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The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the Institute

• Identifies the highest-priority areas for health effects research
• Competitively funds and oversees research projects
• Provides intensive independent review of HEI-supported studies and related research
• Integrates HEI’s research results with those of other institutions into broader evaluations
• Communicates the results of HEI’s research and analyses to public and private decision-

makers.

HEI typically receives balanced funding from the U.S. Environmental Protection Agency and the 
worldwide motor vehicle industry. Frequently, other public and private organizations in the United 
States and around the world also support major projects or research programs. HEI has funded 
more than 380 research projects in North America, Europe, Asia, and Latin America, the results 
of which have informed decisions regarding carbon monoxide, air toxics, nitrogen oxides, diesel 
exhaust, ozone, particulate matter, and other pollutants. These results have appeared in more than 
260 comprehensive reports published by HEI, as well as in more than 2,500 articles in the peer-
reviewed literature.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Research Committee solicits input from HEI sponsors and other stakeholders and works with 
scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and oversee 
their conduct. The Review Committee, which has no role in selecting or overseeing studies, works 
with staff to evaluate and interpret the results of funded studies and related research.

All project results and accompanying comments by the Review Committee are widely 
disseminated through HEI’s website (www.healtheffects.org), reports, newsletters and other 
publications, annual conferences, and presentations to legislative bodies and public agencies.

A B O U T  H E I

http://www.healtheffects.org
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Research Report 214, Long-Term Exposure to AIR Pollution and COVID-19 Mortality and Morbidity 
in DENmark: Who Is Most Susceptible? (AIRCODEN), presents a research project funded by the 
Health Effects Institute and conducted by Dr. Zorana Jovanovic Andersen of the University of 
Copenhagen, Denmark, and her colleagues. The report contains three main sections:

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the study 
and its findings; it also briefly describes the Review Committee’s comments on the study.

The Investigators’ Report, prepared by Andersen and colleagues, describes the scientific 
background, aims, methods, results, and conclusions of the study.

The Commentary, prepared by members of the Review Committee with the assistance 
of HEI staff, places the study in a broader scientific context, points out its strengths and 
limitations, and discusses the remaining uncertainties and implications of the study’s findings for 
public health and future research.

This report has gone through HEI’s rigorous review process. When an HEI-funded study is 
completed, the investigators submit a draft final report presenting the background and results of 
the study. This draft report is first examined by outside technical reviewers and a biostatistician. 
The report and the reviewers’ comments are then evaluated by members of the Review 
Committee, an independent panel of distinguished scientists who are not involved in selecting 
or overseeing HEI studies. During the review process, the investigators have an opportunity to 
exchange comments with the Review Committee and, as necessary, to revise their report. The 
Commentary reflects the information provided in the final version of the report.

A B O U T  T H I S  R E P O RT
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HEI’s Program on Air Pollution, COVID-19, and Human 
Health

P R E FA C E

INTRODUCTION

On January 20, 2020, the U.S. Centers for 
Disease Control and Prevention (CDC) con-
firmed the first case of COVID-19 in the United 
States. On March 20, after more than 118,000 
cases in 114 countries and 4,291 deaths, the 
World Health Organization (WHO) declared 
a global COVID-19 pandemic, and countries 
around the world began instituting preventive 
measures (e.g., lockdowns) to slow the spread of 
disease. The closing of nonessential businesses in 
many locations around the world led to reduced 
emissions of air pollutants from the energy sec-
tor and other industries and significantly reduced 
traffic volumes due to stay-at-home policies. 

Although there has been an enormous cost to 
this pandemic, both human and economic, it cre
ated unprecedented conditions that lent them
selves to timely and novel air pollution research 
aimed at exploring policy-relevant topics, includ
ing key factors that contributed to changing pat
terns of air pollution over space and time, poten
tial benefits to human health associated with such 
changes in exposures, and relationships between 
past or current exposures to air pollution and 
susceptibility to the effects of COVID-19 infec
tions (Boogaard et al. 2021).

-
-

-
-
-

-

Because of known associations between air 
pollution and respiratory hospitalizations and 
mortality, researchers quickly initiated investiga
tions into potential links between air pollution 
exposure and COVID-19 (Wu et al. 2020; Liang 
et al. 2020). There were many unique chal
lenges to this task because the context within 
which we study associations between air pollu
tion and health was altered due to widespread 
changes to daily life related to the pandemic 
(e.g., changes in emission sources, behaviors 
that affect exposures, and healthcare access and 

-

-

-

use). Furthermore, COVID-19 outcomes are 
difficult to study due to various factors, includ
ing initial lack of testing, inconsistency in diagno
ses, and healthcare systems being overloaded. 
COVID-19 incidence data — and to a lesser 
extent mortality data — have also been under
estimated in all countries, thus affecting all anal
yses (Copat et al. 2020). Moreover, the spread 
of the disease has been shown to be highly 
dynamic both in time and space. Most transmis
sion has been caused by a few superspreading 
events influenced by human behavior, socioeco
nomic and demographic factors (e.g., house
hold size and multigeneration households), and 
compliance with control measures (Chang et al. 
2021, Samet et al. 2021).

-
-

-
-

-

-
-

In May 2020, only 2 months after the WHO 
declared the COVID-19 outbreak a global pan
demic, HEI issued RFA 20-1B that sought to 
fund studies to investigate potential associations 
between air pollution, COVID-19, and human 
health. HEI formulated specific research objec
tives where it expected to make a valuable con
tribution to this rapidly expanding new field of 
research. HEI was interested in applications for 
studies designed specifically to address the fol
lowing questions on this topic: 

-

-
-

-

1. Accountability Research: What are the 
effects of the unprecedented interventions 
implemented to control the COVID-19 
pandemic on emissions, air pollution expo
sures, and human health? Emerging evidence 
suggested that changes in economic activity 
and human mobility following government 
restrictions led to noticeable reductions in 
pollutant emissions and pollutant concen
trations in ambient air — in particular, nitro
gen dioxide (NO2) — in many cities around 
the world (Ogen 2020; Schiermeier 2020; 
Zhang et al. 2020). 

-

-
-

Health Effects Institute Research Report 214 © 2023        
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Preface

 The observed changes in air quality presented a 
unique opportunity for accountability research on 
this “natural experiment.” HEI acknowledged that 
it could be difficult for investigators to find con
trol populations not affected by the interventions; in 
addition, interventions in various locations occurred 
during different periods. Moreover, there would 
be challenges related to the major reorientating 
of healthcare systems to deal with COVID-19 and 
accompanying challenges in estimating comparable 
hospitalization rates and other health outcomes at 
a time when utilization of healthcare was changed 
and diagnostic criteria for COVID-19 and respira
tory outcomes were also variable across time and 
space. Studies investigating health effects are needed 
to account for those kinds of changes. 

-

-

2. Susceptibility Factors: Are individuals or popula
tions who have been chronically or acutely exposed 
to higher levels of air pollution at greater risk of mor
tality from COVID-19 compared to those exposed 
to lower levels of air pollution? Do the potential 
effects differ by race or ethnicity or by measures of 
socioeconomic status?

-

-

 Limited evidence from the 2002–2004 SARS out
break indicated a possible association between higher 
air pollution concentrations and higher-than-ex
pected death rates (Cui et al. 2003; Kan et al. 2005). 
Early evidence suggested that individuals with exist
ing comorbidities (e.g., diabetes, high blood pressure, 
or heart and lung diseases) might be more suscep
tible to the effects of a COVID-19 infection and at 
higher risk of mortality from COVID-19 (Wang et 
al. 2020; Yang et al. 2020). There was also evidence 
that racial and socioeconomic disparities might lead 
to higher observed risks (Brandt et al. 2020). 

