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Background: Ambient air pollution persists as a critical global health threat,

ranking fourth among risk factors for premature mortality. Despite decades of air

quality improvements in the U.S. through regulatory measures, persistent health

impacts remain, driven primarily by particulate matter (PM2.5) and ozone.

Objective: This study aimed to quantify long-term trends (1990–2021) in

air pollution-attributable disease burdens across U.S. states, evaluate the

e�ectiveness of existing policies, and identify priorities for future public health

strategies to address persistent and emerging risks.

Methods: Using the Global Burden of Disease (GBD) 2021 dataset, we analyzed

age-standardized mortality, disability-adjusted life years (DALYs), years of life lost

(YLLs), and years lived with disability (YLDs) attributable to PM2.5, ozone, and

household air pollution. Disease burdens were assessed for chronic obstructive

pulmonary disease (COPD), diabetesmellitus, ischemic heart disease (IHD), lower

respiratory infections, stroke, and lung cancer. Data were standardized to the

GBD reference population for comparability over time.

Results: From 1990 to 2021, PM2.5-attributable mortality declined by 80.5%,

with IHD deaths falling by 70.6% (79,684–23,433 deaths) and associated DALYs

by 71.2%. However, diabetes-related YLDs surged 97.4% nationally, reflecting

interactionswith obesity and lifestyle factors. Formerly high-pollution states (e.g.,

Indiana, Tennessee) achieved substantial (30%−40%) reductions in PM2.5-linked

DALYs for IHD and COPD, while California saw a 12.3% rise in diabetes DALYs. In

2021, residual burdens disproportionately a�ected older adults and males, with

IHDmortality rates 1.8 times higher inmen.Ozone-relatedCOPDdeaths showed

minimal decline despite falling ozone levels.
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FIGURE 5

Age- and sex-specific di�erences in the burden of six diseases attributable to air pollution in the US 2021. The panels show age-specific death and

DALYs rates for (A) Ischemic heart disease, (B) Chronic obstructive pulmonary disease, (C) Tracheal, bronchus, and lung cancer, (D) Stroke, (E) Lower

respiratory infections, and (F) Diabetes mellitus.
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FIGURE 6

Age-standardized burden of six diseases in 2021 and percentage changes from 1990 to 2021. (A) Age-standardized death rates by sex, 2021. (B)

Percentage change in death rates, 1990–2021. (C) Age-standardized DALYs rates by sex, 2021. (D) Percentage change in DALYs rates, 1990–2021.

FIGURE 7

Annual trends in deaths from six diseases attributable to PM2.5 and ozone exposure in the US, 2010–2020. (A) Deaths from six diseases attributable to

PM2.5. (B) COPD deaths attributable to ozone.
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effectively curtailed emissions of sulfur dioxide (SO2) and nitrogen

oxides (NOx), key precursors to secondary PM2.5 formation (17).

Quantitative studies have confirmed this link; for instance, the EPA’s

own analysis estimated that for every dollar invested in the Clean

Air Act, the return in public health benefits is substantial, with some

estimates as high as $30, primarily through reduced premature

mortality (18).

These policy drivers were amplified by technological

advancements, including the widespread adoption of flue-gas

desulfurization in industrial facilities and catalytic converters

in vehicles, alongside a national energy transition from

coal to natural gas and renewables (6, 19). Furthermore, it is

important to acknowledge the synergistic role of a strengthening

health system. Over the same period, significant advances

in the clinical management of cardiovascular diseases, such

as the widespread use of statins, improved hypertension

control, and more effective emergency response for acute

cardiac events, have likely worked in concert with air quality

improvements to lower mortality rates. Our analysis, which

extends the timeline of previous work (20, 21) to 2021,

confirms that the health benefits of these sustained efforts

have continued to accumulate, preventing a substantial number of

premature deaths.

4.2 Persistent challenges: the paradox of
diabetes and ozone burden

In stark contrast to the progress in cardiovascular health, the

burden of PM2.5-attributable diabetes, particularly in terms of

disability (YLDs), has surged. This paradoxical trend highlights

the critical interplay between environmental exposures and

population-level health dynamics. While PM2.5 is a recognized risk

factor, likely acting through pathways of systemic inflammation

and insulin resistance, the overwhelming driver of this trend is the

concurrent obesity epidemic in the U.S. To illustrate, the prevalence

of adult obesity in the U.S. soared from ∼15% in the early 1990s

to over 42% by 2020 (22), dramatically expanding the population

susceptible to type 2 diabetes. This has led to a dramatic increase in

the underlying prevalence of type 2 diabetes (23–25). Consequently,

even with cleaner air, the expanding pool of susceptible individuals

results in a higher absolute number of attributable cases, a trend

particularly visible in states like California.

Similarly, the deaths burden from ambient ozone, primarily

linked to COPD, showed minimal decline. This persistence

is multifactorial. Ozone formation is a complex non-linear

photochemical process influenced by precursor emissions (NOx

and VOCs) and meteorological conditions like temperature and

sunlight. Rising global temperatures and more frequent heatwaves

associated with climate change may offset some gains from

precursor emission controls, creating more favorable conditions

for ozone production (21). Furthermore, the health impact of

ozone is compounded by a rapidly aging U.S. population, which is

inherently more vulnerable to respiratory diseases. The cumulative

nature of COPD means that today’s mortality rates reflect decades

of past exposures, making the burden less responsive to recent

fluctuations in pollution levels.

Our trend analysis also reveals a noteworthy pattern in the

overall burden metrics: while pollution-attributable YLLs declined

steadily from 1990, the corresponding YLDs remained relatively

stagnant until the mid-2000s (Figure 1). This divergence likely

reflects a complex interplay of competing factors. On one hand,

improved air quality and better clinical care for conditions like

IHD and COPD reduced premature mortality, thus lowering YLLs.

