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a b s t r a c t 

Ambient fine particulate matter (PM2.5 ) pollution causes the largest environmental health risk globally, yet ex- 
posure levels and the resulting health risks vary across countries with different income levels. Global wealth 
inequality has intensified in recent years, yet the relationship between wealth inequality and health risks related 
to PM2.5 pollution remains poorly understood. In this study, we evaluated the global mortality and health cost at- 
tributable to PM2.5 exposure from 2017 to 2021, and analyzed the relationship between wealth inequality, PM2.5 

pollution, and the associated health risks across regions with varying economic levels. We found a consistent 
decline in mortalities and health costs attributable to PM2.5 exposure from 2017 to 2020, followed by a rebound 
after 2020, driven primarily by the resurgence of PM2.5 concentrations and a deceleration in the reduction of 
baseline mortality rates. We also found that the average PM2.5 concentration and associated risks decrease as 
domestic wealth inequality decreases and national income level increases. However, regions with extremely high 
levels of wealth inequality consistently show lower national average PM2.5 concentrations and health risks. These 
findings highlight the need to consider healthcare security during emergencies, as well as policy fairness across 
economic regions, in the formulation of global PM2.5 pollution control measures to promote sustainable, more 
equitable economic growth and coordinated air pollution management. 
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. Introduction 

Data from the World Health Organization (WHO) indicates that al-
ost everyone in the globe (99 %) breathes air that exceeds WHO’s

uideline thresholds, with the highest exposure levels found in low- and
iddle-income countries/regions ( Huang et al., 2024 ; WHO, 2021a ).
ccording to the Global Burden of Disease, Injuries, and Risk Factors
tudy (GBD) 2021, particulate matter air pollution (including ambient
nd household particulate matter pollution) is the leading contributor
o the global disease burden in 2021, ranking as the first largest risk
actor for human health ( Brauer et al., 2024 ). Especially, ambient fine
articulate matter (PM2.5 ) exposure increases the incidence and mortal-
ty rates of cardiovascular and respiratory diseases, as well as lung can-
er ( Bai et al., 2022 ; Li et al., 2018 ). Additionally, emerging evidence
uggests that PM2.5 pollution impacts other organ systems ( Kang et al.,
024 ; Tong et al., 2023 ). Burden of disease assessments should compre-
ensively reflect all relevant exposure-response relationships and their
ffects on disease and mortality in target populations, which is criti-
∗ Corresponding author at: College of Atmospheric Sciences, Lanzhou University, L
E-mail address: hjp@lzu.edu.cn (J. Huang) . 
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al for guiding population-based prevention efforts ( Sigsgaard and Hoff-
ann, 2024 ). Meanwhile, the health burden caused by PM2.5 pollution

lso imposes a significant economic burden ( Yin et al., 2021 , 2024 ). In
any countries, the value of statistical life (VSL) is an important com-
onent of policy cost-benefit analysis ( Miller, 2000 ). 

In recent years, global air pollution and its associated health bur-
en have shown a downward trend ( Yu et al., 2024 ; Zhou et al., 2024 ).
owever, the global Corona Virus Disease 2019 (COVID-19) pandemic,
hich emerged at the end of 2019, has significantly impact the health-

are systems of most countries/regions, causing the world to deviate
rom the path of achieving the “Triple Billion ” targets and the health-
elated Sustainable Development Goals (SDGs) ( Organization, 2021b ;
ei et al., 2023 ). COVID-19 has become an obstacle to health im-

rovement in most regions globally, and its impact on PM2.5 concen-
rations, mortality rates, and health costs varies across different regions
 IHME, 2024 ; Sachs et al., 2022 ; Wang et al., 2022 ), further exacerbating
xisting inequalities ( Antonia and Simion, 2023 ; Vonderschmitt et al.,
023 ). 
anzhou 730000, China. 
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While reducing air pollution can undoubtedly yield substantial
ealth and economic benefits ( Lian et al., 2023 ), merely lowering at-
ospheric PM2.5 concentrations may not necessarily alleviate the as-

ociated mortality burden and health costs ( Zhao et al., 2024 ). In the
ramework of policy analysis, VSL is a key parameter for assessing the
ealth benefits of environmental, transportation, and public health poli-
ies ( Keller et al., 2021 ). Based on the VSL-derived PM2.5 health loss
odel, a decomposition of driving factors (including PM2.5 concentra-

ion, population size, age structure, and healthcare quality) allows for
he exploration of significant differences in the health burden caused
y PM2.5 exposure across different countries/regions ( Yue et al., 2024 ;
hao et al., 2024 ). Understanding how these socioeconomic drivers in-
uence the international disparities in air pollution-related mortality
nd health cost is critical for advancing global health and development.