-

-

-

-

 Because exposure to air pollution is also known to 
contribute to the development of such underlying 
diseases (Cohen et al. 2017; HEI 2019), air pollution 
might also increase susceptibility to morbidity and 
mortality from COVID-19, possibly in ways that we 
do not fully understand (Conticini et al. 2020). 

STUDY SELECTION

HEI established an independent Panel of outside 
experts to review all applications submitted in response 
to the RFA. The HEI Research Committee reviewed the 
Panel’s suggestions and recommended five studies for 
funding to HEI’s Board of Directors, which approved 
funding in December 2020. Members of the Research 
Committee with any conflict of interest were recused 

from all discussions and from the decision-making pro
cess. This Preface summarizes the five studies, HEI’s over
sight process, and the review process for the final reports.

-
-

OVERVIEW OF THE AIR POLLUTION, COVID-19, 
AND HUMAN HEALTH STUDIES 

HEI expected to make a valuable contribution to this 
rapidly expanding new field of research with the five stud
ies funded under RFA 20-1B (Preface Table). 

-

Zorana Andersen of the University of Copenha
gen and colleagues proposed to use a population-based 
nationwide cohort of 3.7 million Danish adults to investi
gate whether long-term exposure to air pollution is asso
ciated with increased risk of COVID-19-related morbid
ity and mortality and to identify the most susceptible 
groups by age, sex, socioeconomic status, ethnicity, and 
comorbidities. 

-

-
-
-

Kai Chen of Yale University and colleagues proposed 
to assess the impact of ambient air pollution reduction 
on mortality during COVID-19 lockdowns in four coun
tries (Germany, Italy, China, and the United States). First, 
they proposed to evaluate whether changes in mortal
ity are associated with changes in concentrations of NO2 
and PM2.5 before, during, and after the lockdown (study 
period 2015–2020). Next, they proposed to disentangle 
the short-term effects of NO2 versus PM2.5 on mortality. 

-

-

Michael Kleeman of the University of California–
Davis and colleagues proposed to evaluate the chronic 
and acute effects of air pollution exposure on COVID-19 
incidence, mortality, and long-term complications among 
the approximately 10 million residents of 432 health 
neighborhoods in Los Angeles, California. First, they 
planned to use chemical transport and land use regres
sion models to develop chronic and acute daily PM2.5, 
NO2, and O3 exposure estimates at multiple spatial res
olutions. They then proposed to assess the association 
between exposure and COVID-19 incidence and mortal
ity between March 16 and September 4, 2020, and with 
new and exacerbated long-term COVID-19 complica
tions up to 18 months following initial infection. 

-

-

-

-

Jeanette Stingone of Columbia University and col
leagues proposed to evaluate the interactions between 
chronic air pollution exposure and neighborhood vul
nerability in relation to adverse COVID-19 outcomes in 
New York City. They first would use electronic health 
record data with more than 37,000 COVID-19 patients 
from five large hospital systems to evaluate single and 
multipollutant air pollution exposures in relation to 
COVID-19 hospitalization, inpatient length of stay, ICU 

-

-
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Preface Table. HEI’s Research Program on Air Pollution, Covid-19, and Human Health

Investigator
(institution) Study Title Location

Study Design and 
Population Theme

Final Report
Published

 

Zorana  
Andersen
(University of 
Copenhagen)

Long-Term Exposure 
to Air Pollution and 
COVID-19 Mortality 
and Morbidity in Den
mark: Who Is Most Sus
ceptible?

-
-

Denmark Cohort Study: 
Population-based 
nation-wide cohort 
of all Danes aged 40 
years or older (N > 3 
million)

Susceptibility HEI Report 
214, 2023

Kai Chen 
(Yale University)

Effect of Air Pollution 
Reductions on Mortality 
During the COVID-19 
Lockdown:
A Natural Experience 
Study

China, Ger
many, Italy, 
and the 
United 
States

- Time Series Study: 
Populations in 4 
countries: China 
(Jiangsu Province), 
Italy, Germany, and 
the U.S. (California)

Accountability Expected 
Summer 
2024

Michael  
Kleeman
(University of  
California–Davis)

Ambient Air Pollution 
and COVID-19 in Cal
ifornia

-
Califor
nia, United 
States

- Cohort Study:
Population-based 
cohort using a medi
cal records database 
in Southern Califor
nia from Kaiser Per
manente

-

-
-

Susceptibility Expected 
Summer 
2024

Jeanette  
Stingone
(Columbia  
University)

Race, Ethnicity, and Air 
Pollution in COVID-
19 Hospitalization Out
comes

-

(REACH OUT Study)

New York 
City, United 
States

Cohort Study:
Population-based 
cohort using har
monized electronic 
health records in 
NYC

-

Susceptibility Expected 
Winter 2024

Cathryn  
Tonne 
(ISGlobal)

Air Pollution in Relation 
to COVID-19 Morbidity 
and Mortality: A Large
Population-Based 
Cohort Study in Catalo
nia, Spain

-

Catalonia, 
Spain

Cohort Study:
Population-based 
region-wide cohort 
of 6 million residents 
of Catalonia, Spain

Susceptibility Expected 
Winter 2024

admission, ventilator use, and death. Then they would 
complete a validation study, sampling all patients from 
four of the hospital systems to ensure the quality of har
monized data. 

-

Cathryn Tonne of ISGlobal and colleagues pro
posed to assess whether long-term exposure to air pol
lution increases the risk of COVID-19 hospitalization and 
mortality in the general population of 5 million people in 
Catalonia, Spain, and whether short-term exposure to 
air pollution increases the risk of COVID-19 hospitaliza
tion and mortality among the 300,000 people who tested 
positive for SARS-COV-2 during the study period. 

-
-

-

STUDY OVERSIGHT AND REVIEW OF FINAL 
REPORTS

Members of HEI’s Research Committee provided 
advice and feedback on the study designs, analytical 
plans, and study progress throughout the duration of the 
research program. Each study team submitted biannual 
progress reports. The studies were subject to HEI’s spe
cial quality assurance procedures that included an audit 
by an independent audit team (see www.healtheffects.org/
research/quality-assurance). The five studies commenced 
in Spring 2021 and final reports are expected to be pub

-

-

http://www.healtheffects.org/research/quality-assurance
http://www.healtheffects.org/research/quality-assurance
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lished in 2023 and 2024. HEI is planning to publish an 
overall summary and interpretation of the COVID-19 
research program once all studies have been reviewed. 
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H E I  S TAT E M E N T 
Synopsis of Research Report 214

Long-Term Exposure to Air Pollution and COVID-19 
Outcomes in Denmark

1

What This Study Adds
•	 This study evaluated whether there is an associa

tion between exposure to outdoor air pollution 
and the risk of COVID-19 incidence, hospital
ization, and mortality in a cohort of 3.7 million 
Danish adults.

-

-

•	 Andersen and colleagues found elevated risks of 
all three COVID-19 outcomes associated with 
exposures to fine and coarse particulate matter, 
black carbon, and nitrogen dioxide.

•	 Individuals aged 65 years and older who were 
exposed to nitrogen dioxide and people with 
lower socioeconomic status who were exposed to 
nitrogen dioxide or fine particulate matter were at 
greater risk of contracting COVID-19 compared 
to younger or higher socioeconomic status individ
uals, respectively.

