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Estimates and 25-year trends of the global burden of disease 
attributable to ambient air pollution: an analysis of data 
from the Global Burden of Diseases Study 2015
Aaron J Cohen*, Michael Brauer*, Richard Burnett, H Ross Anderson, Joseph Frostad, Kara Estep, Kalpana Balakrishnan, Bert Brunekreef, 
Lalit Dandona, Rakhi Dandona, Valery Feigin, Greg Freedman, Bryan Hubbell, Amelia Jobling, Haidong Kan, Luke Knibbs, Yang Liu, Randall Martin, 
Lidia Morawska, C Arden Pope III, Hwashin Shin, Kurt Straif, Gavin Shaddick, Matthew Thomas, Rita van Dingenen, Aaron van Donkelaar, 
Theo Vos, Christopher J L Murray, Mohammad H Forouzanfar†

Summary
Background Exposure to ambient air pollution increases morbidity and mortality, and is a leading contributor to 
global disease burden. We explored spatial and temporal trends in mortality and burden of disease attributable to 
ambient air pollution from 1990 to 2015 at global, regional, and country levels.

Methods We estimated global population-weighted mean concentrations of particle mass with aerodynamic 
diameter less than 2·5 µm (PM2·5) and ozone at an approximate 11 km × 11 km resolution with satellite-based 
estimates, chemical transport models, and ground-level measurements. Using integrated exposure–response 
functions for each cause of death, we estimated the relative risk of mortality from ischaemic heart disease, 
cerebrovascular disease, chronic obstructive pulmonary disease, lung cancer, and lower respiratory infections 
from epidemiological studies using non-linear exposure–response functions spanning the global range 
of exposure.

Findings Ambient PM2·5 was the fifth-ranking mortality risk factor in 2015. Exposure to PM2·5 caused 4·2 million 
(95% uncertainty interval [UI] 3·7 million to 4·8 million) deaths and 103·1 million (90·8 million 115·1 million) 
disability-adjusted life-years (DALYs) in 2015, representing 7·6% of total global deaths and 4·2% of global DALYs, 
59% of these in east and south Asia. Deaths attributable to ambient PM2·5 increased from 3·5 million (95% UI 
3·0 million to 4·0 million) in 1990 to 4·2 million (3·7 million to 4·8 million) in 2015. Exposure to ozone caused an 
additional 254 000 (95% UI 97 000–422 000) deaths and a loss of 4·1 million (1·6 million to 6·8 million) DALYs from 
chronic obstructive pulmonary disease in 2015.

Interpretation Ambient air pollution contributed substantially to the global burden of disease in 2015, which increased 
over the past 25 years, due to population ageing, changes in non-communicable disease rates, and increasing air 
pollution in low-income and middle-income countries. Modest reductions in burden will occur in the most polluted 
countries un less PM2·5 values are decreased substantially, but there is potential for substantial health benefits from 
exposure reduction.

Funding Bill & Melinda Gates Foundation and Health Effects Institute.

Copyright © The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Exposure to ambient air pollution increases mortality 
and morbidity and shortens life expectancy.1,2 The Global 
Burden of Diseases, Injuries, and Risk Factors Study 
2015 (GBD 2015) estimated the burden of disease 
attributable to 79 risk factors in 195 countries from 
1990 to 2015. GBD 2015 identified air pollution as a 
leading cause of global disease burden, especially in low-
income and middle-income countries.3 In view of the 
important role of public policy in mitigating this risk and 
the potential for substantial health benefits related to 
efforts to reduce emissions of climate-forcing agents, we 
explored spatial and temporal trends in mortality and 
burden of disease attributable to ambient air pollution 
from 1990 to 2015 at global, regional, and country levels.

Methods
Overview
Attributing deaths and disability-adjusted life-years 
(DALYs) to ambient air pollution requires spatially and 
temporally resolved estimates of population-weighted 
exposure, specification of a theoretical minimum risk 
exposure level (TMREL), estimation of relative risks across 
the exposure distribution, and estimates of the deaths and 
DALYs for diseases linked causally to air pollution. We 
combined estimates of exposure and relative risk to 
estimate the population-attributable fraction (PAF), the 
proportion of deaths and DALYs attributable to exposure 
above the TMREL. The numbers of deaths and DALYs for 
specific diseases were multiplied by the PAF to estimate 
the burden attributable to exposure. A more general 

Lancet 2017; 389: 1907–18

Published Online 
April 10, 2017 
http://dx.doi.org/10.1016/
S0140-6736(17)30505-6

This online publication has been 
corrected. The corrected version 
first appeared at thelancet.com 
on April 19, 2018