In fact, many existing studies focus on the assessment of health
isks and economic losses caused by air pollution ( Ku ź ma et al., 2024 ;
iu et al., 2022 ; Pozzer et al., 2023 ). However, studies that associate
lobal wealth inequality with PM2.5 -related health risks and economic
osts, and discuss the relationship between them, remain scarce. Driven
y long-term population and socio-economic factors, coupled with the
requent occurrence of major public health events and extreme climate
vents, air pollution remains an urgent global public health challenge.
hus, this study aims to reveal the spatiotemporal distribution of prema-
ure deaths and health costs caused by PM2.5 pollution exposure glob-
lly from 2017 to 2021, and their relationship with regional wealth in-
quality. By integrating socio-economic data, this study analyzes the
patiotemporal variations in PM2.5 -related mortality rates and health
osts across regions with varying income levels and wealth disparities,
hile identifying the key drivers underlying these patterns. Quantifying

he impacts of these various risk factors on health will aid in formulat-
ng more effective national-level public health policies and prioritizing
he allocation of scarce resources by identifying and addressing the most
ritical risk factors. 

. Methods 

.1. Integrated assessment framework 

This study utilized a global high-resolution (1 km × 1 km) dataset
f assimilated ambient PM2.5 concentrations collected from 2017 to
021 ( Wei et al., 2023 ). To estimate the mortality burden and asso-
iated health costs attributed to PM2.5 pollution exposure (MBAPP and
CAPP) from five specific causes (chronic obstructive pulmonary dis-
ase (COPD), ischemic heart disease (IHD), stroke (STR), lung cancer
LC), and lower respiratory infections (LRIs)) of death, we applied the
lobal Exposure Mortality Model (GEMM) and an age-adjusted Value of
 Statistical Life Year (age-adjusted VSLY) approach, analyzing 20 age
roups (in increments of 5 years, the age range spans from 0 years to 95
ears and above). Furthermore, we quantified the impacts of five key
riving factors-population growth, population aging, improved health
are, PM2.5 exposure, and GDP growth-on the health costs attributable
o PM2.5 pollution-related mortalities across four income-level regions:
ow income countries (LIC), lower middle income countries (LMIC), up-
er middle income countries (UMIC), and high income countries (HIC)
 Hamadeh et al., 2023 ). To assess the influence of income inequality,
e further categorized regions by Gini index into four groups: low Gini

ndex (LGI, 0− 25 %), lower-middle Gini index (LMGI, 25 %− 50 %),
pper-middle Gini index (UMGI, 50 %− 75 %), and high Gini index (HGI,
5 %− 100 %). 

.2. Mortality burden assessment 

In this study, we assessed the five causes of mortality associated to
mbient PM2.5 pollution exposure applying the GEMM ( Burnett et al.,
018 ). The GEMM parameters are shown in Table S1. Gridded baseline
472
ortality data and population structure data were generated by map-
ing national data onto the grid cells of 0.1° × 0.1°. Then the grid ( i ),
ear ( y ), cause ( c ), and age group ( a ) mortality burden attributed to
M2.5 pollution (MBAPP) was estimated with the following equation: 

𝐵𝐴𝑃𝑃𝑖,𝑦,𝑐,𝑎 = 𝐸0𝑖,𝑦,𝑐,𝑎 × 𝐴𝐹𝑖,𝑦,𝑐,𝑎 × 𝑃 𝑜𝑝𝑖,𝑦,𝑎 (1)

𝐹𝑖,𝑦,𝑐,𝑎 =
(
𝑅𝑅𝑖,𝑦,𝑐,𝑎 − 1 

)
∕𝑅𝑅𝑖,𝑦,𝑐,𝑎 (2) 

here, 𝐸0𝑖,𝑦,𝑐,𝑎 represents the grid cell ( i )-, year ( y )-, age ( a )-, and
ause ( c )-specific baseline mortality rate of the exposed population, ob-
ained from the 2021 GBD study ( Brauer et al., 2024 ); 𝐴𝐹𝑖,𝑦,𝑐,𝑎 is the
ttributable fraction of relative risks induced by PM2.5 pollution, calcu-
ated using Eq. (2); 𝑃 𝑜𝑝𝑖,𝑦,𝑎 is the exposure population at each grid, each
ear, and each age group. It is important to note that the gridded popu-
ation data is only updated until 2020, here the 2021 gridded population
ata still relies on the 2020 data. 