However, this success meant that more patients survived longer

while living with chronic disability, which can keep prevalence-

based YLDs stable or even increase them. This effect, combined

with underlying population growth and aging, likely counteracted

some of the expected gains in disability reduction. Furthermore,

the rapidly increasing YLD burden from diabetes (Figure 2C)

also partially offset the YLD reductions achieved for other major

diseases during this period.

4.3 Comparison with U.S.-specific burden
estimates

It is valuable to contextualize our findings, derived from the

globally standardized GBD framework, by comparing them with

estimates from U.S.-specific studies. Our analysis, based on the

GBD 2021 results, identifies∼57,100 deaths attributable to ambient

PM2.5 exposure in 2019 across the six specified diseases. This figure

is broadly comparable with other recent U.S. estimates, such as

the 47,900 (95% CI: 28,100–66,900) premature deaths estimated

by (26) for the same year using methodologies preferred by the

U.S. EPA (26, 27). Another study by Azimi and Stephens (27),

which focused on a framework distinguishing indoor and outdoor

sources, estimated ∼59,000 deaths in 2014 from ambient PM2.5

(28). The differences in these estimates likely stem from several

key methodological distinctions. Firstly, the GBD employs global

IER functions, which are designed to capture health risks across

the full global range of exposures, whereas U.S.-specific studies

often utilize concentration-response (C-R) functions derived from

North American cohorts. Secondly, variations in the underlying

models for estimating PM2.5 exposure and the specific study

years can contribute to differing results. Finally, the inclusion

of diabetes as a PM2.5-attributable cause of death in the GBD

framework since 2019 may also contribute to different estimates

compared to some U.S.-centric models. Importantly, despite

these numerical variations, all studies consistently conclude that

tens of thousands of deaths in the U.S. remain attributable to

PM2.5 exposure annually, reinforcing our finding that ambient air

pollution continues to be a critical public health threat.

4.4 Demographic disparities in air pollution
burden

Our study also highlights significant age- and sex-related

disparities in the disease burden from air pollution. The results

are highly consistent with global research (29), which reports that

older adults are more susceptible. Our findings confirm a sharply

increasing burden in individuals aged 70 and older. Men also

consistently face a higher burden for most diseases, including
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IHD, COPD, and lung cancer. These sex-based differences may

be partly explained by historical and ongoing factors such as

higher rates of occupational exposure and smoking among men,

a conclusion supported by epidemiological research in other

high-income regions (30). These disparities underscore the need

for targeted public health interventions aimed at protecting

vulnerable populations.

Placing our findings within a global context enhances their

relevance and potential for generalization. The substantial decline

in the U.S. air pollution burden over three decades, driven by

sustained policy and technological shifts, offers a model of success

for high-income nations. This trajectory aligns with broader

trends observed in other developed economies, where economic

growth has eventually been coupled with environmental quality

improvements, as explored in studies on OECD countries (31).

However, this success starkly contrasts with the situation in many

rapidly industrializing nations. For instance, a recent GBD-based

study on BRICS countries by (32) highlights a rising or persistently

high disease burden from air pollution during a similar period,

underscoring the different challenges faced at various stages of

economic development (32). Therefore, while the specific policy

instruments may differ, the U.S. experience underscores a more

universal lesson: long-term, consistently enforced environmental

regulations are fundamental to decoupling economic activity from

public health harm, a principle applicable to developed and

developing countries alike.

4.5 Strengths and limitations

A major strength of this study is its use of the comprehensive

and standardized GBD 2021 dataset. However, certain limitations

must be acknowledged.

First, and most importantly, our study is descriptive in

nature. We did not perform a formal regression analysis to

quantify the specific contributions of socioeconomic factors, policy

interventions, or health system indicators to the observed changes

in disease burden. Such a quantitative analysis would be a valuable,

though complex, next step for future research. Instead, our study

provides a comprehensive overview of the trends, which serves as

a crucial foundation for formulating hypotheses for these future

analytical studies.

Second, this study relies on modeled estimates from the GBD,

which are subject to uncertainty. As shown in Figure 1, the UIs are

considerably wide, particularly for earlier years in the study period.

This greater uncertainty in the 1990s likely reflects the relative

scarcity of ground-level air quality monitoring data and other input

data available for that era compared to more recent years. While

these estimates represent the most robust data currently available,

the UIs underscore the importance of interpreting the trends with

an appreciation for the underlying modeling complexities.

Third, our state-level analysis, while useful for policy overview,

can mask significant health disparities and exposure heterogeneity

at the county or community level.

Finally, this study did not extensively explore the interactions

between air pollution and socioeconomic status, which is a critical

determinant of health and a vital area for future research.

5 Conclusions

This study comprehensively reveals the long-term trends

(1990–2021) of six major diseases attributed to air pollution in the

US. Our findings confirm that decades of air quality improvement

measures have successfully reduced the health burden of ambient

air pollution, especially in lowering deaths and DALYs related to

ischemic heart disease, chronic obstructive pulmonary disease, and

lung cancer. However, the increasing burden of metabolic diseases

such as diabetes indicates that future public health interventions

must address not only air pollution control but also other critical

risk factors, including obesity and insufficient physical activity.

At the same time, this study underscores pronounced age-

and sex-related disparities in the disease burden of air pollution,

with older adults and men remaining at higher risk. Accordingly,

future public health policies should continue striving to further

reduce air pollution levels, implement targeted interventions for

high-risk older and male populations, and strengthen chronic

disease prevention strategies to achieve more substantial public

health benefits.
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