-

•	 Major strengths of the study were the inclusion 
of all Danish adults and the rigorous adjustments 
for many individual- and contextual-level charac
teristics.

-

•	 This study showed that long-term exposures to 
outdoor air pollution appear to be associated 
with adverse COVID-19 morbidity and mortality 
among Danish adults.

graphic and socioeconomic information. They assigned 
annual estimates of pollution exposures for the year 
2019 based on data from chemical transport models to 
each participant’s residential address. They used Cox 
proportional hazard models to estimate associations 
between each pollutant and COVID-19 incidence, 
hospitalization, mortality, and death from any cause 
until April 26, 2021, adjusting for many individual and 
community-level characteristics.

The investigators conducted many additional 
analyses, including testing for effect modification of 
any associations according to age, sex, socioeconomic 
status, and comorbidities. They examined the shapes of 
exposure–response functions, results from two-pollut
ant models, and whether associations between the pol
lutants and these outcomes differed during two separate 
waves of the pandemic. The investigators also examined 
associations between pollutants and COVID-19 hospi

-
-

-

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr. Zorana 
J. Andersen at the University of Copenhagen, Denmark, and colleagues. Research Report 214 contains both the detailed Investigators’ 
Report and a Commentary on the study prepared by the Institute’s Review Committee.          ANDERSEN 214

BACKGROUND 

Research from toxicology, human clinical 
studies, and epidemiology have linked air 
pollution exposure with risk of respiratory 
infections, influenza, and respiratory syncytial 
virus. Some early studies on air pollution and 
COVID-19 reported potential associations, sug
gesting that the number of COVID-19 deaths 
might have been higher in areas with higher 
levels of air pollution. The data and method
ologies used in these early studies were so 
fraught with errors, however, that the potential 
for biased results was very high. In May 2020, 
only two months after the WHO declared the 
COVID-19 outbreak a global pandemic, HEI 
issued RFA 20-1B, soliciting studies to inves
tigate potential links between air pollution, 
COVID-19, and human health, and selected five 
studies in various countries. This Statement 
highlights a study by Dr. Zorana Andersen and 
colleagues at the University of Copenhagen.

-

-

-

APPROACH 

Andersen and colleagues aimed to inves
tigate whether long-term exposure to air 
pollution is associated with increased risk of 
COVID-19–related incidence, hospitalization, 
and mortality in Danish adults. They focused 
on fine particulate matter <2.5 µg/m3 in 
diameter, coarse particulate matter <10 µg/m3 
in diameter, black carbon, nitrogen dioxide, 
and ozone. Second, they aimed to identify the 
most susceptible subgroups of the population 
according to age, sex, socioeconomic status, 
ethnicity, and whether pre-existing cardio
vascular and respiratory disease, dementia, or 
diabetes increased susceptibility. Third, they 
were interested in determining whether the 
prognosis of COVID-19 hospitalization and 
mortality was poorer in a subgroup of people 
who had tested positive for the disease.

-

-

Briefly, they used national registers to cre
ate a cohort of all adults residing in Denmark 
on March 1, 2020, and at least 1 year prior to 
that. The cohort of 3.7 million people included 
detailed personal and community-level demo

-

-
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talization and death in a subgroup of individuals who 
had tested positive for COVID-19.

KEY RESULTS 

In the full cohort of 3.7 million Danish adults, about 
139,000 individuals tested positive for COVID-19, 
about 11,000 were hospitalized, and about 2,500 died 
from COVID-19 during the 14 months of follow-up. 
Annual average exposures were estimated at 7.4 µg/m3 
for fine particulate matter, 12.7 µg/m3 for coarse partic
ulate matter, 0.3 µg/m3 for black carbon, 10.7 µg/m3 for 
nitrogen dioxide, and 54.5 µg/m3 ozone. 

-

Andersen and colleagues found elevated risks of all 
three COVID-19 outcomes associated with exposures 
to all the pollutants examined, with the exception of 
ozone, which was inversely associated with these out
comes (see Statement Figure for results for deaths from 
COVID-19). Overall, patterns for the three outcomes 
were fairly similar to each other. Risks of increased 
COVID-19 incidence and hospitalizations were stron
gest with exposure to nitrogen dioxide (i.e., hazard 
ratios and 95% confidence intervals: 1.18 [1.14–1.23] 
and 1.19 [1.12–1.27] per 3.49 µg/m3, respectively), 
whereas risk of COVID-19 mortality was strongest with 
exposure to fine particulate matter (i.e., 1.23 [1.04–1.44] 
per 0.55 µg/m3). Risks for death from COVID-19 associ
ated with fine or coarse particulate matter or nitrogen 
dioxide were much higher than those from all causes. 

-

-

-

Interestingly, the investigators found no associations 
between pollutant exposures and COVID-19 outcomes 
during the first wave of the pandemic (March 1 to July 
31, 2020), when the number of cases, hospitalizations, 
and deaths were much lower than during the second 
wave (August 1, 2020 to April 26, 2021). 

They found that older adults experienced greater 
risks associated with nitrogen dioxide exposure (com
pared to younger people) and people with lower socio
economic status (according to several indicators) had 
greater risks associated with both nitrogen dioxide and 
fine particulate matter exposures (compared to those 
of higher socioeconomic status). The investigators also 
reported greater risks for COVID-19 incidence with 
nitrogen dioxide and fine particulate matter exposures 
among those who had pre-existing cardiovascular and 
respiratory disease and among individuals who had 
dementia and diabetes, although not all of these results 
were statistically significant.

-
-

In analyses restricted to individuals who tested 
positive for COVID-19, the investigators found that 
only exposures to nitrogen dioxide and fine particulate 
matter were associated with increased risks of hospital
izations; but the risks were notably smaller than those 
reported for the full cohort. 

-

Last, results from analyses using two pollutants 
showed generally weaker associations. 

INTERPRETATION AND CONCLUSIONS 

In its independent evaluation of the Investigators’ 
Report, the HEI Review Committee concluded that 
this study represents an important contribution to our 
knowledge about potential associations between long
term exposure to air pollution and COVD-19–related 
health outcomes. Elevated risks for hospitalizations 
were seen both in the general population and among 
those who tested positive for COVID-19. The investiga
tors also identified groups potentially most susceptible 
to air pollution–related COVID-19 outcomes. Major 
strengths of the study design were the inclusion of 
the entire adult Danish population and the rigorous 
adjustments for individual- and contextual-level char
acteristics. 

-

-

-

Some of the findings, however, remained difficult to 
interpret, including much higher estimates of risk than 
those reported in many previous studies of air pollu
tion. For example, the reported risks for all-cause mor
tality are much greater than those observed elsewhere. 
Other results that are difficult to explain included 
the weaker associations among those who had tested 
positive for COVID-19 (as compared to among the full 
cohort) and the inverse associations between exposure 
to ozone and several outcomes. 

-
-

The Committee agrees with the investigators that 
there are many challenges to measuring cases of 
COVID-19 incidence, hospitalization, and death accu
rately. The accuracy of the data depends on voluntary 
participation in testing, testing capacity, accessibility, 
cost, and accuracy, which are likely to vary across 
Denmark and throughout the pandemic.

-

Ultimately, the study design used here is a great 
improvement over others used in the currently avail
able literature on this topic. The results document that 
long-term exposures to outdoor air pollution do appear 
to be associated with adverse COVID-19 morbidity and 
mortality among Danish adults.