The relative risk ( RR ) refers to the risk of mortality from specific
iseases due to exposure to PM2.5 pollution. Here, 𝑅𝑅𝑖,𝑦,𝑐,𝑎 represents
he risk for each grid cell ( i ), year ( y ), cause ( c ), and age group ( a ),
hich is calculated as follows: 

𝑅𝑖,𝑦,𝑐,𝑎 = 𝑒𝑥𝑝

⎧ ⎪ ⎨ ⎪ ⎩ 
𝜃𝑐,𝑎 𝑙𝑔

⎛ ⎜ ⎜ ⎜ ⎝ 
𝑧𝑖,𝑦 

𝛼𝑐,𝑎 + 1 

⎡ ⎢ ⎢ ⎢ ⎣ 
1 

1 + 𝑒𝑥𝑝

(
− 𝑧𝑖,𝑦 −𝜇𝑐,𝑎 

𝑣𝑐,𝑎 

)
⎤ ⎥ ⎥ ⎥ ⎦ 
⎞ ⎟ ⎟ ⎟ ⎠ 
⎫ ⎪ ⎬ ⎪ ⎭ 

(3) 

𝑖,𝑦 = 𝐶𝑖,𝑦 − 𝐶0 (4) 

here, 𝐶𝑖,𝑦 is the ambient PM2.5 concentration at grid cell ( i ) and year
 y ), and 𝐶0 is the counterfactual PM2.5 concentration below which no
dditional risk takes place. Here we used 𝐶0 = 5 μg ∕m3 , as recommended
y the World Health Organization. 𝜃𝑐,𝑎 , 𝛼𝑐,𝑎 , 𝜇𝑐,𝑎 , and 𝑣𝑐,𝑎 are the param-
ters of Eq. (3) shown in the Appendix A Table S1 . 

The GBD and World Health Organization (WHO) treat mortality and
LL (years of life lost) as equally appropriate metrics for measuring the
ealth burden of air pollution ( Brauer et al., 2024 ; WHO, 2021 ). Fur-
hermore, subsequent calculations for age-adjusted health costs are also
ased on YLL. The YLL of each cause c , at age a , at grid cell i , and in
ear y is given by Eq. (5) : 

 𝐿𝐿𝑖,𝑦,𝑐,𝑎 = 𝑀𝐵𝐴𝑃𝑃𝑖,𝑦,𝑐,𝑎 × 𝐿𝐸𝑖,𝑦,𝑎 (5)

here, 𝑀𝐵𝐴𝑃𝑃𝑖,𝑦,𝑐,𝑎 is the number of mortalities, 𝐿𝐸𝑖,𝑦,𝑎 is life ex-
ectancy. 

.3. Health cost assessment 

Here, the health costs attributed to PM2.5 pollution exposure
HCAPP) refers to the monetised estimate of the welfare loss due to
ortality related to ambient PM2.5 exposure ( Yin et al., 2024 ). Using

he age-VLSY method to estimate HCAPP, the calculation formula is as
ollows: 

CAP P𝑖,𝑦,𝑐,𝑎 =
∑(

𝑉 𝑆𝐿𝑌𝑖,𝑦,𝑐,𝑎 × 𝑌 𝐿𝐿𝑖,𝑦,𝑐,𝑎 
)

(6) 

 𝑆𝐿𝑌𝑖,𝑦,𝑐,𝑎 =
𝑉 𝑆𝐿𝑂𝐸𝐶𝐷 ×

( 

𝐺𝐷𝑃𝑖,𝑦 

𝐺𝐷𝑃𝑂𝐸𝐶𝐷,𝑦 

) 𝑒 

× 𝐿𝐸𝑖,𝑦,𝑎 

𝐿𝐸𝑖,𝑦,𝑚𝑒𝑎𝑛 
× 𝑤𝑎 

𝑤𝑚𝑒𝑎𝑛 ∑𝑇 

𝑎 

[
𝑃𝑎 ×

(
1 + 1∕( 1 + 𝛾) 𝑇− 𝑎 −1 

)] (7) 

here, 𝑉 𝑆𝐿𝑌𝑖,𝑦,𝑐,𝑎 is the age-adjusted VSLY, the subscript i in VSLY de-
otes national-level data that is applied to each grid cell; 𝑌 𝐿𝐿𝑖,𝑦,𝑐,𝑎 is the
ears of life lost, calculated using Eq. (5) ; 𝑉 𝑆𝐿𝑂𝐸𝐶𝐷 is the base VSL from
he Organisation for Economic Co-operation and Development (OECD)
ountries; 𝐺𝐷𝑃𝑖,𝑦 is the gross domestic product (GDP) per capita;
𝐷𝑃𝑂 𝐸𝐶𝐷 is the average GDP per capita of OECD counties; e is the in-
ome elasticity of VSL in each country; 𝐿𝐸 is life expectancy; w is the
ealth in each country; 𝑃𝑎 represents the survival probability at age a in

