.

Min Max

LLE 125 4.236 0.092 3.987 4.359

LGDP 125 8.527 0.754 6.629 9.482

LHE 125 5.577 1.165 2.917 7.294

LCO2 125 7.241 1.144 5.848 9.546

LUP 125 4.054 0.359 3.32 4.478

LTOP 125 3.751 0.288 3.096 4.221

Source: Authors’ calculation.

TABLE 3  Pairwise correlation.

Variables (1) (2) (3) (4) (5) (6)

(1) LLE 1.000

(2) LGDP 0.304 1.000

(3) LHE 0.189 0.935 1.000

(4) LCO2 0.538 −0.053 −0.260 1.000

(5) LUP 0.163 0.924 0.910 −0.383 1.000

(6) LTOP −0.412 −0.111 −0.157 0.203 −0.212 1.000
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We use the logarithmic form of representation in this work to 
stabilize the variation of data and linearize nonlinear relationships. In 
addition, it enables us to examine coefficients as elasticity effects or 
percentages.

3.3 Econometric approach

The study resorts to a rigorous panel econometric methodology 
to examine the various impacts of economic growth, healthcare 
spending, air pollution, urbanization, and open trade on life expec-
tancy in BRICS countries during 2000–2024. It commences by analyz-
ing the cross-sectional dependence (CSD) and homogeneity of slope 
to consider interdependencies and structural differences across the 
BRICS countries. The CSD test as suggested by Pesaran (72) is a test 
that is used to determine whether the shocks in one country have an 
influence on the other in the panel, and this is mostly applicable to 
highly intertwined economies. The slope homogeneity test (73) is used 
in testing the homogeneity of the slope coefficients across nations to 
assist in deciding whether heterogeneous estimators are appropriate. 
Having confirmed the cross-sectional correlations and heterogeneity, 
panel unit root tests are then used to test the stationarity of the vari-
ables. Three tests are used in complement: Levin, Lin, and Chu (LLC) 
(74), Cross-sectionally Augmented IPS (CIPS) (75), and Augmented 
Dickey-Fuller (ADF), which together confirm that all variables are 
integrated of order one, I(1). Subsequently, the panel cointegration test 
by Pedroni is performed in order to reveal the long-term equilibrium 
relationship between life expectancy, GDP, health expenditure, emis-
sions, urbanization, and trade openness (76, 77). The findings affirm 
that these variables are co-moved over the long run among BRICS 
countries.

The study uses quantile regression to investigate asymmetric and 
heterogeneous effects of economic, health, and environmental factors 
on life expectancy (78). In contrast to traditional mean-based estima-
tors, quantile regression permits the study of the way the impacts of 
explanatory factors differ across the conditional distribution of life 
expectancy. The method is especially applicable to the BRICS situation, 
where nations are at varying levels of growth and where they have sig-
nificant differences in terms of income, urbanization, and health infra-
structure. The approach identifies the subtle effects of GDP, healthcare 
spending, emissions, urbanization, and trade openness on nations with 
low, medium, and high rates of life expectancy by examining the effects 
at various quantiles (e.g., lower, median, and upper tails).

Mathematically, the conditional quantile functionality is written 
as for Equation 4:

	
( ) ( ) ( )′

ττ = α + β τ < τ <
itLLE it itiQ |X X , 0 1

	
(4)

where ( )τ
it2LLE | itQ X  denotes the τ-th conditional quantile of life 

Expectancy, ( )ταi captures country fixed effects, and β(τ) represents 
the vector of slope parameters that vary across quantiles.

The estimation is obtained by solving the minimization problem 
as shown in Equation 5:

	
( ) ( ) ( )( )′

β τ τ= =
β τ = ρ −α − β τ∑ ∑N T

it itii 1 t 1arg min Xˆ LLE
	

(5)

Where ( ) { }( )τρ µ µ τ µ= − < 0I  is the quantile loss function.
Lastly, models are robust by use of various estimation methods. 

The possible heteroskedasticity, autocorrelation, and cross-sectional 
correlation problems are addressed by Panel-Corrected Standard 
Errors (PCSEs) (79), Driscoll-Kraay Standard Errors (DKSEs) (80), 
and Feasible Generalized Least Squares (F-GLS) (81), which prove the 
results to be stable. In an effort to investigate the causation direction 
further, the Dumitrescu-Hurlin (D-H) panel causality test is used (82). 
This approach determines both unidirectional and bidirectional causal 
relationships between variables and offers insights on the dynamic 
relationships between life expectancy, economic growth, health 
expenditure, urbanization, emissions, and trade openness in BRICS 
countries. This intensive panel econometric system as a whole makes 
the results robust and policy-relevant.

