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A B S T R A C T

Objectives: This study examines the impact of environmental degradation, focusing on air pollution and CO2 
emissions, as key climate stressors on health outcomes, specifically pollution-related mortality and disability- 
adjusted life years (DALYs). The research explores how healthcare infrastructure, accessibility, quality, and 
policies contribute to climate resilience by mitigating pollution-related mortality and supporting adaptation to 
environmental stressors.
Study design: Using panel data from 145 countries between 2009 and 2017, the study assesses both the direct 
effects of environmental factors on health outcomes and the mitigating role of healthcare systems. The design 
incorporates variation across countries and time to better understand these relationships.
Methods: Panel analysis models estimate the relationship between air pollution, CO2 emissions, and health 
outcomes. Interaction terms between CO2 emissions and healthcare system indicators are tested to determine if 
stronger healthcare systems can reduce pollution-induced mortality and DALYs.
Results: The study confirms that air pollution exposure is significantly linked to increased mortality and DALYs. 
While improved healthcare infrastructure, accessibility, and quality help mitigate some pollution-related health 
risks, they are insufficient to offset the long-term negative effects of CO2 emissions. The interaction terms be
tween CO2 emissions and healthcare resilience are statistically insignificant, suggesting that even well- 
functioning healthcare systems cannot fully counteract the harmful consequences of environmental degradation.
Conclusion: While strengthening healthcare systems is vital for enhancing resilience to air pollution, the 
persistent adverse effects of CO2 emissions stress the need for integrated environmental and health policies. 
Emission reduction strategies and stricter environmental regulations must complement healthcare improvements 
to effectively safeguard public health.

1. Introduction

Climate change and environmental degradation, including particu
late matter (PM2.5) and carbon dioxide (CO2), are major public health 
threats, contributing to morbidity and mortality worldwide.1,2 PM2.5 
and CO2 emissions are linked to respiratory and cardiovascular diseases, 
premature death, and hospitalizations.3,4 While PM2.5 is a direct 
inhalable pollutant generated through combustion, CO2 is a non-toxic 
greenhouse gas. However, both are highly correlated at the country 
level, as they are primarily driven by the same fossil-fuel sources. 
Moreover, rising CO2 levels contribute to climate warming, which can 
intensify the health impacts of PM2.5 by increasing the frequency of 

heatwaves and atmospheric stagnation events that trap fine particulates 
closer to the ground.5,6

A growing body of literature has explored the impact of air pollution 
on health, most studies either focus exclusively on PM2.5 exposure or do 
not consider the broader health system capacity in mitigating its effects. 
This study adds to the literature by integrating both PM2.5 and CO2 
emissions into the analysis—allowing for the distinction between direct 
pollutant exposure and broader environmental degradation.7 The ca
pacity of health systems to adapt and respond to these challenges is 
crucial for health resilience.7,8 Climate-resilient health systems can 
anticipate, respond to, and recover from climate-induced health burdens 
while maintaining core functions.7,8
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The study applies a health system resilience framework to investigate 
how infrastructure, accessibility, quality, and policy orientation mod
erate these health effects across 145 countries. This multidimensional 
and integrative approach remains underexplored and offers important 
policy implications.9–12 Weak health systems, with limited resources, 
are less equipped to manage climate-induced emergencies, leading to 
higher mortality and morbidity.5,13 While the direct effects of air 
pollution on health are well-documented,14–16 fewer studies examine 
how health system resilience moderates these effects.17–19 The indirect 
consequences of CO2 emissions—such as rising temperatures and food 
insecurity—are often overlooked.20–22 These pressures are particularly 
severe in low- and middle-income countries, where healthcare resources 
are strained. This study addresses this gap by analysing how health 
system resilience moderates the relationship between environmental 
degradation and pollution-related mortality across different income 
levels.

Therefore, the study tests three hypotheses. 

H1. (Direct pathway) Higher exposure to PM2.5 is associated with 
increased pollution-related mortality

H2. (Indirect pathway) Higher CO2 levels—used here as a proxy for 
climate-related environmental stress—remain positively associated with 
environment-related mortality even after controlling for PM2.5.

H3. (Moderation pathway) Greater health-system capacity in terms of 
infrastructure, access, quality and policy attenuates the mortality effects 
of CO2-driven environmental stress.