See Comment page 1862

*Joint first authors

†Senior author

Health Effects Institute, 
Boston, MA, USA 
(A J Cohen DSc); University of 
British Columbia, Vancouver, 
BC, Canada (Prof M Brauer ScD); 
Health Canada, Ottawa, ON, 
Canada (R Burnett PhD, 
H Shin PhD); St George’s, 
University of London, 
London, UK 
(Prof H R Anderson MD); 
Institute for Health Metrics 
and Evaluation, Seattle, WA, 
USA (J Frostad MPH, 
K Estep MPA, 
Prof L Dandona MD, 
G Freedman MPH, 
Prof T Vos PhD, 
Prof C J L Murray DPhil, 
M H Forouzanfar PhD); 
Sri Ramachandra University, 
Chennai, Tamil Nadu, India 
(Prof K Balakrishnan PhD); 
University of Utrecht, Utrecht, 
Netherlands 
(Prof B Brunekreef PhD); Public 
Health Foundation of India, 
New Delhi, India 
(Prof L Dandona, 
R Dandona PhD); Auckland 
University of Technology, 
Auckland, New Zealand 
(Prof V Feigin PhD); United 
States Environmental 
Protection Agency, 
Washington, DC, USA 
(B Hubbell PhD); University of 
Bath, Bath, UK (A Jobling PhD, 
Prof G Shaddick PhD, 
M Thomas PhD); Fudan 
University, Yangpu Qu, 
Shanghai, China

Cohen et al. 2017. Lancet 389: 1907-18

Air pollution and mortality

World-wide air pollution is responsible for
over 7 million premature deaths every single yearArticles

www.thelancet.com   Vol 389   May 13, 2017 1911

higher values. We fit age-specific functions for IHD 
and cerebrovascular disease, and estimated decreasing 
relative risks as age increased from 25 years to 80 years.

Global population-weighted PM2·5 increased by 11·2% 
from 1990 (39·7 µg/m³) to 2015 (44·2 µg/m³), increasing 
most rapidly from 2010 to 2015 (figure 2). Among the 
world’s ten most populous countries, exposures since 2010 
increased in Bangladesh and India and were stable but 
remained high in Pakistan and China. Exposures decreased 
substantially in Nigeria and were low and slightly decreased 
in the USA, Brazil, and Russia. Population-weighted 
concentrations were low and stable in Japan and Indonesia.

The highest estimated population-weighted mean con-
centrations in 2015 were for Qatar (107·3 µg/m³), 
Saudi Arabia (106·2 µg/m³), and Egypt (104·7 µg/m³), 
followed by Bangladesh (89·4 µg/m³), Mauritania 
(85·1 µg/m³), Libya (79·2 µg/m³), Nepal (75·0 µg/m³), 
and India (74·3 µg/m³). The population-weighted mean 
PM2·5 in China was 58·4 µg/m³, with provincial 
population-weighted means ranging from 19·1 µg/m³ to 
79·3 µg/m³. The lowest estimated population-weighted 
means were in several Pacific island nations and 
territories (Kiribati, American Samoa, Samoa, Tonga, 
Solomon Islands, Fiji, and Guam), Brunei, Sweden, 
Greenland, New Zealand, Australia, Finland, Iceland, 
Liberia, and Canada (all ≤8·0 µg/m³).

Population-weighted ozone levels increased by 7·2% 
globally from 1990 (56·8 parts per billion [ppb]) to 2015 
(60·9 ppb). Within the world’s ten most populous 
countries, increases of 14–25% were noted in China, 
India, Pakistan, Bangladesh, and Brazil, with smaller 
increases in Japan and negligible changes in Russia and 
Nigeria (data not shown). Decreases in population-
weighted concentrations were noted in the USA (5·2%; 
from 70·2 ppb to 66·5 ppb) and Indonesia (12·9%; from 
50·2 ppb to 43·7 ppb).

Long-term exposure to PM2·5 contributed to 4·2 million 
(95% UI 3·7 million to 4·8 million) deaths and to a loss 
of 103·1 million (90·8 million to 115·1 million) DALYs in 
2015, representing 7·6% of total global deaths and 4·2% 
of global DALYs, which is an increase from 1990. In 2015, 
ambient PM2·5 was the fifth-ranked risk factor for global 
deaths and sixth-ranked risk factor for DALYs among the 
risk factors included in GBD 2015 (figure 3). DALYs 
attributable to long-term exposure to PM2·5 consisted of 
99·2 million (95% UI 87·7 million to 111·0 million) years 
of life lost and 3·9 million (2·6 million to 5·2 million) 
years lived with disability in 2015.