Several specification considerations were taken into account when 
designing the empirical strategy. First, potential endogeneity cannot 
be fully ruled out, as reverse relationships may exist between health 
outcomes and macroeconomic variables. Due to data and instrument 
constraints in a multi country macro panel setting, the estimates are 
interpreted as conditional associations rather than strict causal effects. 
Second, correlation diagnostics indicate moderate to high associations 
among some regressors, particularly GDP, health expenditure, and 
urbanization. To reduce inference bias from cross sectional depen-
dence, heteroskedasticity, and residual correlation, multiple robust 
estimators including PCSE, DKSE, and F-GLS are applied. Third, CO₂ 
emissions may partly capture industrialization and development 
intensity rather than pure environmental damage, and coefficient 
interpretation is therefore made with this structural channel in mind. 
Quantile regression is selected because the primary objective is to 
examine distributional heterogeneity rather than average effects.

It should be noted that the quantile regression framework is 
designed to identify heterogeneous conditional relationships across 
the distribution of life expectancy and is not, by itself, a causal identi-
fication strategy. While robustness estimators and panel causality tests 
are employed to examine directional patterns, the reported coeffi-
cients should be interpreted as distribution specific associations. 
Accordingly, policy implications are drawn with appropriate caution 
and focus on structural relationships rather than definitive causal 
magnitudes.

4 Results and discussions

Table 4 examines the presence of cross-sectional dependence 
among variables in the BRICS panel. The significantly elevated 
CD-statistics (p < 0.01) seen across all variables, with the exception of 
trade openness (LTOP), confirm the transmission of shocks between 
countries, reflecting the economic and environmental interconnec-
tions within BRICS. This dependency elucidates the applicability of 
second-generation approaches, such as CIPS and quantile regression, 
which address cross-sectional correlation in this context. The inde-
pendence of LTOP suggests that trade policies can be relatively dis-
tinctive to individual nations, even amidst global integration.

The slope homogeneity results in Table 5 indicate that the D and 
modified D statistics (p < 0.01) are significant, signifying that the rela-
tionships among variables are heterogeneous. It suggests that eco-
nomic growth, healthcare expenditure, and environmental 
degradation significantly affect life expectancy among BRICS nations. 
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This form of heterogeneity warrants the application of quantile regres-
sion, as the assumption of a uniform slope in traditional models would 
obscure country-specific variations and yield imprecise average 
results.

The outcomes of stationarity are presented in Table 6, determined 
by the LLC, CIPS, and ADF tests. These variables are all integrated of 
order one, I(1), indicating that their first differences are stationary. 
This indicates that the data series exhibit stochastic tendencies and 
possess long-run equilibrium relationships. The evidence of order I(1) 
among variables contradicts the results of panel cointegration tests. 
The findings guarantee that the regression results will not be mislead-
ing and that long-term causal processes can be properly established.

Table 7 gives a report of the results of the Pedroni panel cointegra-
tion test using both of the two models, which include the trend com-
ponents and the no-trend components. The high values of the 
Modified Phillips-Perron, Phillips-Perron, and Augmented Dickey-
Fuller t-statistics (p < 0.05) are evidence in support of the existence of 
a long-run equilibrium relationship between life expectancy, GDP, 
health expenditure, carbon emission, urbanization, and trade open-
ness. This implies that there are shifts in these variables that move with 
time across the BRICS economies. Although economic growth and the 
investment in healthcare will have long-term positive impacts on life 
expectancy, the environmental issues and trade-related activities are 
still going to impact the long-term adjustment dynamics, underscor-
ing how development, health, and environmental pressure have always 
affected these nations.

Table 8 indicates the outcome of univariate quantile regression, 
the impact of the economic, health, environmental, urbanization, and 
trade openness variables on life expectancy under the conditions of 
Q0.05–Q0.90. The findings show that the coefficients are very much 
heterogeneous, meaning that the determinants of longevity are quite 
different across countries that have low, intermediate, and high levels 
of life expectancy. This heterogeneity underscores the need to imple-
ment policy interventions that are specific to individual countries as 
opposed to generalizing and assuming that the BRICS nations would 
have exactly the same effects.