2. Methods

2.1. Data

The data is a panel set of country-level data from 2009 to 2017 for 
188 countries. This makes up a sample size of a maximum of 1159 ob
servations. Data are collated from different sources including the World 
Health Organisation (WHO), the World Development Indicators (WDI), 
the UN Population and Health Statistics, Global Health Estimates for the 
burden of disease, the Global Carbon Budget and CO2 and Greenhouse 
Gas Emissions database by Our World in Data. Table A1 in the appendix 
shows the definition of all variables and the source of variables. Table 1
below shows descriptive statistics for all variables grouped by level of 
economic development of countries including low, lower middle- 
income, upper middle-income and high-income countries. Table A2 in 
the appendix provides descriptive statistics divided by country grouping 

by economic development into low-income countries, lower-middle in
come, upper-middle income and high-income countries based on the 
World Bank classification. Our data set has 70 low-income, 49 middle- 
income and 55 high-income countries.

2.1.1. Dependent variables
This study examines pollution-related mortality and disability- 

adjusted life years (DALYs) due to air pollution, with health system in
dicators as moderators. Pollution’s impact on mortality includes respi
ratory diseases, cardiovascular conditions, and premature deaths, with 
exposure to PM2.5 and CO2 emissions linked to increased risk.3,23

Mortality data includes deaths from lower respiratory infections, 
strokes, ischaemic heart disease, COPD, and lung cancer in adults (25+
years). Age-standardised rates, as defined by WHO,24 help compare 
health impacts across countries by controlling for age structure differ
ences. DALYs, which account for both premature mortality and the 
burden of disease, provide a broader assessment of public health beyond 
fatalities.25

The mean rate of population-weighted pollution mortality is 110 
deaths per 100,000, with substantial variation across countries. High- 
income countries report an average of 30 deaths per 100,000, while 
low-income countries report 223 deaths per 100,000 due to higher 
PM2.5 concentrations and weaker regulations.15,16 Fig. A1 and A2 in the 
appendix show exposure to PM2.5 levels exceeding WHO guidelines for 
low and middle-income countries versus high-income countries. Statis
tical matching techniques estimate the effects of high PM2.5 exposure 
(≥38.145 μg/m3) and high CO2 emissions (≥0.273 metric tons per 
GDP), revealing a significant increase in mortality by 32 and 533 deaths 
per 100,000, respectively (Appendix A4).

The mean PM2.5 concentration in our sample from 2009 to 2017 is 
44, 37, 25 and 19 μg/m3 for low, lower-middle, upper-middle and high- 
income countries, respectively, with a range 5–95 μg/m3 as shown in 
Table 1. These figures are more four times greater than the WHO 
guideline for annual average PM2.5 (10 μg/m3). In our study, health 
outcomes are affected by the environmental efficiency of economic ac
tivity between countries where a lower value of CO2 emissions (metric 
tons per GDP) indicates a less carbon-intensive economy and less envi
ronmental impact. The descriptive statistics indicate a clear inverse 
relationship between income levels and CO2 emissions per unit of GDP. 
High-income countries exhibit the lowest mean CO2 emissions intensity 
(0.30 metric tons per GDP), while low-income countries have the highest 
(1.53). This trend suggests that wealthier nations tend to have more 
energy-efficient economies, benefiting from advanced technologies, 

Table 1 
Descriptive statistics.

Variable Variable Group Obs. Mean Std. dev. Min Max

Air pollution mortality rate (per 100,000 population) DEPENDENT 1324 110 84.95 7.57 356.9
DALYs (per 100,000 population, age-standardised) DEPENDENT 1348 1369 930.20 137 4689
PM2.5 air pollution mean annual exposure (micrograms per cubic meter) ENVIRONMENTAL DEGRADATION 1396 29.07 17.81 5.26 95.24
CO2 emissions (metric tons per GDP) ENVIRONMENTAL DEGRADATION 1392 0.59 1.31 0.141 19.82
Health spending (% of GDP) INFRASTRUCTURE 1521 6.39 2.58 1.22 20.41
Medical doctors (per 10,000 population) INFRASTRUCTURE 1070 20.31 15.30 0.128 82.95
Hospital beds (per 1000 population) INFRASTRUCTURE 627 3.36 2.39 0.1 16.46
UHC index ACCESSIBILITY 339 64.02 15.59 22 89
Primary healthcare per capita ACCESSIBILITY 147 674.30 862.81 11 3799
Healthy life expectancy at 60 yrs QUALITY 509 14.97 2.62 8.1 21
Policy target for chronic respiratory diseases (dummy variable) POLICY 656 0.55 0.49 0 1
Policy target for cardiovascular diseases (dummy variable) POLICY 661 0.66 0.47 0 1
GDP per capita (constant 2010 100US$) CONTROL 1539 146.08 223.71 2.141 1941.88
Trade (% of GDP) CONTROL 1464 88.93 51.80 0.17 408.36