-
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Statement Figure. Associations between estimated annual average pollutant concentrations and deaths from 
COVID-19. Hazard ratios and 95% confidence intervals estimated per interquartile range increases in 1-year mean 
exposure, namely: 0.55 μg/m3 for PM2.5, 1.14 μg/m3 for PM10, 0.09 μg/m3 for BC, 3.49 μg/m3 for NO2, and 2.79 μg/m3 for 
O3. (Source: Investigators’ Report Table 3).
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-

ABSTRACT

Introduction  Early ecological studies have suggested a 
link between air pollution and Coronavirus Diseases 2019 
(COVID-19*); however, the evidence from individual-level 
prospective cohort studies is still sparse. Here, we have exam
ined, in a general population, whether long-term exposure to 
air pollution is associated with the risk of contracting severe
acute respiratory syndrome coronavirus 2

 
 (SARS-CoV-2) and 

developing severe COVID-19, resulting in hospitalization 
or death and  who is most susceptible. We also examined 
whether long-term exposure to air pollution is associated 
with hospitalization or death due to COVID-19 in those who 
have tested positive for SARS-CoV-2. 

-

Methods        We included all Danish residents 30 years or older 
who resided in Denmark on March 1, 2020.  and followed 
them in the National COVID-19 Surveillance System until 
first positive test (incidence), COVID-19 hospitalization, or  
death until April 26, 2021. We estimated mean levels of nitro
gen dioxide (NO2), particulate matter with an aerodynamic 
diameter <2.5 μm (PM2.5), black carbon (BC), and ozone (O3) at 

-

cohort participants’ residence in 2019 by the Danish Eulerian 
Hemispheric Model/Urban Background Model. We used Cox 
proportional hazard models to estimate the associations of 
air pollutants with COVID-19 incidence, hospitalization, and 
mortality adjusting for age, sex, and socioeconomic status 
(SES) at the individual and area levels. We examined effect 
modification by age, sex, SES (education, income, wealth, 
employment), and comorbidities with cardiovascular disease, 
respiratory disease, acute lower respiratory infections, diabe
tes, lung cancer, and dementia. We used logistic regression to 
examine association of air pollutants with COVID-19–related 
hospitalization or death among SARS-CoV-2 positive patients, 
adjusting for age, sex, individual- and area-level SES.

-

Results   Of 3,721,810 people, 138,742 were infected, 
11,270 hospitalized, and 2,557 died from COVID-19 during 
14 months of follow-up. We detected strong positive asso
ciations with COVID-19 incidence, with hazard ratio (HR) 
and 95% confidence interval (CI) of 1.10 (CI: 1.05–1.14) per  
0.5-µg/m3 increase in PM2.5 and 1.18 (CI: 1.14–1.23) per  
3.6-µg/m3 increase in NO2. For COVID-19 hospitalizations and 
for COVID-19 deaths, corresponding HRs and 95% CIs were 
1.09 (CI: 1.01–1.17) and 1.19 (CI: 1.12–1.27), respectively 
for PM2.5, and 1.23 (CI: 1.04–1.44) and 1.18 (CI: 1.03–1.34), 
respectively for NO2. We also found strong positive and sta
tistically significant associations with BC and negative asso
ciations with O3. Associations were strongest in those aged 
65 years old or older, participants with the lowest SES, and 
patients with chronic cardiovascular, respiratory, metabolic, 
lung cancer, and neurodegenerative disease. Among 138,742 
individuals who have tested positive for SARS-Cov-2, we 
detected positive association with COVID-19 hospitalizations 
(N = 11,270) with odds ratio and 95% CI of 1.04 (CI: 1.01–
1.08) per 0.5-µg/m3 increase in PM2.5 and 1.06 (CI: 1.01–1.12) 
per 3.6-µg/m3 increase in NO2, but no association with PM 
with an aerodynamic diameter <10 μm (PM10), BC, or O3, and 
no association between any of the pollutants and COVID-19 
mortality (N = 2,557).

-

-
-

* A list of abbreviations and other terms appears at the end of this volume.

INVESTIGATORS’ REPORT

mailto:zorana.andersen@sund.ku.dk
https://en.wikipedia.org/wiki/Severe_acute_respiratory_syndrome_coronavirus_2
https://en.wikipedia.org/wiki/Severe_acute_respiratory_syndrome_coronavirus_2
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Conclusions    This large nationwide study provides strong 
new evidence in support of association between long-term 
exposure to air pollution and COVID-19. 

INTRODUCTION

One of the important public health objectives in the midst 
of COVID-19 epidemic was to identify key modifiable factors 
that could contribute to increased risk of contracting the 
SARS-CoV-2 and developing COVID-19 or worsen the sever
ity of the health outcomes among individuals with COVID-19. 
These factors are crucial for the management of the current 
COVID-19 pandemic and preparation of strategies for future 
similar pandemics. Air pollution is the major environmental 
stressor and is the fourth top ranked global risk factor for mor
bidity and mortality (after smoking, high blood pressure, and 
poor diet). It caused 6.7 million deaths in 2019, from ischemic 
heart disease, cerebrovascular disease, chronic obstructive 
pulmonary disease, acute lower respiratory infections, lung 
cancer, diabetes, and neonatal deaths (HEI 2020). 

-

-

AIR POLLUTION AND COVID-19: IS THERE A 
BIOLOGICAL PLAUSIBILITY?

Several biologically plausible mechanisms and pathways 
may explain how long-term exposure to particulate matter 
(PM) and gaseous pollutants may increase risk of COVID-19. 
Long-term exposure to air pollution may worsen COVID-19 
severity and lethality indirectly, by increasing the risk of 
respiratory, cardiovascular, and metabolic diseases as well 
as lung cancer (HEI 2020), which in turn increase the risk of 
severe disease and death from COVID-19 (Atkins et al. 2020; 
Elliott et al. 2021; Veronesi et al. 2022; Williamson et al. 2020).

Experimental studies show that PM exposure can also 
directly increase vulnerability to the SARS-CoV-2 and other 
respiratory infections by impairing cell immunity and weak
ening host defense mechanisms, and thus increasing suscep
tibility to respiratory infections (Woodby et al. 2021). This 
increased vulnerability is caused by direct cellular damage 
and indirectly via oxidative stress and inflammation in the 
lung and system, which can increase viral spread, enhance 
virus-induced tissue damage and inflammation, promoting 
dysfunction of a variety of organs, including the lungs, heart, 
kidney, and brain, resulting in more severe COVID-19 or 
death (Woodby et al. 2021). 

-
-

Furthermore, the plausibility of the link between air pol
lution and COVID-19 is supported by the likely link between 
air pollution with other respiratory infections, such as 
pneumonia. Only a few studies have examined associations 
between long-term exposure to air pollution and pneumonia 
incidence or hospitalizations (Carey et al. 2016; Neupane 
at el. 2010; Salimi et al. 2018), with mixed results, as two 
reported positive associations (Carey et al. 2016; Neupane at 
el. 2010) and one found no association (Salimi et al. 2018). 
Based on these three studies, recent systematic review and 

-

meta-analyses from the Health Effects Institute (HEI) on the 
associations between traffic-related air pollution (including 
NO2, PM2.5, and elemental carbon [EC]) and a number of 
health outcomes, we have concluded that the confidence 
was very low or low for an association with traffic-related air 
pollution and the risk of acute lower respiratory infections 
(Boogaard et al. 2020). However, the Global Burden of Disease 
study has recognized the causal link between air pollution 
and acute lower respiratory infection mortality (HEI 2022), 
which is supported by solid evidence from 13 studies on air 
pollution and pneumonia mortality (Bowe et al. 2019; Carey 
et al. 2013; Jerrett 2022; Katanoda et al. 2011; Kazemiparkouhi 
et al. 2020; Lim et al. 2019; Liu et al. 2022; Pinault et al. 2017; 
Pope et al. 2004, 2019; Turner et al. 2016; Yang et al. 2018; 
Yorifuji et al. 2013) of which all but one (Carey et al. 2013) 
detected associations.