Household air pollution from solid fuel use was 
responsible for 2·8 million (95% UI 2·2 million to 
3·6 million) deaths and 85·6 million (66·7 million to 

Figure 3: Leading level 3 Global Burden of Diseases global risk factors for 
deaths (A) and disability-adjusted life-years (B), 1990 and 2015

Risks are connected by lines between years; solid lines show risks that have 
stayed the same or moved higher in the ranking and dashed lines show risks that 

have moved lower. 
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Systemic effects of air pollution (II)

Introduction
This second of a two-part report describes specific
conditions associated with air pollution. The
conditions are listed alphabetically. In addition to the
text, Figure 1 presents associated organ systems, and
Table 1 shows other effects of air pollution that are
generally not associated with specific organs. It is
important to note that for many of the diseases, the
associations with exposures to air pollution in
observational epidemiologic studies are not causal and
may be subject to residual confounding due to other
factors, such as smoking, lower socioeconomic status,
and neighborhood factors. However, exposure
dose and time relationships and animal studies
corroborate and add strength to the conclusions from
the epidemiologic studies.

Allergic and Immunologic Diseases

Allergic Sensitization and Rhinitis

It is well established that air pollution can exacerbate
allergic responses in sensitized persons.1 Clinical
epidemiologic studies show that ambient air pollution
may also enhance allergic sensitization in children and
increase IgE levels in the very young.2

There is considerable evidence that air pollution plays a
role in both the development and the exacerbation of
allergic rhinitis. A study of preschool-aged children
found that exposure to traffic-related air pollution
prenatally and in early life was associated with increased
risk of allergic rhinitis.3 A study from China found a
10% and 11% increase in the incidence of medical
utilization for allergic rhinitis among adults for each SD
increase in particulate matter with an aerodynamic
diameter < 2.5 mm (PM2.5) and nitrogen dioxide (NO2)
levels, respectively.4

Autoimmune Disease

Environmental exposures may increase the risk of
autoimmune diseases. The lung has an enormous
surface area that comes into contact with a myriad of
antigens. It has an efficient sensitization and antigen-
presenting system that could make individuals prone to
autoimmune disorders. Air pollution is a potential
contributor to diseases such as rheumatoid arthritis and
systemic lupus erythematosus.5,6 A Canadian study
found increased odds of having a diagnosis of a
rheumatic disease with increased ambient PM2.5

exposure.7 Air pollutants have also been implicated in
triggering or exacerbating juvenile idiopathic arthritis,5

but autoimmunity related to air pollution exposure has
largely been understudied.

Brain: Stroke, Dementia, Parkinson’s Disease

Eye: Conjunctivitis, Dry Eye Disease, Blepharitis,
Cataracts

Heart: Ischemic Heart Disease, Hypertension,
Congestive Heart Failure, Arrhythmias

Lung: Chronic Obstructive Pulmonary Disease Asthma,
Lung Cancer, Chronic Laryngitis, Acute and Chronic
Bronchitis

Liver: Hepatic Steatosis, Hepatocellular carcinoma

Blood: Leukemia, Intravascular Coagulation, Anemia,
Sickle Cell Pain Crises

Fat: Metabolic Syndrome, Obesity

Pancreas: Type I and II Diabetes

Gastrointestinal: Gastric Cancer, Colorectal Cancer,
Inflammatory Bowel Disease, Crohn's Disease,
Appendicitis

Urogenital: Bladder Cancer, Kidney Cancer,
Prostate Hyperplasia

Joints: Rheumatic Diseases

Bone: Osteoporosis, Fractures

Nose: Allergic Rhinitis

Skin: Atopic Skin Disease, Skin Aging, Urticaria,
Dermographism, Seborrhea, Acne

Figure 1 – Many conditions are associated with air pollution. This
figure lists diseases linked to air pollution according to organ
systems.
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Bone Diseases
Environmental factors play a role in bone density and
mineralization. To evaluate the effect of air pollution on
bone structure and function, an analysis of > 9 million
US Medicare enrollees found that osteoporosis-related
bone fractures were statistically more common in areas
of higher ambient PM2.5 concentrations. The effect was
greater when only low-income communities were
included in a sensitivity analysis.8The same investigators studied 692 middle-aged men

with low incomes from the Boston Area Community
Health Bone Survey cohort and found that exposures to
ambient black carbon and PM2.5 were associated with
markers of increased bone turnover and bone mineral
loss.8 The National Health Insurance Research Database
of Taiwan and the Taiwan Environmental Protection
Agency found an association between exposure to
carbon monoxide (CO) and NO2 and osteoporosis.9 The
Oslo Health Study found that long-term air pollution
exposure (PM and NO2) was associated with a reduction
in bone mineral density10 and fractures11 in elderly men.Cancers