Notes: (1) The number of observations for each variable reflects data availability across a balanced panel of 188 countries from 2009 to 2017. Due to the use of multiple data 
sources and differences in national reporting capacities—particularly among low-income countries—some variables have fewer observations. This variation is primarily due to 
inconsistencies in annual reporting and data completeness across countries and indicators. (2) UHC index is Universal Health Coverage (UHC) index, which is a composite 
measure developed by the World Health Organization (WHO) to assess the extent to which people receive the health services they need without suffering financial hardship. It 
ranges from 0 to 100, with higher values indicating better coverage of essential health services. 42 (3) Detailed definitions and sources for variables are provided in Table A1 in the 
appendix.Environmental degradation variables.
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cleaner energy sources, and stronger environmental regulations.26 In 
contrast, low-income countries often rely on carbon-intensive energy 
sources, such as coal and biomass, and have less access to 
energy-efficient infrastructure, contributing to their higher emissions 
intensity.27,28

2.1.2. Health system variables
We are using three indicators to examine healthcare system infra

structure on a global sample, which are healthcare spending share of 
GDP, number of medical doctors per population, and hospital beds per 
population. Healthcare system infrastructure is a crucial determinant of 
a population’s health outcomes, particularly in mitigating the effects of 
environmental and economic shocks. Healthcare spending, the avail
ability of medical staff, and hospital beds per population are widely used 
indicators in assessing the infrastructure, resilience, and effectiveness of 
healthcare provision.1,2,18,29,30 These metrics are essential for evalu
ating a health system’s resources available for inpatient services and 
ability to deliver quality care, respond to patient needs, and manage 
unexpected health crises. While previous studies have used these in
dicators individually to explore health outcomes, they often do so within 
national or regional case studies, or without explicitly connecting them 
to environmental degradation. This study extends existing work by 
analysing these indicators together within a unified resilience frame
work, and assessing their moderating role on pollution-related mortality 
in a large cross-country sample. Several studies have explored the role of 
these indicators in evaluating the role of physical and human capital 
investments in the healthcare system, highlighting their direct impact on 
health outcomes, especially during climate-induced shocks like 
heatwaves.10,31–34 Key indicators like healthcare infrastructure, staffing 
levels, and system efficiency significantly impact patient care and out
comes.19,21,35–37 Collectively, these indicators proxy the core structural 
components of health system capacity—financing, workforce availabil
ity, and inpatient care infrastructure—and are routinely used in 
cross-country resilience and mortality studies.31,47,52,60–62 The term 
‘infrastructure’ is used here as a conceptual category only; each indi
cator is analysed separately in its own model specification and not 
combined into a single index. Low- and middle-income countries, with 
inadequate healthcare infrastructure, struggle with the growing burden 
of heat-related illnesses and respiratory diseases from air 
pollution.4,12,38,39 Poor infrastructure leads to delays in medical in
terventions, resulting in higher mortality from conditions like heat
stroke, asthma, COPD, and lung infections.4,12,13,40

Using universal healthcare coverage and primary healthcare 
spending per capita as indicators, we found that healthcare accessibility 
helps manage chronic diseases and improve health outcomes.41–43

Accessible primary care reduces hospitalizations and fatalities from heat 
and air pollution by providing timely interventions such as bronchodi
lators and oxygen therapy.41,42,44–48 Life expectancy at age 60, reflecting 
health system quality, is a critical indicator of resilience against 
pollution-induced mortality.49 Healthy life expectancy at age 60 is 
widely used in cross-country health systems research as a summary in
dicator of healthcare quality and long-term system performance, as it 
reflects the effectiveness of chronic disease management and access to 
care in older age.13,48–50 Strong healthcare systems, especially in 
high-income countries, mitigate air pollution’s impact on mortality 
through early diagnosis and better chronic disease management.50 In 
contrast, low- and lower-middle-income countries often have lower life 
expectancy at 60, leading to higher pollution-related mortality.49,51