EARLY RESEARCH ON LONG-TERM EXPOSURE TO 
AIR POLLUTION AND COVID-19: CORRELATION AND 
ECOLOGICAL STUDIES

Early correlation and ecological studies have raised head
lines suggesting that air pollution may increase the risk of 
COVID-19, despite the fallacies of such designs (Villeneuve 
and Goldberg 2020). A study in the United States gained 
instant attention by the media in May 2020, when prelimi
nary (non–peer-reviewed) results by Wu and colleagues (Wu 
et al. 2020) showed that even a small increase of 1 μg/m3 in 
long-term exposure to PM2.5 led to a large 20% increase in 
the COVID-19 death rate, with the magnitude of increase 20 
times that observed for PM2.5 and all-cause mortality (Di et 
al. 2017). This impressive estimate later attenuated to 8%, 
after adjustment for the timing of social distancing policies 
and the population’s age distribution. However, this study 
was criticized for possibly grossly overestimating the effect 
of air pollution on COVID-19 mortality for several reasons. 
The major issue is the ecological design, where mortality rates 
in 3,080 U.S. counties were compared against very crude, 
county-average concentrations of PM2.5 over a 17-year period, 
and lacked individual-level data on exposure, outcome, and 
important confounders (SES, lifestyle, and comorbidities). 
The majority of early studies on long-term exposure to air 
pollution and COVID-19 used ecological designs, which 
have typically linked mean air pollution levels over an area 
(county, municipality, postal code areas, region, etc.) to the 
COVID-19 death or COVID-19 case-fatality rates in that area. 

-

-

Here we give examples of results from selected studies 
(Liang et al. 2020; Travaglio et al. 2021) to illustrate inconsis
tencies in findings from the same areas or countries and to call 
for careful interpretation of these early results. Following Wu 
and colleagues, another nationwide U.S. study, based on the 
same county-level data as the study by Wu and colleagues but 
utilizing a different air pollution modeling approach, exam
ined the long-term effect of NO2, PM2.5, and O3 on COVID-19 
case fatality and mortality rates. They reported increases of 
7.1% (CI: 1.2%–13.4%) and 11.2% (CI: 3.4%–19.5%) per 

-

-
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4.5-ppb increase in NO2 for case fatality and mortality rate, 
respectively (Liang et al. 2020). Notably, in contrast to Wu 
and colleagues, Liang and colleagues reported no association 
with PM2.5. Similarly, two ecological studies from England 
on long-term exposure to air pollution and COVID-19 mor
tality show somewhat conflicting results, notably using the 
different spatial units for analyses and different statistical 
approaches. A study based on COVID-19 deaths up to June 
30, 2020 aggregated in Lower Layer Super Output Area spa
tial units (N = 32,844) found a 0.5% (95% credible interval: 
–0.2%–1.2%) and 1.4% (CI: –2.1%–5.1%) increase in the 
COVID-19 mortality rate for every 1-μg/m3 increase in NO2 
and PM2.5, respectively (Konstantinoudis et al. 2021). On the 
other hand, Travaglio and colleagues reported a significant 
association between long-term exposure to NO2 and O3 and 
COVID-19 deaths at the regional level (Lower Tier Local 
Authorities), and none with PM2.5 (Travaglio et al. 2021).  

-

-

In summary, early evidence based on long-term exposure 
to air pollution and susceptibility to COVID-19 is limited 
by ecological study design, for which estimates cannot be 
used to make inferences on individual-level risk, resulting 
in the ecological fallacy (Villeneuve and Goldberg 2020). 
Individual-level data are needed to provide valid inference in 
understanding the impact of air pollution on contracting the 
SARS-CoV-2 and the development of the COVID-19 disease. 
Notably, many of the aforementioned studies have been pub
lished ahead of peer review, calling for extra caution when 
drawing inference from these early results, as pointed out in 
an editorial (Heederik et al. 2020).

-

LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19: CORRELATION AND ECOLOGICAL STUDIES

Epidemiological evidence based on the cohort studies 
with individual-level data on long-term exposure to air pol
lution and later onset of COVID-19 is still very sparse and 
mixed. Travaglio and colleagues, as the first at that time, used 
individual-level data on “infectivity” from the UK Biobank, 
where of the 1,450 tested individuals 699 tested positive 
for SARS-CoV-2 and found that a single-unit increase in 
PM2.5 levels was associated with a statistically significant 
12% increase in COVID-19 cases in contrast to their above 
mentioned results on regional analyses (Travaglio et al. 2021). 
Only three studies examined association of long-term expo
sure to air pollution to COVID-19 incidence in the general 
population, where incidence was defined as the first positive 
SARS-CoV-2 test, and they offer mixed results. In a city-wide 
study of 62,848 residents of Varese, Italy, of whom 4,408 tested 
positive for COVID-19 in first year of the pandemic, Veronesi 
and colleagues detected increases of 5.1%, 2%, and 4% in 
COVID-19 rates for each μg/m3 increase in PM2.5, NO2, and 
PM10, respectively (Veronesi et al. 2022). In 424,721 subjects 
from UK Biobank, of whom 10,790 tested positive between 
March 16 and December 31, 2020, Sheridan and colleagues 
detected associations with odds ratios (ORs) of 1.06 and 1.05 

-

-

for COVID-19 incidence for each 1.3- and 9.9-μg/m3 increase 
in PM2.5 and NO2, respectively, but found no associations with 
PM10, and no association of any pollutants with COVID-19 
hospitalizations (N = 1,598) or deaths (N = 568) (Sheridan et 
al. 2022). In 1,594,308 subjects from Rome, of whom 79,976 
tested positive and 2,656 died from COVID-19 between 
January 1, 2020, and April 15, 2021, Nobile and colleagues 
on the other hand, found no associations with COVID-19 
incidence, but reported 8% and 9% higher risk of dying from 
COVID-19 for each 0.92- and 9.22-μg/m3 increase in PM2.5 and 
NO2, respectively (they had no data on PM10) (Nobile et al. 
2022). In a slightly different approach, a study by Kogevinas 
and colleagues, which was based on 9,605 subjects from the 
COVID-19 cohort of Catalonia (COVICAT) study in Barcelona 
who provided detailed questionnaire data on COVID-19 and 
of whom 481 (5%) had COVID-19, reported associations with 
PM2.5 and NO2, but none with BC. In a subset of 4,103 subjects 
who provided blood samples, they found no association of 
air pollution with positive antibodies for SARS-CoV-2 (mix 
of incidence and prevalence), but also here, detected asso
ciations with incidence based on self-reported COVID-19. 
Kogevinas and colleagues have notably reported stronger 
associations with air pollution with increasing severity of 
COVID-19 outcome, in terms of COVID-19 severe symptoms, 
hospitalization, or death (Kogevinas et al. 2021). 