Outdoor air pollution has been classified as
carcinogenic to humans by the International Agency

for Research on Cancer based on evidence from
epidemiologic and animal studies and mechanistic
data.12 Many studies have shown an association
between exposure to PM2.5 and particulate matter with
an aerodynamic diameter < 10 mm (PM10) and risk of
lung cancer.13 In addition, NO2 and ozone (O3) levels
have been experimentally linked to cellular changes
related to neoplasia: altered telomere length, expression
of genes involved in DNA damage and repair,
inflammation, immune and oxidative stress response,
and epigenetic effects, such as DNA methylation.14
Diesel engine exhaust has been identified by the World
Health Organization as a carcinogen based on evidence
of a link with lung cancer.15,16 Exposure to diesel
exhaust or traffic pollution has also been associated
with benign and malignant lung tumors in laboratory
animals, 16 colorectal cancer,17 and deaths from gastric
cancer.18

Air pollution exposure is implicated in both the
incidence and mortality of bladder cancer. A Spanish
study reported an association between emissions of
polycyclic aromatic hydrocarbons and diesel exhaust
and bladder cancer in long-term residents of an
industrially polluted area. 19 Studies from Taiwan have
shown an increased risk of bladder cancer deaths

TABLE 1 ] Pollution Has Been Associated With These Pathobiologic Processes in Addition to the Effects in the Organ

as shown in Figure 1Allergy: allergic sensitizationBlood and blood vessels: endothelial dysfunction, atherosclerosis, thrombosis, impaired hemoglobin formation;

carboxyhemoglobinemiaBone: bone demineralizationBrain: cognitive dysfunction; impaired psychomotor development and intelligence development; social stress; mood

disorders; unfavorable emotional symptoms
Cancer: shortened telomere length; detrimental expression of genes involved in DNA damage and repair; inflammation;

immune and oxidative stress response; epigenetic effects
Diabetes and metabolism: increased glycosylated hemoglobin, insulin resistance, leptin, and endothelin-1 levels; lower

glucagon-like peptide-1, ghrelin, and glucagon levels
Eye: increased tearing (acutely) and drying (chronically)
Heart: changes in heart rate, BP, and vascular tone; reduced heart rate variability; conduction defects

Kidney: decreased glomerular filtration rate; increased mortality in patients undergoing dialysis

Respiratory tract: cough, phlegm, difficulty breathing, and bronchial hyperresponsiveness; exacerbations of many

respiratory conditions; impeded lung development; transformation of asthma into COPD; decreased exercise

performance; decreased spirometric measurements (lung function)

Reproductive: premature birth; low birth weight; poor sperm quality; impaired fetal growth; intrauterine inflammation;

reduced fertility rates; increased risk of miscarriage, spontaneous abortions, premature rupture of membranes, and

preeclampsia. Exposure during pregnancy is associated with childhood neoplasms and childhood asthma

Skin: aging
Sleep: associated with increased sleep apnea symptoms
Overall: shortened life expectancy, with additive or multiplicative effects in vulnerable persons
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Estimates and 25-year trends of the global burden of disease 
attributable to ambient air pollution: an analysis of data 
from the Global Burden of Diseases Study 2015
Aaron J Cohen*, Michael Brauer*, Richard Burnett, H Ross Anderson, Joseph Frostad, Kara Estep, Kalpana Balakrishnan, Bert Brunekreef, 
Lalit Dandona, Rakhi Dandona, Valery Feigin, Greg Freedman, Bryan Hubbell, Amelia Jobling, Haidong Kan, Luke Knibbs, Yang Liu, Randall Martin, 
Lidia Morawska, C Arden Pope III, Hwashin Shin, Kurt Straif, Gavin Shaddick, Matthew Thomas, Rita van Dingenen, Aaron van Donkelaar, 
Theo Vos, Christopher J L Murray, Mohammad H Forouzanfar†

Summary
Background Exposure to ambient air pollution increases morbidity and mortality, and is a leading contributor to 
global disease burden. We explored spatial and temporal trends in mortality and burden of disease attributable to 
ambient air pollution from 1990 to 2015 at global, regional, and country levels.

Methods We estimated global population-weighted mean concentrations of particle mass with aerodynamic 
diameter less than 2·5 µm (PM2·5) and ozone at an approximate 11 km × 11 km resolution with satellite-based 
estimates, chemical transport models, and ground-level measurements. Using integrated exposure–response 
functions for each cause of death, we estimated the relative risk of mortality from ischaemic heart disease, 
cerebrovascular disease, chronic obstructive pulmonary disease, lung cancer, and lower respiratory infections 
from epidemiological studies using non-linear exposure–response functions spanning the global range 
of exposure.