Effective public healthcare policies that prioritize access and funding 
significantly enhance health system resilience.52–54 We have integrated 
two proxies for national strategies targeting respiratory and cardiovas
cular diseases that have been shown to reduce morbidity and mortality 
linked to air pollution.c 12,44,45 This is to reflect health system policies. 
This study also moves beyond prior analyses by incorporating both 
system-level performance metrics (e.g. life expectancy) and policy 
orientation (e.g. primary care spending) into a single analytical model. 
This allows us to evaluate how the interplay between infrastructure, 
accessibility, and quality moderates health risks under environmental 
stress. We build on this evidence by quantitatively assessing how health 
systems mediate the relationship between environmental degradation 
and health outcomes across diverse socioeconomic settings. Countries 
featuring robust healthcare systems and strong environmental regula
tions report fewer pollution-related deaths.52,53,55,56 Each health system 
dimension—representing infrastructure, accessibility, quality, and pol
icy—is estimated in separate model specifications to preserve concep
tual distinction and avoid multicollinearity. Moreover, data availability 
varies substantially across indicators and years; combining them into a 
single specification would substantially reduce the sample size and 
compromise cross-country comparability.

2.1.3. Control variables
We have used GDP per capita and trade openness indicators as 

control variables. GDP per capita serves as an indicator of a country’s 
economic development and is closely linked to environmental quality, 
economic structure, and access to cleaner technology.26,28,57,58 Trade 
openness helps account for the environmental and health implications of 
trade activities, as increased economic integration can lead to both 
pollution-intensive industrialisation and the diffusion of cleaner 
technologies.27,41,55,56

2.2. Empirical strategy

The study employs multivariate statistical techniques using a 
Random Effects panel specification estimated through the Generalized 
Least Squares Method (GLSM) to examine the role of health system 
infrastructure, accessibility, quality, and policy in moderating the health 
effects of air pollution (PM2.5 exposure) and CO2 emissions. A log- 
likelihood ratio test was conducted to choose between fixed and 
random effects models, and the results did not support the fixed effects 
specification; therefore, the random effects model was selected. Stan
dard errors are clustered at the country level to address hetero
skedasticity and serial correlation. By utilising a longitudinal dataset 
covering 188 countries from 2009 to 2017, the analysis captures both 
cross-sectional and time-series variation, allowing for more robust 
estimation of the associations between environmental degradation and 
health outcomes.d

The correlation matrix (Table A3 at the appendix) shows that all the 
independent variables have low correlation, and multicollinearity is not 
the source of bias and/or inconsistency for our estimators. Eq. (1) shows 
the two health outcomes used as dependent variables in our model 

c Among all non-communicable disease (NCD) policy indicators tracked by 
the WHO NCD Progress Monitor, targets for cardiovascular and respiratory 
diseases are the most directly related to air pollution mortality. These condi
tions account for a large share of premature deaths linked to PM2.5 and other 
pollutants. As such, we include these two policy targets as proxies for institu
tional responsiveness to pollution-related NCD burdens.