Across the estimated quantiles, GDP (LGDP) shows a statistically 
significant negative association with life expectancy, with coefficients 
ranging from −0.517 at Q0.05 to −0.381 at Q0.90. This pattern sug-
gests that higher aggregate output does not uniformly translate into 
improved longevity outcomes within the BRICS sample, particularly 
at lower segments of the life expectancy distribution. One possible 
explanation is that growth episodes accompanied by unequal income 
distribution, pollution intensive industrialization, and uneven access 
to healthcare may weaken the expected health gains from rising 
income. This result contrasts with the conventional positive 

growth–health relationship widely reported for high income and insti-
tutionally advanced economies (30, 83, 84), but is consistent with 
more recent nonlinear and distribution sensitive evidence showing 
that the health effects of growth depend on structural and environ-
mental conditions. The finding therefore supports the view that 
growth quality and inclusiveness matter for health outcomes, and that 
macroeconomic expansion alone is not sufficient to guarantee longev-
ity improvements.

Health expenditure (LHE) exhibits a positive and statistically sig-
nificant association with life expectancy across most quantiles, with 
coefficients declining from 0.157 at Q0.05 to 0.037 at Q0.90. This pat-
tern indicates that increased health spending is generally linked with 
improved longevity outcomes, particularly at lower levels of the life 
expectancy distribution. The diminishing marginal effect at higher 
quantiles suggests that beyond a certain threshold, the efficiency, tar-
geting, and institutional quality of spending become more important 
than the aggregate volume of expenditure. This distributional behavior 
is consistent with prior empirical evidence showing that well directed 
and policy supported health investments contribute to better popula-
tion health outcomes (37, 39, 85). However, contrasting evidence also 
exists. Kim and Lane (86) report a negative association across 
U. S. states, emphasizing that allocation structure and governance 
quality can outweigh spending levels alone, which aligns with the het-
erogeneous effects observed here.

Carbon emissions (LCO₂) show a positive association with life 
expectancy across quantiles, with coefficients ranging from 0.187 to 
0.134. This result reflects the dual role of emissions as both an indica-
tor of environmental pressure and a proxy for industrial and economic 
activity in emerging economies. Similar mixed patterns have been 
noted in transition stage economies, although many cross country 
studies find a negative pollution–health relationship overall (87). The 
finding therefore suggests a development stage effect consistent with 
Environmental Kuznets type dynamics and highlights the need to 
coordinate environmental and health policies alongside industrial 
expansion.

Urbanization (LUP) displays a heterogeneous relationship with 
life expectancy across quantiles, with a positive coefficient at the lower 
tail (0.727 at Q0.05) and a negative coefficient at the upper tail (−0.801 
at Q0.90). This pattern suggests that urban development may improve 
longevity where baseline health and service access are relatively low, 
but its effects can weaken or reverse at higher life expectancy levels 
when congestion, environmental stress, and infrastructure pressure 
dominate. The positive lower-quantile effect is consistent with evi-
dence that planned and service-oriented urban expansion enhances 
access to healthcare, education, and basic infrastructure in developing 
settings (21, 88). At the same time, the negative upper-quantile asso-
ciation aligns with findings that rapid or poorly managed urbanization 
can strain health systems and reduce long run health gains (89). These 
mixed estimates support a conditional interpretation in which urban-
ization outcomes depend on planning quality and institutional 
capacity.

TABLE 4  CSD test.

Variable CD-stat p-value

LLE 14.682 0.000***

LGDP 13.759 0.000***

LHE 14.116 0.000***

LCO2 9.8 0.000***

LUP 15.342 0.000***

LTOP −1.07 0.285

*p < 0.1, **p < 0.05, ***p < 0.01. Source: Authors’ calculation.

TABLE 5  Slope homogeneity test.