 region, 𝛾 denotes the discount rate, and T refers to the age of expected
eath at age a . Country-specific GDP per capita from 2017 to 2021 was
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ollected from the World Bank database ( https://data.worldbank.org/ ).
he economic data are adjusted to purchasing-power-parity (PPP) dol-

ars in 2021. 

.4. Health cost decomposition 

To examine potential drivers that contribute to HCAPP, we decom-
osed the health costs into five factors, including (1) population growth,
2) population aging, (3) health care, (4) PM2.5 exposure, and (5) GDP
er capita growth. The contributions of each driver were estimated over
wo periods: 2017–2020, and 2020–2021. Further details are presented
n Appendix A Text S1 . A glossary of the abbreviations used in this study
as listed in Appendix A Table S2 . 

.5. Uncertainty analysis 

In this study, we utilized gridded PM2.5 concentration and popu-
ation data, as well as national-/regional-level health benchmarks and
opulation structure data. To address potential inconsistencies in data
patial resolution, we applied methods such as downscaling and data
llocation to align datasets and resolve issues of scale mismatches. To
uantify uncertainty in the estimates, we performed 10,000 Monte Carlo
imulations using Crystal Ball software to estimate the 95 % confidence
ntervals (CI95) for mortality and health cost estimates. Key parame-
ers, such as baseline mortality rates, survival probabilities, and life ex-
ectancy, were assumed to follow normal distributions, with standard
eviations derived from historical data and literature. PM2.5 concentra-
ions were assumed to follow a uniform distribution to reflect variabil-
ty across regions. Other parameters were treated as constants to isolate
pecific sources of uncertainty 

. Results 

.1. Mortality burden and health cost 

Through concerted efforts by countries worldwide, significant
rogress has been made in mitigating air pollution in recent years
 Li et al., 2023 ). However, the outbreak of COVID-19 at the end of 2019
ed to a sharp decline in air pollution in some regions, followed by a
ubsequent rebound as restrictions were lifted. The decline in life ex-
ectancy during the COVID-19 pandemic and the impediment to health
mprovements have highlighted the health vulnerabilities faced by dis-
dvantaged populations across different economic structures. Similar
o the spatial distribution of PM2.5 concentrations, premature deaths
eclined in most regions globally in 2020 compared to 2019, with in-
reases observed in the United States, parts of South America, and cen-
ral Africa (Appendix A Fig. S1a ). By 2021, premature deaths rebounded
n regions such as India and parts of Europe, with notable increases com-
ared to 2020 in India, Europe, northern Africa, the Middle East, and
arts of China (Appendix A Fig. S1b and S1c ). 

From a global perspective, global MBAPP and HCAPP decreased from
017 to 2020 but increased after 2020. Our findings reveal that 1.04
illion (95 % confidence interval [CI95]: 0.69–1.36 million) MBAPP

lobally in 2017, declining to 0.81 million (CI95: 0.54–1.06 million)
y 2020 ( Fig. 1 a ), before rebounding to 0.88 million (CI95: 0.58–1.15
illion) in 2021. Similarly, HCAPP experienced a slight rebound post-
020, with the HCAPP amounting to 0.62 trillion US$ (CI95: 0.40–1.82
rillion US$) by 2021 Fig. 1 b ). In the context of increasing global ageing,
he proportion of global MBAPP and HCAPP among the 65 + population
as steadily increased, reaching 78.07 % and 35.95 % in 2021 (Appendix
 Fig. S2 ), respectively. 

From the perspective of regions with different income levels, mid-
le income regions (including LMIC and UMIC) are the regions with
he highest MBAPP and HCAPP, driving the global trend. All four in-
ome level regions experienced a decline before 2020, followed by an
ncrease from 2020 to 2021, with the HIC regions showing the fastest
473
ate (16.4 % and 16.1 %, respectively) of increase after 2020 (shown
n Appendix A Tables S3 and S4 ). Older populations, particularly those
ged 65 and above, remain highly vulnerable to mortalities caused by
M2.5 pollution exposure ( Fig. 1 a and b ). However, in HIC regions, the
roportion of MBAPP and HCAPP among the 65 + age group have shown
uctuating downward trend (the dashed lines in Fig. 1 c and d represent
he proportion of MBAPP and HCAPP among the 65 + age group in dif-
erent economic level regions). Despite the ongoing intensification of
opulation aging in HIC areas, this trend is primarily attributed to im-
rovements in healthcare for the elderly population. 