d We followed White’s (1980) estimators for the variance to control for 
heteroskedasticity that could result in inefficient coefficient estimates and 
inconsistent standard errors. Our model is linear in parameters where the 
intercept, the estimated coefficients, the country-specific effects and the idio
syncratic error term are all linear and the country observations are independent 
and identically distributed (i.i.d) which means that observations are indepen
dent across countries.
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which are mortality and DALYs due to air pollution for every country (i) 
and time (t). The coefficient estimate of air pollution (B1) captures the 
direct effect of air pollution on health outcomes, as exposure to pollut
ants like PM2.5 has been widely linked to increased mortality and 
morbidity.3 B2 estimates the average effect of the environmental 
degradation caused by emissions, which can contribute to deteriorating 
air quality and climate-related health risks.10 B3 is a vector of coefficient 
estimates for the health system resilience variables. These coefficient 
estimates measure the ability of a country’s healthcare system to miti
gate the adverse health effects of pollution through medical in
terventions and infrastructure.33 B4 is a vector of all interaction terms 
between CO2 emissions and health system resilience which assess 
whether stronger health systems can mitigate the negative health effects 
of environmental degradation.6,7 Interaction effects are not specified for 
PM2.5, as the moderating role of health systems is conceptualised 
through the indirect climate pathway represented by CO2 rather than 
direct particulate exposure. Stronger health systems are expected to 
dampen the pollution–mortality gradient by enabling better prevention, 
early detection, and treatment of pollution-related illnesses. Drawing on 
the risk-buffering framework developed by the WHO and others, we 
hypothesise that the positive association between CO2 emissions and 
pollution-related mortality will be weaker in countries with more 
resilient health systems.8 More resilient systems—via improved infra
structure, access, and quality—are better equipped to manage both the 
direct effects of pollutant exposure (e.g. PM2.5) and the indirect envi
ronmental consequences of CO2 emissions (e.g. heat stress, vector-borne 
diseases, food insecurity). We therefore anticipate a negative interaction 
term (B4 < 0), meaning that the slope linking CO2 to mortality flattens as 
health system capacity improves. A statistically significant negative 
interaction would support the view that strong healthcare systems can 

moderate the health burden of environmental degradation.11,12 B5 are 
the coefficient estimates for control variables that include GDP per 
capita and trade openness that may influence health outcomes beyond 
pollution levels. 

Health outcomes (Mortality,DALYs)it = β0 + β1 (Air polluion)it

+ β2 (CO2 emissions)it + β3 (Health system reslience)it

+ β4 (CO2 emissions* Health system resilience)it + β5 (controls)it + εit

Eq. (1) 

3. Results

Table 2 shows the results for the effects of environmental degrada
tion and the role of the resilience of health systems on air pollution 
mortality rate. Similar results were obtained using DALYs attributable to 
air pollution as seen in Table A5 in the Appendix. The base model at 
model (1) examines the direct effects of PM2.5 air pollution mean 
annual exposure (H1) and CO2 emissions on air pollution-related mor
tality rates (H2). Notably, CO2 is not treated as a direct local pollutant 
nor assumed to be causally responsible for premature mortality in itself. 
Instead, we include CO2 as a proxy for broader, long-term environmental 
degradation and climate-related stressors—including increased tem
peratures and heatwaves — all of which can indirectly influence mor
tality patterns.23,24 The results of this study reveal a strong and 
statistically significant relationship between air pollution exposure and 
adverse health outcomes. Specifically, PM2.5 concentration is positively 
associated with air pollution-related mortality, corroborating extensive 
literature that links fine particulate matter exposure to increased res
piratory and cardiovascular morbidity and mortality.3,23

The significance of PM2.5 suggests that air pollution is a major driver 

Table 2 
The role of health system resilience (infrastructure, accessibility, quality and policies) in moderating the health effects of air pollution and CO2 emissions: Panel 
analysis using Generalized Least Square Method (GLSM).

Dependent variable: Air pollution mortality rate (per 
100,000 population)

Infrastructure Accessibility Quality Policies

Model (1) Model (2) Model (3) Model (4) Model (5) Model (6) Model (7)

PM2.5 air pollution mean annual exposure (μg/m3) 0.34** 
(0.15)

0.51*** 
(0.17)

0.48*** 
(0.17)

0.13 (0.13) 0.80*** (0.13) − 0.11 (0.19) 0.51*** 
(0.17)

CO2 emissions (metric tons per GDP) 5.28*** 
(1.74)

8.99** (4.05) 8.27** 
(3.98)

9.65* (5.21) − 30.34 (26.5) 14.10** 
(6.81)

8.99** 
(4.05)

Healthcare spending (% of GDP) ​ − 2.69*** 
(1.04)

​ ​ ​ ​ ​

CO2 emissions_ Healthcare spending ​ − 0.32 (0.76) ​ ​ ​ ​ ​
Medical doctors (per 10,000 population) ​ ​ − 2.45** 

(1.00)
​ ​ ​ ​

CO2 emissions_ Medical doctors ​ ​ − 0.55 (0.82) ​ ​ ​ ​
Hospital beds (per 1000 population) ​ ​ ​ − 13.31*** 