Findings Ambient PM2·5 was the fifth-ranking mortality risk factor in 2015. Exposure to PM2·5 caused 4·2 million 
(95% uncertainty interval [UI] 3·7 million to 4·8 million) deaths and 103·1 million (90·8 million 115·1 million) 
disability-adjusted life-years (DALYs) in 2015, representing 7·6% of total global deaths and 4·2% of global DALYs, 
59% of these in east and south Asia. Deaths attributable to ambient PM2·5 increased from 3·5 million (95% UI 
3·0 million to 4·0 million) in 1990 to 4·2 million (3·7 million to 4·8 million) in 2015. Exposure to ozone caused an 
additional 254 000 (95% UI 97 000–422 000) deaths and a loss of 4·1 million (1·6 million to 6·8 million) DALYs from 
chronic obstructive pulmonary disease in 2015.

Interpretation Ambient air pollution contributed substantially to the global burden of disease in 2015, which increased 
over the past 25 years, due to population ageing, changes in non-communicable disease rates, and increasing air 
pollution in low-income and middle-income countries. Modest reductions in burden will occur in the most polluted 
countries un less PM2·5 values are decreased substantially, but there is potential for substantial health benefits from 
exposure reduction.

Funding Bill & Melinda Gates Foundation and Health Effects Institute.

Copyright © The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Exposure to ambient air pollution increases mortality 
and morbidity and shortens life expectancy.1,2 The Global 
Burden of Diseases, Injuries, and Risk Factors Study 
2015 (GBD 2015) estimated the burden of disease 
attributable to 79 risk factors in 195 countries from 
1990 to 2015. GBD 2015 identified air pollution as a 
leading cause of global disease burden, especially in low-
income and middle-income countries.3 In view of the 
important role of public policy in mitigating this risk and 
the potential for substantial health benefits related to 
efforts to reduce emissions of climate-forcing agents, we 
explored spatial and temporal trends in mortality and 
burden of disease attributable to ambient air pollution 
from 1990 to 2015 at global, regional, and country levels.

Methods
Overview
Attributing deaths and disability-adjusted life-years 
(DALYs) to ambient air pollution requires spatially and 
temporally resolved estimates of population-weighted 
exposure, specification of a theoretical minimum risk 
exposure level (TMREL), estimation of relative risks across 
the exposure distribution, and estimates of the deaths and 
DALYs for diseases linked causally to air pollution. We 
combined estimates of exposure and relative risk to 
estimate the population-attributable fraction (PAF), the 
proportion of deaths and DALYs attributable to exposure 
above the TMREL. The numbers of deaths and DALYs for 
specific diseases were multiplied by the PAF to estimate 
the burden attributable to exposure. A more general 
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higher values. We fit age-specific functions for IHD 
and cerebrovascular disease, and estimated decreasing 
relative risks as age increased from 25 years to 80 years.

Global population-weighted PM2·5 increased by 11·2% 
from 1990 (39·7 µg/m³) to 2015 (44·2 µg/m³), increasing 
most rapidly from 2010 to 2015 (figure 2). Among the 
world’s ten most populous countries, exposures since 2010 
increased in Bangladesh and India and were stable but 
remained high in Pakistan and China. Exposures decreased 
substantially in Nigeria and were low and slightly decreased 
in the USA, Brazil, and Russia. Population-weighted 
concentrations were low and stable in Japan and Indonesia.

The highest estimated population-weighted mean con-
centrations in 2015 were for Qatar (107·3 µg/m³), 
Saudi Arabia (106·2 µg/m³), and Egypt (104·7 µg/m³), 
followed by Bangladesh (89·4 µg/m³), Mauritania 
(85·1 µg/m³), Libya (79·2 µg/m³), Nepal (75·0 µg/m³), 
and India (74·3 µg/m³). The population-weighted mean 
PM2·5 in China was 58·4 µg/m³, with provincial 
population-weighted means ranging from 19·1 µg/m³ to 
79·3 µg/m³. The lowest estimated population-weighted 
means were in several Pacific island nations and 
territories (Kiribati, American Samoa, Samoa, Tonga, 
Solomon Islands, Fiji, and Guam), Brunei, Sweden, 
Greenland, New Zealand, Australia, Finland, Iceland, 
Liberia, and Canada (all ≤8·0 µg/m³).

Population-weighted ozone levels increased by 7·2% 
globally from 1990 (56·8 parts per billion [ppb]) to 2015 
(60·9 ppb). Within the world’s ten most populous 
countries, increases of 14–25% were noted in China, 
India, Pakistan, Bangladesh, and Brazil, with smaller 
increases in Japan and negligible changes in Russia and 
Nigeria (data not shown). Decreases in population-
weighted concentrations were noted in the USA (5·2%; 
from 70·2 ppb to 66·5 ppb) and Indonesia (12·9%; from 
50·2 ppb to 43·7 ppb).