.2. Mortalities and income inequality 

The five countries with the highest five-year average MBAPP are
hina (48.79 10k, CI95: 32.40–63.89 10k), India (27.23 10k, CI95:
8.08–35.66 10k), Pakistan (2.72 10k, CI95: 1.81–3.56 10k), Egypt
2.12 10k, CI95: 1.41–2.77 10k), and Nigeria (1.33 10k, CI95: 0.88–1.74
0k), accounting for 88 % of the global total MBAPP ( Fig. 2 a ). Among
hese countries, only China falls under UMIC, while the other four are
lassified as LMIC. The highest MBAPP are concentrated in regions with
igh average PM2.5 concentrations and large populations in lower in-
ome regions. Meanwhile, China (452.14 billion US$, CI95: 293.17–
97.50 billion US$), India (99.03 billion US$, CI95: 64.21–130.87 bil-
ion US$), Saudi Arabia (26.92 billion US$, CI95: 17.46–35.58 billion
S$), Egypt (15.81 billion US$, CI95: 10.25–20.90 billion US$), and
outh Korea (10.74 billion US$, CI95: 6.97–14.20 billion US$) are the
ve countries with the highest five-year average HCAPP, accounting for
5.64 % of the global total HCAPP ( Fig. 2 b ). Among these five coun-
ries, Saudi Arabia and South Korea are classified as HIC. Due to the
alculation methods, we found that countries with higher HCAPP are
redominantly located in UMIC and HIC regions. The details of the re-
ationship between PM2.5 concentration and wealth inequality shown in
ppendix A Text S2 . 

Despite the fact that income levels have risen in most countries glob-
lly in recent years, nearly half of the countries/regions exhibited a
rend of increasing wealth inequality between 2017 and 2021, particu-
arly in UMIC and HIC regions (Appendix A Figs. S3 and S4 ). In these
wo income level regions, 53.7 % and 61.5 % of the countries experi-
nced an increase in their Gini index. So, what is the relationship be-
ween changes in income levels and wealth inequality and the mortality
nd health costs in different regions? Our study found that in the sample
f 194 countries/regions with varying income levels (including 25 LIC,
3 LMIC, 48 UMIC, and 65 HIC regions), mortalities per million exposed
ncreased with rising wealth inequality and decreased with higher per
apita GDP. Specifically, MBAPP increased by 0.52 million for each 1 %
ise in the Gini index ( Fig. 2 c ), and decreased by 0.21 million for ev-
ry 1000 US$ increase in GDP per capita ( Fig. 2 e ). Similarly, HCAPP in
ountries/regions increased by 1.53 US$ for each 1 % rise in the Gini
ndex ( Fig. 2 d ), and decreased by 1.19 US$ for every 1000 US$ increase
n GDP per capita ( Fig. 2 f ). MBAPP is inversely correlated with GDP
er capita, while HCAPP is positively correlated with GDP per capita.
his phenomenon is mainly related to the different calculation meth-
ds of the two metrics. Although HCAPP increases with the rise in GDP
er capita, after GDP per capita reaches a certain level and MBAPP de-
reases to a certain extent, HCAPP will start to decrease ( Lian et al.,
023 ). Therefore, reducing wealth inequality and raising income lev-
ls across countries will effectively reduce MBAPP, thereby lowering
CAPP. 

To further explore the relationship between income levels, wealth in-
quality, and MBAPP and HCAPP, we analyze the correlations of these
etrics with countries grouped by income levels and wealth inequal-

ty. We found that regions with the highest mortality rates per million
xposed are primarily located in LMIC or UMIC regions ( Fig. 3 a ). In
erms of wealth inequality, regions with the highest mortalities per mil-
ion exposed are concentrated in LMGI and UMGI region ( Fig. 3 b ). It
an be observed that in lower income regions, mortality rates increase