(1.65)
​ ​ ​

CO2 emissions_ Hospital beds ​ ​ ​ − 2.71 (2.82) ​ ​ ​
UHC index ​ ​ ​ ​ − 1.033*** 

(0.28)
​ ​

CO2 emissions_ UHC index ​ ​ ​ ​ 0.75 (0.65) ​ ​
Healthy life expectancy at 60 yrs ​ ​ ​ ​ ​ − 13.98** 

(3.31)
​

CO2 emissions_ Healthy life expectancy at 60 yrs ​ ​ ​ ​ ​ − 0.86 (0.18) ​
Policy target for respiratory diseases ​ ​ ​ ​ ​ ​ − 2.45** 

(1.00)
CO2 emissions_ Policy target for respiratory diseases ​ ​ ​ ​ ​ ​ − 0.55 (0.82)

R2 (overall variation) 0.749 0.768 0.767 0.755 0.79 0.83 0.767
No of Observations 1138.00 540.00 538.00 1159.00 285 438 538.00
Wald Chi-square 580.45 599.24 610.28 733.88 181.31 866.46 610.88
P-value 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Number of Years 8 4 4 8 2 3 4
Number of Countries 145 145 145 145 145 145 145

Notes: (1) The dependent variable is the air pollution mortality rate (per 100,000 population, age-standardised) (2) We have used DALYs due to air pollution (per 
100,000 population, age-standardised) as dependent variable as a robustness check and similar results are obtained. This is reported in appendix. (3) We have tested 
health policies for cardiovascular and respiratory diseases. Both yield similar results and we reported only health policies for respiratory diseases. (4) One of our 
indicators for healthcare accessibility is primary healthcare spending per capita, the results are similar to these reported in all other indicators. We reported all results 
at appendix. (4) Full list of control variables and robustness checks are reported in appendix. (5) Significance level *** is < 0.01, ** is < 0.05 and * is < 0.10.
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of negative health outcomes, in line with prior research indicating that 
fine particulate matter penetrates deep into the respiratory system, 
exacerbating chronic illnesses such as chronic obstructive pulmonary 
disease (COPD), asthma, and cardiovascular disorders.15,16 We have 
controlled for relevant economic and social indicators variables for 
economic development, GDP per capita, and level of trade openness. The 
coefficient estimates for PM2.5 range from 0.34 to 0.51 across all 
models, with statistical significance ranging between five and one 
percent. These findings suggest a positive and significant relationship 
between PM2.5 exposure and adverse health outcomes. For every unit 
increase in mean annual PM2.5 exposure, there is an associated increase 
in air pollution-related mortality, with the effect sizes varying slightly 
across models.

Across all model specifications, CO2 emissions per unit of GDP 
remain a strong and significant predictor of pollution-related mortality, 
even after controlling for PM2.5 exposure. This reflects the indirect 
health effects of CO2 through climate-linked pathways—such as rising 
temperatures, more frequent heatwaves, wildfire activity, and second
ary pollutant formation—rather than CO2 toxicity itself.22,39 These re
sults align with evidence that climate change amplifies existing health 
risks and compounds respiratory, cardiovascular, and heat-related ill
nesses.16,17,21 The coefficients for CO2 emissions range from 5.28 to 
9.65, with statistical significance levels ranging from one to five percent. 
While resilient health systems can buffer the short-term effects of air 
pollution, they are insufficient to offset the cumulative, long-term im
pacts of emissions-driven environmental change. This underscores the 
need for integrated public health and climate strategies, where emission 
reduction and adaptation policies are treated as core components of 
health protection.

3.1. Moderating effect of health system infrastructure, accessibility, 
quality and policies on air pollution mortality

To assess how healthcare system infrastructure moderates air pol
lution’s impact on mortality, Models (2), (3), and (4) incorporate 
healthcare spending, medical doctors per population, and hospital beds 
per population. The results indicate that stronger healthcare infra
structure significantly reduces the adverse effects of PM2.5 exposure on 
mortality, aligning with previous studies emphasizing the importance of 
resilient healthcare systems in mitigating environmental health 
risks.15,21