Long-term exposure to PM2·5 contributed to 4·2 million 
(95% UI 3·7 million to 4·8 million) deaths and to a loss 
of 103·1 million (90·8 million to 115·1 million) DALYs in 
2015, representing 7·6% of total global deaths and 4·2% 
of global DALYs, which is an increase from 1990. In 2015, 
ambient PM2·5 was the fifth-ranked risk factor for global 
deaths and sixth-ranked risk factor for DALYs among the 
risk factors included in GBD 2015 (figure 3). DALYs 
attributable to long-term exposure to PM2·5 consisted of 
99·2 million (95% UI 87·7 million to 111·0 million) years 
of life lost and 3·9 million (2·6 million to 5·2 million) 
years lived with disability in 2015.

Household air pollution from solid fuel use was 
responsible for 2·8 million (95% UI 2·2 million to 
3·6 million) deaths and 85·6 million (66·7 million to 

Figure 3: Leading level 3 Global Burden of Diseases global risk factors for 
deaths (A) and disability-adjusted life-years (B), 1990 and 2015

Risks are connected by lines between years; solid lines show risks that have 
stayed the same or moved higher in the ranking and dashed lines show risks that 

have moved lower. 
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106·1 million) DALYs in 2015. Together, ambient and 
household air pollution were estimated to have caused 
6·4 million (5·7 million to 7·3 million) deaths in 2015. 

Mortality from cardiovascular disease (IHD and 
cerebrovascular disease) accounted for most deaths and 
DALYs attributable to ambient PM2·5 air pollution 
(figure 4; table 1). Ambient PM2·5 air pollution contributed 
to 17·1% of IHD, 14·2% of cerebrovascular disease, 
16·5% of lung cancer, 24·7% of LRI, and 27·1% of COPD 
mortality in 2015 according to GBD compare.21 

Age-standardised death and DALY rates due to 
exposure to PM2·5 were higher in males than females 
(table 1), as a result of higher all-cause mortality rates in 
males (1018·6 per 100 000 males vs 703·4 per 
100 000 females21). They were also higher in elderly 

people (age >70 years) than in children (age <5 years; 
table 1), mainly because of age-related differences in 
mortality from non-communicable diseases (41·4 per 
100 000 children aged 1–5 years vs 2914·4 per 
100 000 adults aged 70–74 years21). Ambient PM2·5 
contributed to 202 000 (95% UI 152 700–254 600) deaths 
and 17·4 million (13·1 million to 21·9 million) DALYs 
from LRI in children younger than 5 years. 

Deaths attributable to long-term exposure to PM2·5 in 
2015 varied substantially among countries (figure 5). 
South and east Asia contributed 59% of the 4·2 million 
global deaths attributable to ambient PM2·5 in 2015 
(1·36 million deaths [95% UI 1·19 million to 1·56 million] 
in south Asia and 1·14 million deaths [0·97 million to 
1·31 million] in east Asia). In World Bank high-income 
countries, exposure to ambient PM2·5 contributed to 4·3% 
of total deaths in 2015 versus 9·0% in upper-middle-
income, 8·7% in lower-middle-income, and 4·9% in low-
income countries. These differences in attributable 
mortality mostly reflect the fraction of total deaths from 
cardiovascular disease among countries.3 The highest 
age-standardised rates of death due to PM2·5 exposure 
were in southern Asia (133·4 per 100 000 population, 
95% UI 114·2–152·6), central Asia (85·2 per 
100 000 population, 72·0–98·9), and eastern Asia 
(83·2 per 100 000 population, 70·4–95·6). Rates in high-
income North American (USA, Canada, and Greenland; 
17·8 per 100 000 people [95% UI 13·6–22·9]), Asian 
(18·7 per 100 000 people [14·6–23·7]), and western 
European countries (19·9 per 100 000 [15·9–24·8]) were 
four to eight times lower (appendix pp 26–1078). 

Table 2 provides 2015 mortality and DALY estimates for 
the world’s ten most populous countries in 2015. 
Ambient PM2·5 ranked among the top ten risk factors for 
mortality in each of the world’s most populous countries. 
China and India combined had the largest numbers of 

Figure 4: Deaths attributable to ambient particulate matter pollution by year and cause
PM2·5=particle mass with aerodynamic diameter less than 2·5 µm.
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Disease

Lower respiratory infection 675·0 (491·9–889·0) 10·1 (7·4–13·4) 28 359·9 (21 141·8–35 796·9) 390·9 (290·9–494·3)

Lung cancer 283·3 (178·4–398·7) 4·4 (2·7–6·1) 6209·1 (3934·9–8689·3) 90·9 (57·5–127·3)
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Age
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Elderly >70 years 2228·3 (1842·0–2653·9) 562·7 (465·1–670·8) 25 073·0 (20 775·2–29 511·1) 6302·2 (5226·3–7419·8)

DALY=disability-adjusted life-year. UI=uncertainty interval.