-

Four studies, all from North America, which had access to 
data only on those who tested positive for COVID-19, examined 
whether long-term exposure to air pollution affects COVID-19 
prognosis, in terms higher risk of hospitalizations, intensive 
care unit admissions, or death that is related to COVID-19. All 
of these studies have detected an association between PM2.5 
and the risk of severe COVID-19 outcomes, including hospital
izations (Bowe et al. 2021; Chen et al. 2022; Mendy et al. 2021), 
intensive care unit visits (Bozack et al. 2022; Chen et al. 2022), 
or death (Bozack et al. 2022; Chen et al. 2022).

-

The internationally unique infrastructure of the Danish 
population and health registries, has access to highly pre-
cise historical residential address histories, estimates of 
air pollution for more than 40 years, COVID-19 deaths and 
hospitalization data, as well as SES and comorbidity data 
at the individual level for the entire Danish population. 
This infrastructure provides a framework that can directly 
address the limitations of the ecological approach and those 
from other individual-level studies, particularly selection 
of subjects who have access to polymerase chain reaction 
(PCR) testing, with sufficient control for confounding, and 
collinearity between population density and exposure. This 
research was designed to provide new, high quality data to 
support the rapidly emerging evidence base on the potential 
association between long-term exposure to air pollution and 
susceptibility to COVID-19. The evaluation of this evidence 
will be crucial for the scientific and public health community 
and policymakers in their work in mitigating risk and devel
oping solutions during the global COVID-19 crisis. 

-
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SPECIFIC AIMS

Here we aim to investigate whether long-term exposure to 
air pollution is associated with increased risk of mortality and 
morbidity related to COVID-19 and to identify the most sus
ceptible groups by age, sex, SES, ethnicity, and comorbidities. 
Specific aims:

-

1. Examine whether long-term exposure to PM2.5, PM10, 
NO2, BC, and O3 are associated with the risk of contract
ing COVID-19, in terms of COVID-19 incidence, hospital
izations, or death in the general population. 

-
-

2. Identify subgroups that are susceptible to air pollution–
related COVID-19 morbidity and mortality by age, sex, 
SES (education, individual income, household income, 
wealth, occupational status, civil status, housing tenure, 
and household size, type, and composition), ethnicity 
(Danish as well as non-Western and Western origin), and 
comorbidity (cardiovascular disease, respiratory disease, 
acute lower respiratory infections, lung cancer, diabetes, 
and dementia).

3. Examine whether long-term exposure to PM2.5, PM10, 
NO2, BC, and O3 are associated with poorer prognosis 
in people who tested positive for COVID-19, in terms of 
higher risk of hospitalization and mortality. 

METHODS AND STUDY DESIGN

STUDY POPULATION 

We created a population-based nationwide cohort called 
the “Long-term exposure to AIR pollution and COVID-19 
mortality and morbidity in DENmark” (AIRCODEN) by 
including all Danish residents who were 30 years or older on 
March 1, 2020 and had lived in Denmark for at least 1 year 
prior to this date. 

COVID-19 OUTCOME DEFINITIONS

Danish Statens Serum Institut, under the Danish Ministry 
of Health, is responsible for the Danish preparedness against 
infectious diseases and is in charge of surveillance of the 
COVID-19 pandemic in Denmark. The surveillance of the 
COVID-19 infections is based on the results of the tests from 
microbiological departments at the Danish hospitals and test
ing centers, and from Statens Serum Institut’s own laboratory, 
which are collected centrally in the Danish Microbiological 
Database (https://miba.ssi.dk/service/english). Data include 
results from PCR tests for the COVID-19 virus. We obtained 
data on COVID-19 from the Danish Health Data Authority, 
notably with a 5-month delay due to COVID-19 lockdown 
measures, which slowed down processing of the data for 
research.

-

The COVID-19 data available for researchers at the Danish 
Health Authority include information on COVID-19 test date, 

test result, hospital admission date, place of death, death date, 
international travel prior to admission/death, and country of 
travel. A detailed description of the available data is provided 
in Table A1 in Appendix A (available on HEI website). The 
Statens Serum Institut and Danish Health Ministry note that 
researchers should be aware of two important facts regarding 
the use of Danish COVID-19 data in research: (1) that COVID-
19 surveillance data are dynamic in that the Statens Serum 
Institut worked continuously to improve their surveillance 
algorithms, which may have resulted in changes to their 
algorithms during the time of this study (there were no major 
changes in algorithm relevant for the analyses of COVID-19 
incidence, hospitalization, or death data in this project), and 
(2) that changes in test strategy affect the population in that 
COVID-19 data are affected by a continuous change in the 
testing strategy, which implies that the population of those 
with confirmed COVID-19 infections cannot be compared 
over time. 

Using unique personal identification numbers, we linked 
the AIRCODEN cohort participants with the Danish National 
COVID-19 Surveillance System database. PCR testing in 
Denmark was offered to all citizens, free of charge and easily 
accessible, thus providing a unique opportunity to trace 
COVID-19 infection in all Danish residents — though, notably 
with very poor testing capacity in the first wave and much 
larger testing capacity in the second pandemic wave starting 
on August 1, 2020 (Figure 1). We defined COVID-19 outcomes 
as incidence (first positive PCR test for SARS-CoV-2), hospi
talization (hospital admission for more than 12 hours within 
14 days after the first positive PCR test for SARS-CoV-2), and 
death (death within 30 days of the detection of SARS-CoV-2 
infection). Note that the statistics on COVID-19 fatalities 
include deaths recorded within 30 days of the detection of 
COVID-19 infection in the individual, but that COVID-19 
is not necessarily the underlying cause of death. We also 
defined death from any cause as an additional outcome, in 
order to compare the size of association between air pollution 
and COVID-19 with that for all-cause mortality, recently 
reported in the nationwide Danish cohort from year 2000.

-

In this report, we refer to SARS-CoV-2 as the virus and 
to COVID-19 as the disease manifestation in those who con
tracted SARS-CoV-2. In this project we were mainly interested 
in air pollution association with the risk of COVID-19 (i.e., the 
disease resulting from infection of SARS-CoV-2), keeping in 
mind that it is possible to have asymptomatic SARS-CoV-2 
infection (i.e., infection without diseases, symptoms, etc.). 
Thus, we defined three possible definitions of the COVID-19: 
incidence (positive test for SARS-CoV-2, since we do not have 
data to separate asymptomatic SARS-CoV-2 cases and those 
who developed diseases COVID-19), hospitalization, and 
mortality.

-

COVARIATE AND COMORBIDITY DEFINITIONS

We have extracted individual-level SES information for 
year 2019 from the Danish national registers with information 

https://miba.ssi.dk/service/english
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on individual SES for all Danish citizens, including occu
pation, personal income and transfer of welfare payments 
(Baadsgaard and Quitzau 2011), personal labor market 
affiliation (Petersson et al. 2011), and education (Jensen and 
Rasmussen 2011), as well as civil status, household compo
sition, and country of origin available from the Danish Civil 
Registration System (Schmidt et al. 2014). The following 
individual-level variables were defined based on the register 
data from 2019:

-

-

• Marital status (married/registered partnership; divorced; 
widow/widower; single)

• Highest completed education (primary/basic education; 
vocational training; short higher education; medium 
higher education; long higher education — college or 
higher)

•	 Occupational status (primary, upper secondary, voca
tion/qualifying, vocation bachelor/short higher educa
tion, college level or higher)

-
-

• Individual wealth, in tertiles (the approximate difference 
between all assets and liabilities in DKK/year)

•	 Family/household disposable income, in tertiles (DKK/
year)

•	 Household size (one, two, three, four, five or more per
sons living in household)

-

The following area-level/neighborhood variables were 
defined at parish level defined from the register data for year 
2019: 

•	 Population density (number of people/km2)

•	 Mean income (DKK/year) 

•	 Median wealth (DKK/year)

•	 Percent unemployment

•	 Percent primary or lower education 

•	 Corresponding SES (including mean income, median 
wealth, percent unemployment, and percent primary or 
lower education) difference between municipality and 
parish

•	 Municipality-level access to healthcare (number of gen
eral practitioners/citizens) 

-

•	 Lung cancer incidence rate (proxy for parish smoking 
rates)

•	 Diabetes incidence rate (proxy for parish obesity rates)

In Denmark there are 5 regions, 98 municipalities, and 
2,158 parishes. The five regions are the Capital Region (29 
municipalities), Southern Denmark Region (22 municipal
ities), Central Denmark Region (19 municipalities), Zealand 
Region (17 municipalities), and North Denmark (11 munici
palities). In Denmark, a parish is a local ecclesiastical unit in 
the Church of Denmark. Each parish is assigned to a physical 
church, and the church’s administration handles the area’s 
civic registration of births, marriages, and deaths. Each Dan
ish municipality is composed of one or more parishes. 