Test statistic Delta p-value

6.991*** 0.000

Adj. 8.239*** 0.000

*p < 0.1, **p < 0.05, ***p < 0.01. Source: Authors’ calculation.
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Trade openness (LTOP) shows a negative and statistically signifi-
cant association with life expectancy across all quantiles, with coeffi-
cients ranging from −0.024 to −0.167. This indicates that greater 
external integration may be associated with adverse health outcomes 
in the BRICS context, possibly through pollution intensive produc-
tion, lifestyle shifts, and exposure to external shocks. This pattern is 
broadly consistent with prior evidence highlighting environmental 
and health tradeoffs linked to liberalized trade in developing econo-
mies (23). Related work also reports nonlinear interaction effects in 
which trade initially amplifies pollution related health risks before 
adjustment mechanisms emerge (90).

Altogether, the results of the quantile regression emphasize the 
idea that health outcomes within BRICS countries are the result of a 
complicated set of economic, social, environmental, and structural 
influencing factors. Although health spending and urbanization are 

crucial in improving life expectancy, pressures on the environment 
caused by out-of-control environmental degradation and unequal dis-
tribution of economic benefits and impacts on trade can reduce these 
advantages. This heterogeneity of the quantiles underscores that policy 
interventions should be context-specific, which needs to combine sus-
tainable urban planning, investment in specific healthcare, and envi-
ronmental management.

Table 9 also indicates that the quantile regression analysis with the 
assistance of other estimators (PCSE, DKSE, and F-GLS) shows a con-
sistent and sufficient pattern throughout the BRICS countries. It seems 
that GDP negatively influences life expectancy, which may imply that 
economic growth may not necessarily be accompanied by better 
health outcomes. Conversely, there is a positive and significant effect 
of health expenditure, carbon emissions, and urbanization, which 
explains the significance of investing in healthcare, urban 

TABLE 6  Stationary test (LLC, CIPS, ADF).

Variable LLC CIPS ADF

I(0) I(1) I(0) I(1) I(0) I(1) Order

LLE −3.3138*** −6.7939*** −3.475*** −3.212*** 6.8869 49.0291*** I(1)

LGDP −4.3360*** −4.9760** −1.841 −2.470** 21.9832*** 23.1678*** I(1)

LHE −3.9412*** −6.4810*** −2.306* −3.857*** 15.6982 32.7162*** I(1)

LCO2 −3.8231*** −5.8328*** −0.480 −2.994*** 13.4379 32.9788*** I(1)

LUP −30.4828*** −0.7881 1.155 −2.726*** 143.7904*** 1.7484 I(1)

*p < 0.1, **p < 0.05, ***p < 0.01. Standard errors are in the parenthesis. Source: Authors’ calculation.

TABLE 7  Pedroni cointegration test.

Test Without trend With trend

Statistics p-value Statistics p-value

Pedroni

Modified Phillips-Perron 

t 1.5215 0.0641 1.7098 0.0437

Phillips-Perron t −1.9603 0.0250 −2.7546 0.0029

Augmented Dickey-Fuller 

t −1.5588 0.0595 −2.5795 0.0049

Source: Authors’ calculation.

TABLE 8  Quantile regression.

Variable Q (0.05) Q (0.25) Q (0.50) Q (0.75) Q (0.90)

LGDP
−0.517506***

(0.0335788)

−0.2813205***

(0.0759933)

−0.2460112***

(0.0643779)

−0.2742573***

(0.0416768)

−0.3810032***

(0.0389415)

LHE
0.1572323***

(0.0105001)

0.0820992***

(0.023763)

0.03662*

(0.0201309)

0.007531

(0.0130323)

0.0372243***

(0.012177)

LCO2
0.1869788***

(0.0074646)

0.1126943***

(0.0168934)

0.103132***

(0.0143112)

0.1103592***

(0.0092648)

0.1336499***

(0.0086567)

LUP
0.7267405***

(0.0546902)

0.452916***

(0.1237711)

0.5071051***

(0.104853)

0.6690148***

(0.0678795)

0.8006884***

(0.0634245)

LTOP
−0.0237564**

(0.0114881)

−0.1654324***

(0.0259991)

−0.1280037***

(0.0220252)

−0.0751148***

(0.0142586)

−0.0669124***

(0.0133228)

Cons
3.485556***

(0.0881665)

4.118583***

(0.1995325)

3.814623***

(0.1690345)

3.339749***

(0.1094292)

3.361263***

(0.1022471)

*p < 0.1, **p < 0.05, ***p < 0.01. Standard errors are in the parenthesis. Source: Authors’ calculation.
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development, and infrastructure for the population’s health. The effect 
of trade openness is always negative, which indicates the possible 
health-related dangers of industrialization and globalization. These 
findings are consistent when compared against various estimation 
techniques and are indicative of strong validity of the results and the 
intrinsic multidimensionality of the relationship between economic, 
environmental, and social variables in determining life expectancy in 
the BRICS region.