Table 1: Global deaths, disability-adjusted life-years, and age-standardised rates attributable to ambient particulate matter pollution in 2015
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Particulate air pollution and
cardiovascular mortality and morbidity
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Hoe staan we er voor?
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Soot

Ultra fine particles
Human hair

Sand on the beach
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What can be detected in air?
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Metal Fibres Sea salt

Soot

Plastics



Mechanisms of particle deposition in the lung



Deposition after inhalation
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Size affects the internal dose… and the choice of the in vitro model
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Size matters: micro particle  external concentration x mg/m3

P P

P

Clearance micro-size particles within 6-14 hr



Size matters: nanoparticle: also external concentration x mg/m3

Ultrafine particle uptake by epithelial cells + interstitial translocation + 
lack of macrophage recognition
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Alveolar Macrophages Lavaged Lungs
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1. Cardiovascular
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Courtesy Mark Miller, 
Miller (2014). Biochem Soc Trans 42:1006-11
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Clean air     Diesel       Diesel   Filtered

Increase thrombus Decrease thrombus

Diesel, particle trap and thrombus formation
A study in volunteers 

2 hr exposures
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Mills et al., Eur Heart J. 2011 Nov; 32(21): 2660–2671.

Contraction of blood vessel (ex vivo)

Absorbed components on ultrafineparticles seem to drive the response
Similar observations arterial stifness

2 hr exposures

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3205591/


50 nm

gold nanoparticles
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Waar gaan de ultrafijne deeltjes naar toe?

Why use gold?
› Very small size available
› Safe to use
› Techniques to measure very low levels
› Low levels of gold in the body (background)

GOLD!

Soot hard to trace



Inhalation of gold nanoparticles

• 16 healthy volunteers

• 2-hour inhalation of gold nanoparticles : 5-15 nm; 5. 106 per cc

• Measure gold in blood and urine after the exposure

• Paralel study in mice: more sizes, IT

Miller et al. (2017).  ACS NanoF.R. Cassee, SYMPOSIUM H2M, 3 april 2026



Using gold particles for tracing
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2. Reproduction and development
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Seminar at US EPA - March 24, 2022



F.R. Cassee, SYMPOSIUM H2M, 3 april 2026



F.R. Cassee, SYMPOSIUM H2M, 3 april 2026



Heusinkveld HJ, Wahle T, Campbell 
A, Westerink RHS, Tran L, Johnston 
H, Stone V, Cassee FR, Schins RPF. 
Neurodegenerative and neurological 
disorders by small inhaled particles.
Neurotoxicology 2016;56:94-106.

doi: 10.1016/j.neuro.2016.07.007

3. Neurodegeneration & Alzheimer’s disease
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Air inlet at a busy street. Whole body single housing inhalation 
exposure units

Traffic-related air pollution exposure
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Substance
Nitrogen oxides : NOx, NO and NO2
Carbon monoxide 
Ozone 
Particle number using a condensation particle counter 
Particle mass 
Temperature and humidity in the chamber 
Optically absorbing ('black smoke') suspended particulates in a gas 
colloid stream   
Ambient conditions (Temperature, humidity)  



Exposure characteristics 

Date Counts per cm3 Mass
µg/m3

NO2

µg/m3
O3

µg/m3
temp RH

Average 58460 109 50 35 26.1 72.6

StDev 28187 76 11 22 1.7 5.2
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*p<0.05 (ANOVA, Dunnett post-hoc testing).
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• Accelerated β-amyloid plaque formation in 5xFAD mice exposed to traffic-related air 
pollution particles and gases but not for gases alone

The findings of our ongoing research support a role of exposure to traffic-

related air pollution particles in the pathogenesis of Alzheimer's disease

Conclusion Alzheimer’s disease PM study
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4. Aviation and UFP
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Background

UFP (daytime) UFP (night) BC

• Elevated concentrations of UFP near airports, including 
Schiphol Airport (Keuken et al, Atm Env 2015)

• Little is known about the health effects of ultrafine 
particles from aviation. 

Ø 5 year research program into the health risks of 
ultrafine particles around Schiphol Airport.

1. Studies on health effects of short-term exposures
2. Measurements & modelling of long-term concentrations
3. Studies on health effects of long-term exposures

Research questions
1. What are the health effects of short-term exposure to UFP in general and of UFP from 

aviation in particular?
2. How do these effects compare to effects of UFP from other sources (mainly road traffic)?