https://data.worldbank.org/


L. Lian, J. Huang, S. Chen et al. Journal of Environmental Sciences 159 (2026) 471–479

Fig. 1 – Mortalities ( a , unit: million (left Y-axis)) and health costs ( b , unit: 2021 US$, trillion (left Y-axis)) globally, along with the percentage change in population 
aged 65 + (right Y-axis, represented by red lines). Mortalities ( c , unit: million (left Y-axis)) and health costs ( d , unit: 2021 US$, trillion (left Y-axis)) across regions 
with four income levels, along with their respective percentage changes in the population aged 65 + (right Y-axis, represented by dashed lines). IHD: ischemic heart 
disease ; STR: stroke; COPD: chronic obstructive pulmonary disease; LC: lung cancer; LRI: lower respiratory infections; LIC: low income countries; LMIC: lower middle 
income countries; UMIC: upper middle income countries; HIC: high income countries. 
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ith the rise in per capita GDP, indicating that economic development
omes at the expense of public health. In contrast, only in HIC regions
here the economy has reached a certain level, can economic growth
ccur without compromising air quality and public health ( Fig. 3 c ). In
egions with lower levels of wealth inequality (LGI and LMGI), mor-
ality rates increase with rising Gini index. Conversely, in regions with
igher levels of wealth inequality (UMGI and HGI), mortality rates de-
rease as the Gini index increases ( Fig. 3 d ). In regions with lower Gini
ndices, an increase in wealth inequality may have a more pronounced
egative impact on lower socio-economic classes, potentially leading
o a deterioration in public health services and higher mortality rates.
n contrast, regions with higher Gini indices are often more economi-
ally developed and have likely established mechanisms that mitigate
he negative health impacts of inequality. In high Gini index regions,
urther increases in inequality may trigger greater wealth redistribution
hrough tax policies or social welfare programs. Some highly unequal re-
ions may benefit from cross-class income redistribution, which could
educe health risks associated with poverty, thereby even lowering mor-
ality rates. In fact, due to the redistribution effect, mortality rates may
ecrease. The change in mortality rates with wealth inequality follows
 pattern similar to the environmental Lorenz curve. 

.3. Driving factors of health cost 

Global PM2.5 concentrations continuously declined from 2017 to
020, with an average decrease of 24.31 % in HIC regions. However, this
rend reversed after 2020, with average PM2.5 concentrations in HIC re-
ions rising by 8.52 % ( Fig. 4 a ). Population aging continued to increase
cross all regions globally, particularly in HIC areas, where the propor-
ion of the 65 + population rose from 17.64 % to 18.90 % ( Fig. 4 c ). The
eclining trend in mortality rates due to outdoor PM2.5 exposure also
474
anished after 2020 ( Fig. 4 d ), while per capita GDP rebounded in 2021
fter declining in 2020 ( Fig. 4 e ). These trends are likely influenced by
he global COVID-19 pandemic that erupted at the end of 2019. The
ombined changes in these factors have led to shifts in premature mor-
ality and health losses, which will be further analyzed in the following
ections. 

To further explore the impact of various driving factors on HCAPP,
e decomposed the five key drivers. From a global perspective, HCAPP
ecreased by 226.00 billion US$ (27.3 %) from 827.70 billion US$ in
017 to 601.70 billion US$ in 2020, with the reduction in PM2.5 con-
entration (decreased by 639.20 billion US$) being the primary nega-
ive driving factor, followed by the health care (decreased by 490.67
illion US$) (Appendix A Fig. S5 ). However, after 2020, there was a
ebound, with HCAPP increasing by 21.72 billion US$ ( + 3.61 %), pri-
arily driven by a reversal in health care improvements (increased by
.08 billion US$, + 1.79 %) (Appendix A Fig. S5 ). 

Specifically, in regions with different income levels, HCAPP de-
reased across all four income-level regions prior to 2020, driven by the
egative contributions of health care and PM2.5 concentration reduc-
ions (shown in Fig. 5 ). After 2020, however, HCAPP increased. In LIC
egions, although GDP per capita continued to show a slow decline, the
ebound in PM2.5 concentration led to an increase in HCAPP ( Fig. 5 a ). In
ll regions except LIC, health care became the largest positive driving
actor, resulting in the rise in HCAPP ( Fig. 5 b-d ). Additionally, PM2.5 
oncentration rebounded in LMIC regions ( Fig. 5 b ). This suggests that
ost countries and regions were unprepared to cope with the COVID-19
andemic, which led to an increase in MBAPP and HCAPP. 