Model (2) shows that higher healthcare spending is linked to lower 
mortality, supporting the role of financial investment in improving 
public health and mitigating pollution-related risks.18,31,34 Model (3) 
demonstrates that a higher density of medical doctors reduces air 
pollution-related mortality, in line with studies showing that adequate 
medical workforce availability is crucial for managing 
pollution-induced diseases.15,17 Model (4) confirms that greater hospital 
bed availability is associated with lower pollution-related mortality, 
supporting findings that robust healthcare infrastructure improves 
health outcomes in pollution-affected areas.16,17

Model (5) explores health system accessibility through Universal 
Healthcare Coverage (UHC), showing that countries with better access 
to healthcare experience lower air pollution mortality, consistent with 
prior research.17,23 Additionally, Model (6) finds that higher life ex
pectancy at age 60, a proxy for healthcare quality, is negatively asso
ciated with pollution-related mortality, suggesting that quality 
healthcare reduces the adverse effects of air pollution.3,45

Model (7) examines health system policies, revealing that national 
strategies for managing respiratory and cardiovascular diseases reduce 
pollution-related mortality. Proactive health policies targeting 
pollution-induced diseases contribute to better health outcomes.17,23

However, the interaction term between CO2 emissions and health sys
tem resilience indicators in Models (2) to (7) is statistically insignificant, 
suggesting that even strong health systems may not fully counteract the 
harmful effects of CO2 emissions. This implies that while health systems 

can mitigate pollution-related mortality, their capacity to address the 
long-term impacts of CO2 emissions is limited. These findings align with 
existing literature on the limitations of healthcare interventions in 
addressing environmental mortality.39,40 The lack of significance sug
gests that health system improvements may be more effective for 
short-term health crises than for long-term environmental stressors, 
reinforcing the need for integrated policies combining healthcare with 
environmental regulation.49,51

4. Discussion

This study integrates health system resilience within the broader 
discourse on climate adaptation and public health governance, 
contributing to the WHO’s Operational Framework for Climate-Resilient 
and Low-Carbon Health Systems.8,59 Our findings provide evidence for 
policymakers to design integrated health and environmental policies 
that strengthen health system resilience while advancing climate miti
gation efforts.22,59,60 Given the escalating public health threats posed by 
environmental degradation, understanding how healthcare systems can 
act as buffers against climate-induced health risks is essential for 
achieving sustainable, equitable, and climate-resilient health outcomes 
globally.1,6,23,61 This study highlights the significant and persistent 
impact of environmental degradation—particularly PM2.5 exposure and 
CO2 emissions—on air pollution-related mortality.5–8,18,23

Notably, CO2 emissions per unit of GDP are also found to be posi
tively and significantly associated with mortality outcome across most 
model specifications. The persistence of this effect, even when control
ling for PM2.5 exposure, highlights an important but often overlooked 
dimension of environmental health research: the indirect health conse
quences of CO2 emissions. While CO2 itself is not directly toxic at 
ambient levels, it contributes to climate change, which in turn exacer
bates health risks through mechanisms such as rising temperatures, 
increased frequency and intensity of wildfires, and higher ozone and 
secondary pollutant formation.22,39 These indirect pathways can lead to 
worsening respiratory health, heat-related illnesses, and vector-borne 
diseases, underscoring the complex interplay between climate change 
and public health.21 This result lends empirical support to prior studies 
that emphasise the broader health burdens associated with climate 
change, beyond just conventional air pollutants.16,17 These results 
demonstrate a robust positive relationship between CO2 emissions and 
poor health outcomes. The findings imply that while PM2.5 pollution 
remains a critical determinant of respiratory and cardiovascular dis
eases, policy interventions that solely focus on controlling fine partic
ulate matter may be insufficient to fully mitigate the adverse health 
impacts of environmental degradation. Instead, addressing the indirect 
health effects of CO2 emissions—through climate mitigation policies, 
emission reductions, and adaptation strategies—should be an integral 
component of public health planning and environmental policy. 
Together, these findings emphasise the direct and indirect significant 
effects of environmental resource depletion in driving adverse health 
outcomes across countries.