-

-

-

Ethnicity was defined by country of origin (Denmark; West
ern countries [all 28 European Union countries and Andorra, 

-

Figure 1. The COVID-19 pandemic in Denmark between March 1, 2020, and April 26, 2021. Daily numbers of COVID-19 positive 
cases, hospital admissions, and deaths in Denmark. 

https://en.wikipedia.org/wiki/Ecclesiastic
https://en.wikipedia.org/wiki/Church_of_Denmark
https://en.wikipedia.org/wiki/Municipalities_of_Denmark
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Iceland, Liechtenstein, Monaco, Norway, San Marino, Swit
zerland, Vatican State, Canada, the United States, Australia, 
and New Zealand]; and non-Western [all others]). 

-

Comorbidities (i.e., the prevalence of a specific disease) 
were defined as a record of hospital contact (inpatient, 
outpatient, or emergency) in the Danish National Patient 
Register (Schmidt et al. 2015) for that specified disease prior 
to AIRCODEN baseline on March 1, 2020, as defined in Table 
1. Note that we had data from the Danish National Patient 
Register available from the onset of the register in 1979 until 
December 31, 2018.

AIR POLLUTION EXPOSURE

We used the Danish integrated Danish Eulerian Hemi
spheric Model (DEHM)/Urban Background Model (UBM) 
estimates of annual means of NO2, PM2.5, PM10, BC, and O3 at 
a 1×1 km resolution from 1979–2019, assigned to residential 
addresses of AIRCODEN cohort participants. The DEHM is a 
chemistry-transport model (Brandt et al. 2012), and the UBM 
(Brandt et al. 2003) includes several domains with different 
spatial resolutions to calculate intercontinental and regional 
transport of air pollution, while achieving a high resolution 
over Denmark. The models were validated against measure
ments and showed good performance (Hvidtfeldt et al. 2018; 
Khan et al. 2019). The main exposure proxy used was a 1-year 
mean exposure at residence in 2019, as seen on Figure 2, and 
additional analyses was performed with 3-year (2017–2019) 
and 10-year mean exposure. We defined these three exposure 
windows to examine whether more recent exposure to air pol
lution (in 2019, a year before pandemic) or the accumulation 
of exposure over a long period of time for up to ten years, were 
the most relevant for the risk of contracting SARS-CoV-2. 

-

-

-

Traffic-related pollutants NO2 and BC are highest in Den
mark in the urban areas, whereas O3 is highest at the rural 
and coastal areas (Figure 2). Apart from high levels of PM2.5 in 
urban areas, levels are also high in Southeastern Denmark due 
to significant contribution of long-range transported second
ary particles from Central and Eastern Europe. 

-

-

We also used the European-wide hybrid land use regression 
(LUR) model, developed within the Effects of Low-Level Air 
Pollution: A Study in Europe (ELAPSE) project (http://www.
elapseproject.eu/), which provides annual mean concentra
tions of PM2.5, NO2, BC, and O3 for the year 2010 at a 100×100-m 
resolution, (de Hoogh et al. 2016) and which has been used 
in other studies on air pollution and all-cause mortality in 
Europe and Denmark. In brief, the LUR model utilized routine 
monitoring data from the European Environment Agency Air-
Base for PM2.5 and NO2, and European Study of Air Pollution 
Effects (ESCAPE) monitoring data for BC as the dependent 
variable. Satellite data, dispersion model estimates, land 
use, and traffic variables were predictors to estimate annual 
mean pollutant concentrations. The models performed well 
in five-fold hold-out validation, explaining 72%, 59%, and 
54% of spatial variability of the measured concentrations for 

-

PM2.5, NO2, and BC, respectively (de Hoogh et al. 2018). We 
used the ELAPSE model in addition to the Danish model to 
test whether our results were robust to different methods of 
estimating long-term exposure to air pollution. 

STATISTICAL METHODS AND DATA ANALYSIS

LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19 INCIDENCE, HOSPITALIZATION, AND 
MORTALITY 

We used stratified Cox proportional hazard models with 
calendar time in days as the underlying timescale to examine 
the associations of air pollutants (single-pollutant models) 
with COVID-19 incidence, hospitalization, death, or all-cause 
mortality, with censoring at the date of death from other rea
sons, emigration, or the end of follow-up on April 26, 2021, 
whichever came first. We fitted three models with increasing 
control for the individual- and area-level covariates: Model 1, 
which adjusted for the calendar time (time axis), age (strata by 
5-year age band), sex (strata), and region of residence (strata) 
(region was not included in all-cause mortality analyses); 
Model 2, which additionally adjusted for individual-level 
SES, including marital status (unmarried, divorced, wid
owed, married/registered partnership), highest completed 
education (primary, upper secondary, vocation/qualifying, 
vocation bachelor/short higher education, college level or 
higher), occupational status (unemployed, employed, or sick/
welfare support/student/pension/others), individual wealth 
(tertile), family income (tertile), and household size (one, 
two, three, four, five, and above persons living in household); 
and Model 3 (main model), which additionally adjusted for 
population-level SES including parish-level population den
sity, municipality-level access to healthcare, parish-level SES 
factors (mean income, median wealth, percentage of unem
ployment, percentage of primary or low education, and the 
SES difference between municipality and parish). We have 
extensively adjusted for SES both at individual- and area
level because air pollution exposure and risk of COVID-19 are 
both related to SES. The Cox model is a standard model used 
to examine the association between air pollution and health 
outcomes, which are assessed prospectively in time-to-event 
format. To account for the spatial correlation of observations 
within the same parish, we used the Huber sandwich estima
tor for all models to robust the variance estimation. 