In summary, global PM2.5 concentrations have significantly declined
n recent years. However, the outbreak of the COVID-19 pandemic has
lowed this downward trend in most regions, and even led to signs
f a rebound. Meanwhile, the pace of global population aging has not
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Fig. 2 – Spatial distribution of annual mortality burden attributed to PM2.5 pollution (MBAPP) ( a , unit: 10k) and health costs attributed to PM2.5 pollution (HCAPP) 
( b , unit: US$, billion). Relationships between mortalities per million exposed and the Gini index ( c ), health costs per million exposed and Gini index ( d ), mortalities 
per million exposed and GDP per capita ( e ), and health costs per million exposed and GDP per capita ( f ). The red line represents the binomial fit model, with the 
shaded area indicating the 95 % confidence interval. n denotes the sample size, Slope represents the slope of the linear fit, and P indicates the Pearson correlation 
coefficient. 
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lowed, and the pandemic has exposed severe shortages in health care
esources worldwide, exacerbating the burden of deaths attributable to
M2.5 exposure. Mortalities and health costs have shown a significant
pward trend. 

. Discussion 

Strengthening global health care emergency response capabilities re-
ain a critical priority for addressing health risks associated with PM2.5 

xposure. However, relying solely on improvements in healthcare sys-
ems cannot comprehensively tackle global environmental health chal-
enges. Understanding the driving forces behind international disparities
s crucial for addressing the unequal distribution of mortality burdens
nd promoting global development. Our findings reveal that mortality
ates associated with PM2.5 exposure increase with heightened wealth
nequality between countries but decrease as per capita GDP rises. How-
ver, variations in mortality rates among countries within different in-
ome levels and wealth inequality brackets are inconsistent, highlight-
475
ng the complex and dynamic relationship between economic develop-
ent and environmental health. 

Firstly, we found a positive correlation between domestic wealth in-
quality and the health risks associated with PM2.5 exposure. Specifi-
ally, in countries within different wealth inequality brackets, in regions
ith lower levels of wealth inequality, greater wealth inequality is as-

ociated with higher mortality rates. However, in regions with higher
ealth inequality, increased wealth inequality is associated with a de-

line in mortality rates. This can be interpreted as a distorted form of
he environmental Lorenz curve. Further explanation suggests that in
egions with lower wealth inequality, a rise in inequality is typically
ccompanied by rapid social and industrial development, which tends
o weaken the resources and health conditions of lower socio-economic
roups, leading to higher mortality rates. In contrast, in regions with
igher wealth inequality, further exacerbation of inequality is often ac-
ompanied by the functioning of social adaptation mechanisms, eco-
omic growth, and improvements in the health of the affluent, resulting
n a decline in overall mortality rates. This indicates that policymak-
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Fig. 3 – Mortality rates and wealth inequality. Scatter plot with boxplots of mortality rates for four income levels ( a ) and four Gini index levels ( b ), the lines in the 
boxplot represents the median, the black dots represent the mean value, and the colored scatter points represent the mortality rates for all countries/regions over 
the five years. The two bottom sub figures represent scatter plots of GDP per capita ( c ), Gini index ( d ) and mortality rates across four income levels and four Gini 
index levels, the blue scatter points correspond to LIC and LGI level, the red scatter points correspond to LMIC and LMGI levels, the green scatter points correspond 
to UMIC and UMGI levels, and the yellow scatter points correspond to HIC and HGI levels, the red lines represent binomial fit models, with the 95 % confidence 
interval indicated by the shaded area, Slope refers to the slope of the linear fit, and P denotes the Pearson correlation coefficient. 
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rs need to design targeted interventions based on different inequality
rackets. 

Overall, the increase in income levels is associated with a reduc-
ion in PM2.5 exposure-related mortality rates. In fact, within different
ncome brackets, income growth (usually accompanied by industrializa-
ion) is associated with an increase in PM2.5 exposure-related mortality.
nly when income levels reach the high-income bracket does economic
evelopment occur without a corresponding increase in health burdens.
his suggests that economic development in low-income regions must
e coupled with strict pollution control measures to prevent economic
rowth from becoming a cost to public health. By promoting effective
nvironmental regulations and technological innovations, such as the
ndustrial emission reduction policies of certain high-income countries,
 win-win scenario can be achieved where both economic and health
enefits are realized alongside economic growth. 

Therefore, implementing stringent PM2.5 emission reduction mea-
ures, increasing income levels, and reducing wealth inequality are ef-
ective strategies for lowering premature deaths and health costs due
o PM2.5 exposure. However, policies should still be tailored to re-
ions with different levels of wealth inequality and income. Particularly
or lower-middle-income regions, economic development must be com-
ined with strict PM2.5 emission controls, as reducing air pollution will
ead to significant health benefits. 