Table 10 demonstrates the findings of the Dumitrescu-Hurlin 
(D-H) causality test and indicates a one-way causality of life expec-
tancy on GDP, health expenditure, and openness to trade. This implies 
that the better the population health is, the more it is one of the drivers 
of macroeconomic and structural developments. The only variable 
with a bidirectional causal relationship with life expectancy is urban-
ization, which seems to increase with time. The fact that most of the 
variables are not reversibly causal points to the fact that sustained 
health gains are critical toward encouraging equitable and sustained 
economic and social development across the BRICS countries.

5 Conclusion and policy 
recommendations

This study examines the relationships among economic growth, 
healthcare expenditure, environmental pollution, urbanization, trade 
openness, and life expectancy in BRICS countries over the period 
2000–2024 using a distribution-sensitive panel framework. A set of 
cross-sectional dependence, slope homogeneity, and unit-root tests 
confirmed the data’s validity, while panel cointegration supported a 
stable long-run relationship among the key variables. The quantile 
regression results show marked heterogeneity across the life-expec-
tancy distribution, suggesting that the effects of the determinants vary 
across development levels.

Revisiting the initial hypotheses, the findings confirm the positive 
influence of healthcare spending, partial support for urbanization, 
mixed results for pollution and growth, and a consistently negative 
association for trade openness. Several of these relationships differ 
from conventional theoretical expectations, especially the conditional 
growth and pollution effects, underscoring the importance of context 
and distributional differences among the BRICS countries. The results 
indicate that policy priorities should reflect these differences rather 
than follow a uniform pattern. Gains in longevity are linked most 
closely to efficient, well-targeted healthcare expenditure—particularly 
where life expectancy remains relatively low. Urbanization supports 
health improvements when accompanied by adequate housing, 

sanitation, and service infrastructure but can have the opposite effect 
under overcrowding or environmental stress. Similarly, the interaction 
between industrial expansion and environmental management 
appears to depend on each country’s stage of transition, making it 
essential to coordinate growth strategies with pollution control and 
clean-technology adoption.

The negative relationship between trade openness and life expec-
tancy points to a more complex dynamic between global integration 
and population health. Trade liberalization, while expanding eco-
nomic opportunities, can also increase exposure to environmental 
degradation, hazardous production processes, and fiscal pressure on 
health systems if not supported by proper regulation (65, 91). The 
result does not imply that trade is inherently harmful, but rather that 
its benefits depend on how integration is managed. Governments 
should pair trade policies with clear environmental and occupa-
tional-health standards, promote cleaner export industries, and pro-
tect healthcare budgets from external shocks associated with trade 
fluctuations. Such measures can help ensure that openness contrib-
utes to sustainable, health-secure growth. Overall, the evidence sug-
gests that health and development policies in BRICS countries must 
be adaptive and context-specific. Strengthening health-system effi-
ciency, investing in pollution mitigation, and embedding social and 
environmental safeguards in trade and industrial policies would 
create more balanced and resilient pathways toward longer, health-
ier lives.

6 Limitations and recommendation for 
future research

First, the research focuses mainly on the amount of healthcare 
spending rather than the quality, efficiency, and accessibility of health-
care systems, which can differ widely both across and within coun-
tries. These unmeasured aspects could affect how health expenditure 
translates into outcomes. Future research should therefore examine 
the nature and effectiveness of healthcare systems and delivery 
models—particularly in low- and middle-income countries—to 
explore how health spending can be used most efficiently to improve 
longevity. Second, the analysis is confined to the BRICS countries. 
While this allows for meaningful comparison among large emerging 
economies, it limits the generalizability of the findings to other devel-
oping or high-income regions that operate under different health sys-
tems, economic structures, and institutional settings. Expanding 
future studies to include a broader group of emerging and developing 
economies would provide more comprehensive and region-specific 

TABLE 9  Robustness check (PCSEs, DKSE, F-GLS).