The results also underscore that while strong healthcare systems can 
mitigate some of the immediate health effects of air pollution, they are 
not sufficient to counteract the long-term adverse health consequences 
of environmental degradation, particularly those driven by CO2 emis
sions and climate change.15,19,20,23 The insignificant interaction terms 
between CO2 emissions and healthcare system resilience indicators 
suggest that investments in health infrastructure, accessibility, quality, 
and policies, while beneficial for overall health outcomes, do not fully 
neutralize the harmful effects of environmental degradation.59–61 This 
reinforces the urgent need for a multidimensional policy approach that 
integrates healthcare improvements with robust environmental pol
icies.6,23 While health system capacity plays an important role in 
reducing pollution-related mortality, many of the pathways linking CO2 
emissions to health operate outside the health sector, through energy 
systems, environmental regulation, labour conditions, and urban 
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infrastructure. This reinforces that effective mitigation of 
climate-related health risks requires cross-sectoral policies that extend 
beyond healthcare provision alone.Previous studies have examined the 
health impacts of air pollution while accounting for temperature vari
ation or testing temperature–pollution interaction effects, particularly in 
relation to heat-related mortality.33,34,36,38 However, this literature 
typically focuses on short-term climatic fluctuations or episodic heat 
exposure, treating temperature as a transient stressor rather than a 
structural driver of long-run environmental change. In contrast, this 
study adopts a cumulative climate risk perspective by using CO2 emis
sions as a proxy for sustained climatic stress, consistent with research 
emphasizing the long-term health implications of global warming, 
ecosystem disruption, and chronic disease pathways.4,23,24 This 
approach enables joint analysis of direct pollution exposure (PM2.5) and 
indirect climate-mediated risks within a unified cross-country frame
work, extending prior work that has examined temperature, heat vari
ation, or particulate pollution in isolation.6,15,16

While prior research has explored the health effects of air pollution 
or climate change, these studies typically analyse single pollutants (e.g. 
PM2.5) or assess health impacts without considering the moderating 
role of health systems.12,14,19,22,29 This study contributes to the litera
ture by adopting a multidimensional framework that integrates both 
direct pollutants (PM2.5) and broader indicators of environmental 
degradation (CO2), and by systematically analysing how different as
pects of health system resilience—namely infrastructure, accessibility, 
quality, and policy—mediate these effects in a global cross-country 
setting. This approach enables a more comprehensive understanding 
of how health systems can buffer environmental health risks, particu
larly in low-resource contexts.

Strong national health policies targeting respiratory and cardiovas
cular diseases can significantly reduce pollution-related mortality, as 
shown in this study.53,54 Countries with well-developed public health 
strategies—such as air pollution monitoring programs, early warning 
systems for pollution spikes, and national disease management 
plans—exhibit greater resilience to environmental health crises.14,15

While healthcare system resilience improvements play a crucial role in 
reducing the mortality burden of air pollution, they cannot fully coun
teract the adverse health effects of environmental degradation on their 
own.9–12,14,20 The findings emphasise that addressing air pollution 
mortality requires an integrated approach that combines healthcare 
system strengthening with proactive environmental policies.18,50,53

Governments and international organisations should work collabora
tively to implement cross-sectoral strategies that align public health 
goals with environmental sustainability efforts.50 Strengthening 
healthcare infrastructure, ensuring universal access to quality care, and 
implementing targeted health policies are critical steps in reducing 
pollution-related health risks.25,31 However, these efforts must be 
complemented by aggressive climate action, including emissions 
reduction strategies, investments in renewable energy, and urban 
planning policies that promote cleaner air and healthier environ
ments.22,23,59 Without such comprehensive and coordinated policies, 
the long-term health risks of environmental degradation will continue to 
challenge even the most well-developed healthcare systems.59,61,62

This study offers an innovative contribution by empirically exam
ining how multiple dimensions of health system resilience moderate the 
relationship between environmental degradation and mortality across a 
large, global sample—an area that remains underexplored despite its 
growing policy relevance, particularly for low- and middle-income 
countries. Despite its contributions, this study has some limitations. 
First, the use of country-level aggregate data may obscure within- 
country inequalities in health system access and pollution exposure. 
Second, while the study includes a wide set of resilience indicators, data 
availability limited the inclusion of variables such as emergency pre
paredness or climate-specific health adaptation strategies. Third, causal 
inference is limited by the observational nature of the data, and while 
the associations are robust, endogeneity concerns, such as reverse 

causality between health outcomes and system investments, remain. 
Finally, differences in data quality and reporting standards across 
countries may affect comparability.
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