Vulnerable groups (including populations in low-income regions as
ell as the elderly) face the highest risks from the health impacts of air
476
ollution, but they will also benefit the most from air pollution reduc-
ion policies ( Rentschler and Leonova, 2023 ). Therefore, policymakers
eed to prioritize these groups to maximize the benefits of these policies.
or example, through financial support and international aid, provid-
ng air pollution control technologies, funding, and medical equipment
o lower-middle-income regions can effectively reduce the health bur-
en from PM2.5 exposure. This not only helps to improve global health
nequalities but will also have a positive impact on global sustainable
evelopment. 

Air pollution has a global impact on health, but some of the most pol-
uted areas receive the least funding ( Fund, 2024 ). There are significant
egional disparities in funding for clean air projects, with low-income
ountries facing considerable resource shortages for clean air initiatives,
ven though these regions often require more urgent pollution control
nd health interventions ( Zhang et al., 2024 ). These regional dispari-
ies need to be addressed through international cooperation, such as the
stablishment of a global pollution control fund to provide long-term
upport to high-pollution, high-risk areas. 

At the same time, understanding the significant differences in the
elative contributions of various driving factors is crucial for formulat-
ng fair and targeted policies. These policies need to take into account
he specific balance of risk factors in countries at different stages of de-
elopment. This is especially important when considering the pollution
evels, changes in pollution sources, population structures, urbanization,
nd sudden major public health events across different regions. Indus-
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Fig. 4 – Driving factors affecting MBAPP and HCAPP. ( a ) The average PM2.5 concentrations ( 𝜇g/m3 ), ( b ) population numbers (billion), ( c ) the proportion of the 
population aged 65 + relative to the total population, ( d ) baseline mortality rate (per 100k), and (e) GDP per capita (2021 US$) globally and across four income 
level regions from 2017 to 2021. The gray dotted line represents the global average, the blue dotted line represents LIC regions, the red dotted line represents LMIC 
regions, the green dotted line represents UMIC regions, and the yellow dotted line represents HIC regions. 

Fig. 5 – Variation of five drivers in HCAPP from 2017 to 2021. ( a ) LIC, ( b ) LMIC, ( c ) UMIC, and ( d ) HIC. The positive and negative values above the black arrow 

line indicate HCAPP (2021 US$, billion), and positive and negative value indicate the contribution (2021 US$, billion) of each PM2.5 -related driving factor, shown 
in the upper left corner of ( a ) to the HCAPP. Values shown in the dark bars are the total HCAPP attributed to PM2.5 pollution (2021 US$, billion). 
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rialization and urbanization, along with population-intensive industrial
ctivities, may lead to a significant increase in localized PM2.5 exposure
isks, and policies should focus on how to effectively disperse pollution
ources and optimize urban planning. 

However, this study is not without limitations. The datasets used in
his research (e.g., health benchmarks and population data) may have
imitations in resolution and coverage, which restrict the spatial and
emporal precision of the results. Some analyses rely on linear corre-
ations, which may underestimate the interactions between nonlinear
nd complex systems. Future research could benefit from incorporat-
ng higher-resolution health and population structure data, especially in
ow-income countries, which would significantly improve the accuracy
f the models. Additionally, exploring more dimensions of driving fac-
ors (such as policy interventions, technological innovations, etc.) and
heir interactions, combined with regional case studies and macro analy-
es at the global scale, would help uncover the deeper causes of regional
isparities. 

. Conclusions 

Ambient fine particulate matter (PM2.5 ) poses one of the most crit-
cal environmental health challenges globally, contributing to millions
f premature deaths annually. While recent air pollution controls have
uccessfully reduced PM2.5 pollution and related health risks in many
egions, a concerning rebound has occurred since 2020. However, the
eduction in PM2.5 pollution has not entirely eliminated its associated
ealth risks. Additional driving factors contributing to increased health
isks include healthcare quality, population structure, and other socioe-
onomic dynamics. This underscores the need to not only address PM2.5 
oncentrations but also tackle disparities in healthcare infrastructure ex-
cerbated by wealth inequality, as well as the challenges posed by pop-
lation aging. And it is crucial to address the issue of medical resource
hortages during emergency situations, such as public health crises and
xtreme weather events. 

Our findings highlight the importance of integrating healthcare re-
ilience and equitable policies into global PM2.5 management strategies.
y reducing wealth disparities and strengthening healthcare infrastruc-
ure, particularly in low- and middle-income regions and during emer-
encies, more equitable health outcomes can be achieved, safeguarding
ulnerable populations. As nations strive for sustainable development,
olicies that balance economic growth with environmental health will
e essential in mitigating health burden induced by PM2.5 pollution and
nsuring long-term global health security. These strategies will not only
educe current inequalities but also promote a healthier, more sustain-
ble future for all. 
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