F.R. Cassee, SYMPOSIUM H2M, 3 april 2026



3 studies with varying designs

Panel study (real-life concentrations)
- 161 children from 3 schools situated in 

Badhoevedorp (S1) and Aalsmeer
(S2+S3)  (school panel)

- 30 children with asthma from the wider 
area around Schiphol (asthma panel).

Volunteer study (high concentrations)
- 21 young healthy adults exposed in a 

mobile lab next to the airport (V)

Toxicological study (in-vitro)
- Lung cells, exposed to UFP collected at 

the site of the volunteer study and 
directly from the exhaust of a turbine 
engine.
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Panel study

• Wekelijkse longfunctie- en uitgeademde NO-metingen op 
school (161 kinderen) en dagelijkse longfunctie- en 
symptoomregistratie thuis (alle 191 kinderen).

• Elk kind nam twee tot drie maanden deel aan het onderzoek; 
4 onderzoeksperiodes

• Continue metingen van UFP (totaal aantal deeltjes + 
grootteverdeling) en roet op de schoolpleinen van de scholen.

• Onderzoek of veranderingen in UFP-concentraties verband 
hielden met veranderingen in de gezondheid van de 
luchtwegen.

• Uitgedrukt als het verschil tussen een gezondheidsmeting na 
een periode met hoge UFP en een gezondheidsmeting na een 
periode met lage UFP (p5-p95-toename). 
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Panel study (schoolyard measurements)

Ø PNC≤20nm used as an 
indicator for UFP mainly 
from aviation

Ø PNC>50nm used as an 
indicator for UFP mainly 
from road traffic

Ø PNC= particle number 
count, all particles in air

Ø UFP = ultrafine particles 
~ <100 nm
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Results panel study

Respiratory symptoms and medication use
• Significant associations between exposure to UFP 

and an increase in daily respiratory symptoms 
(wheeze) and bronchodilator use.

• For total UFP, for UFP mainly from aviation and for 
UFP mainly from road traffic.

Lung function and exhaled NO
• No associations  between variations in UFP and lung 

function measurements  and exhaled NO (indicator 
inflammation)

Adjusted associations between 24-h exposure to 
UFP mainly from aviation (PNC20) and wheeze 
and bronchodilator use, combined school and 
asthma panel (n=191). ORs are expressed per 
p5-p95 increment (12.000 p/cm3 for lag0, lag1 
and lag2; 9.500 p/cm3 for the 3-day average); * 
p<0,05 
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Volunteer study

• 21 healthy volunteers exposed for 5 hours in a mobile 
lab next to the airport

• Measurements of UFP and other air pollutants during 
the exposure

• 2-5 exposure per person; 32 exposure days (total 86 
exposures)
Ø Large variation in UFP (10.000-170.000 #/cm3)

• Health measurements before and after the exposure 
(lung function, exhaled NO, ECG, blood pressure, 
oxygen saturation)
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Results volunteer study

• Short-term (5 hour) exposure to UFP was associated with:
- A decline in lung function (FVC) 
- A prolongation of the QTc interval (ECG) 

 
• Both for total UFP and UFP mainly from aviation (PNC ≤ 20 nm)

• UFP from road traffic (PNC>50 nm) was significantly associated with an increase in 
blood pressure. 

• For other lung and cardiac function parameters, exhaled NO and oxygen saturation, 
no statistically significant associations with UFP were observed
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Conclusies
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Gaat steeds beter met de luchtkwaliteit

Geen grote verschillen in toxiciteit van ultrafijn stof van wegverkeer t.o.v. vliegverkeer

Kortdurende blootstelling aan hoge concentraties ultrafijnstof in verband gebracht met 
verminderde longfunctie en repolarisatie van het hart, oxidatieve stress en arteriële 
stijfheid direct na blootstelling bij volwassenen, wel reversibel.

Langdurige blootstelling aan ultrafijn stof van vliegverkeer heeft mogelijk effect op het 
hart- en vaatstelsel. In gebieden met hoge concentraties zijn bijvoorbeeld meer mensen 
medicijnen tegen hartaandoeningen gaan gebruiken dan in gebieden met lage 
concentraties. 



Conclusies
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Blootstelling aan ultrafijn stof is bij zwangere vrouwen mogelijk nadelig voor de 
ontwikkeling van het ongeboren kind. We spreken van mogelijk omdat er te veel onzeker 
is om definitief te kunnen concluderen dat er een oorzakelijk verband is.

Er is niet genoeg wetenschappelijk bewijs dat blootstelling aan ultrafijn stof van 
vliegverkeer effect heeft op het zenuwstelsel of diabetes veroorzaakt. 

Aannemelijk dat ultrafijne deeltjes het hart en de hersenen kunnen beïnvloeden en zelfs 
de placenta kunnen passeren na inademing