Variable PCSEs DKSE F-GLS

LGDP −0.2756096***(0.0388062) −0.2756096***(0.0626337) −0.2756096***(0.0445028)

LHE 0.0625705***(0.012557) 0.0625705***(0.0085199) 0.0625705***(0.013916)

LCO2 0.1186184***(0.0082535) 0.1186184***(0.0132928) 0.1186184***(0.009893)

LUP 0.5151382***(0.0552601) 0.5151382***(0.1200055) 0.5151382***(0.0724823)

LTOP −0.1309885***(0.0180168) −0.1309885***(0.0170976) −0.1309885***(0.0152255)

Cons 3.781129***(0.0830425) 3.781129***(0.0945328) 3.781129***(0.1168493)

*p < 0.1, **p < 0.05, ***p < 0.01. Standard errors are in the parenthesis. Source: Authors’ calculation.

https://doi.org/10.3389/fpubh.2026.1767163
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Ridwan et al.� 10.3389/fpubh.2026.1767163

Frontiers in Public Health 11 frontiersin.org

insights, helping to assess whether similar patterns hold beyond the 
BRICS context.

Third, the environmental assessment considers only carbon 
emissions, whereas other pollutants—such as air, water, and indus-
trial waste—may also influence public health and life expectancy. 
Including multiple environmental stressors in future analyses would 
offer a more complete understanding of how ecological factors 
interact with economic development and health outcomes. Fourth, 
the study does not account for unexpected global shocks such as 
pandemics or financial crises, which can have significant short- and 
long-term impacts on health and life expectancy. Future longitudi-
nal research could evaluate the enduring effects of such shocks, 
helping policymakers design more resilient health and economic 
systems. Fourth, as in most macro-panel analyses, reverse causality 
and other forms of endogeneity cannot be completely ruled out. For 
instance, while economic growth, healthcare expenditure, and envi-
ronmental quality may affect life expectancy, improvements in 
population health can simultaneously promote higher productivity, 
advances in human capital, and greater fiscal capacity for public 
spending. Moreover, unobserved variables such as institutional 
quality or social development may influence both health outcomes 
and the explanatory variables. Future research could employ instru-
mental variable techniques, propensity score matching to address 
these potential endogeneity concerns and better isolate structural 
effects.

Finally, as with most cross-country panel studies, this analysis 
may be subject to omitted variable bias resulting from unobserved 
factors—such as governance quality, social protection measures, or 
cultural attitudes toward health—that may jointly influence both the 
explanatory variables and life expectancy. Incorporating additional 
institutional and social indicators, or employing instrumental variable 
approaches, would help address potential biases and strengthen the 
validity of the findings. Overall, future research could extend this line 
of inquiry by comparing healthcare performance across different 
regions, integrating broader environmental and institutional variables, 
and analyzing the long-term and shock-responsive effects of health 
and economic policies. Such approaches would provide stronger evi-
dence on how economic, social, and environmental conditions jointly 
shape population wellbeing over time.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Author contributions

MR: Writing – original draft, Writing – review & editing. ZA: 
Writing – original draft, Writing – review & editing. AA: Writing – 
original draft, Writing – review & editing. JK: Writing – original 
draft, Writing  – review & editing. HF: Writing  – original draft, 
Writing – review & editing. CL: Writing – original draft, Writing – 
review & editing. W-KM: Writing – original draft, Writing – review 
& editing.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This work was funded by Hong Kong 
Government, grant number (RFS2021-7H04); City University of 
Hong Kong, grant number (7020093).

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was used in the creation 
of this manuscript. Only for grammar and clarity checking.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any 
product that may be evaluated in this article, or claim that may be 
made by its manufacturer, is not guaranteed or endorsed by the 
publisher.

TABLE 10  D-H causality test.

Variables 
relationship

W-stat Z-bar p-value

LLE → LGDP 11.3463 16.3590 0.0000

LLE → LHE 10.4079 14.8752 0.0000

LLE → LCO2 11.3407 16.3502 0.0000

LLE → LUP 5.4080 6.9697 0.0000

LLE → LTOP 2.2976 2.0516 0.0402

LGDP→ LLE 1.3156 0.4990 0.6178

LHE → LLE 1.1809 0.2861 0.7748

LCO2 → LLE 1.4204 0.6647 0.5062

LUP → LLE 3.5972 4.1065 0.0000

LTOP→ LLE 1.9999 1.5809 0.1139

Source: Authors’ calculation.
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