-

-

-

-

-

-

We fitted single-pollutant models for annual mean expo
sure in 2019 (main analyses) and for three-year (2017–2019) 
and ten-year (2010–2019) means of PM2.5, PM10, NO2, BC, and 
O3 estimated by the Danish DEHM/UBM model, as well as 
for 2010 annual mean of PM2.5, NO2, BC, and O3 estimated 
by ELAPSE model. These different approaches were used to 
examine which exposure window to air pollution may be most 
relevant for the immune response relevant for infection by 
SARS-CoV-2: is it more recent exposures, captured best by the 
annual mean exposure in 2019, or accumulated exposure over 

-

http://www.elapseproject.eu/
http://www.elapseproject.eu/
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Table 1. Definition and Prevalence of Comorbidities Among the 3,721,813 Participants of the AIRCODEN Cohort at the 
Study Baseline on March 1, 2020a

ICD-10 Codes ICD-8 Codes Prevalence, N (%)

Cardiovascular disease I00–99 400–459 934,898 (25.1%)

    Myocardial infarction I21 410 91,070 (2.4%)

    Heart failure I50 427 51,623 (1.4%)

    Atrial fibrillation I48 427.4, 427.9 128,031 (3.4%)

    Stroke (ischemic included) I61–64 431, 432, 433, 434, 436 103,715 (2.8%)

Respiratory disease J00–J99 460–519 880,018 (23.6%)

    Asthma J45–46 493 127,744 (3.4%)

    COPD J40–44 490–492 79,674 (2.1%)

    Acute lower respiratory infection J12–18, J20–22 480–486, 466 245,782 (6.6%)

    Pneumonia J12–18 480–486 217,015 (5.8%)

    Influenza J09–11 487–488 21,135 (0.6%)

Lung cancer C34 162.2–162.9 10,425 (0.3%)

Diabetes E10–14, H36, O24 
(excluded O24.4)

249, 250 121,671 (3.3%)

Dementia F00–03, G30, G31.8–9 290.09–11,290.19; 293.09–11,293.19 16,467 (0.4%)

COPD = chronic obstructive pulmonary disease. 
a ICD-8/10: International Classification of Diseases 8th/10th version. ICD-8 was used before and ICD-10 after January 1, 1994 (ICD-9 was never 

implemented in Denmark). 

longer time, captured by three- or ten-year mean exposure? 
We also conducted these analyses to test robustness of our 
results to different modeling approaches used for estimating 
exposures to air pollution.

To evaluate the shape of the associations for each pollut
ant and examine whether there is a threshold below which 
air pollution does not pose a risk for COVID-19, we have 
estimated exposure–response functions by applying natural 
cubic splines with three degrees of freedom. To examine 
whether the associations with air pollution may have changed 
over time during the study period due to differences in testing 
capacity, stringency of lockdown measures, compliance with 
lockdown and other (wearing masks, physical distancing, 
compulsory testing, etc.) pandemic measures, as well as 
COVID-19 strains, we estimated associations separately in 
two pandemic waves: March 1–July 31, 2020, and August 1, 
2020–April 26, 2021. 

-

We have aimed to identify groups of Danish residents who 
were most susceptible and most likely to contract SARS
CoV-2 virus and develop COVID-19 due to air pollution, 
by demographics, SES, and comorbidities. Specifically, 
effect modification of an association of PM2.5 and NO2 with 
COVID-19 incidence, hospitalization, and mortality by sex, 
age, individual-level SES, ethnicity and comorbidities with 

-

cardiovascular disease, respiratory disease, acute lower 
respiratory infections, diabetes, lung cancer, dementia, and 
diabetes, were evaluated by entering an interaction term (one 
at the time) into the model and tested by the Wald test at mul
tiplicative scale. We fitted mutually adjusted two-pollutant 
models for pollutant combinations for which the Pearson 
correlation coefficient is less than 0.7.

-

We performed several sensitivity analyses. To evaluate 
possible confounding by missing information on smoking 
and body mass index (BMI), which are not readily available 
for the Danish population, we have additionally adjusted for 
parish-level chronic obstructive pulmonary diseases or lung 
cancer prevalence rates (proxies for smoking) and parish-level 
diabetes prevalence rates (proxy for obesity). We have also 
applied the indirection adjustment (Shin et al. 2014) using 
the associations between air pollution and smoking and BMI 
based on the Danish National Survey 2017, which included 
data on 183,372 Danes who were 18 years and older. This 
survey is considered to have the most representative data 
on Danish adult populations’ lifestyle factors. To make the 
indirect adjustment, we have linked the Danish National 
Survey participants to the air pollution estimates (the Danish 
integrated DEHM/UBM model) at their residence in 2017, and 
then estimated the association between lifestyle factors (e.g., 
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smoking, BMI, and physical activity) and different air pol
lutants. These effect estimates were used to correct the effect 
estimates of the association between the specific air pollutant 
and COVID-19 incidence, mortality, and hospitalization. We 
have additionally performed sensitivity analyses of associa
tion between long-term exposure to air pollution and COVID
19 incidence, hospitalization, and mortality using Poisson 
regression instead of Cox regression, and estimated rate ratio 
(RR). 

-

-
-

The weakness of our approach is that not all Danish resi
dents have been tested for COVID-19, and that those who chose 
to get tested may be somehow different from those who did 
not, and that results of this study are not generalizable to the 
latter. Thus, to explore whether associations are affected by a 
possible selection bias in who gets tested, we have estimated 
associations in a subsample of population who were tested 
for COVID-19. Another issue with COVID-19 is that there 
were fast-changing strategies in testing, such as population 
adaptation, and lockdown-measures, which all may have 
had an impact on the effect of air pollution on COVID-19. To 
examine whether changes in testing capacity and prevention 
measures over time and space, in different parts of the country, 
affected associations of air pollution with COVID-19, we used 
time-varying Cox models with adjusting for covariates in Model 
3 and monthly municipality-level SARS-CoV-2–positive rate 
based on PCR tests. By estimating SARS-CoV-2–positive rate 
every month in every municipality, we could account for the 
development of the COVID-19 pandemic over space and time 
in Denmark, and account for it in our analyses (Danesh Yazdi 
et al. 2021, Lin and Ying 1994).

-

Only subjects with complete information for Model 3 vari
ables were included in the analyses. We presented HRs and 
95% CIs per interquartile range (IQR) increase in pollutant. We 
conducted analyses using R statistical software (version 4.1.2). 

-

LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19 HOSPITALIZATION AND MORTALITY 
AMONG COVID-19 CASES 

In this part of the analyses we examined whether in those 
who contracted SARS-CoV-2, air pollution increased the 
risk of the development of more severe COVID-19, requiring 
hospitalization or resulting in death. We used a logistic 
regression model to examine the associations of air pollutants 
with COVID-19 hospitalization and death among 138,742 
individuals who tested positive for COVID-19. We fitted three 
models with increasing control for the individual- and area
level covariates: Model 1 adjusted for calendar time (natural 
spline with eight degrees of freedom), sex, and age at baseline 
(5-year bands); Model 2 additionally adjusted for civil status, 
household size, individual wealth, family income, educa
tion, and occupational status; and Model 3 further adjusted 
for parish-level population density, mean income, median 
wealth, unemployment rate, primary or low education rate, 
the difference of those variables between parish and munici
pality, and municipality-level access to healthcare. We fitted 

-

-

-

single-pollutant models for annual mean exposure in 2019 
(main analyses), and for a 3-year (2017–2019) mean of PM2.5, 
PM10, NO2, BC, and O3 estimated by the Danish DEHM/UBM 
model. The study was approved by the Danish Data Protec
tion Agency. 

-

RESULTS

Of the 3,743,013 AIRCODEN participants who were 30 
years or older and resided in Denmark on March 1, 2020, (and 
at least 1 year prior), we excluded 8,397 subjects with missing 
data on air pollution exposure due to missing or incomplete 
geocoding of residential address, 676 with missing data on 
individual SES information, and 12,127 subjects with missing 
parish-level SES information due to missing or incomplete 
linkage between individual address and its parish. In addi
tion, three individuals were excluded from incidence and 
hospitalization analyses due to record of SARS-CoV-2 posi
tive test before March 1, 2020, leaving 3,721,813 subjects for 
final analyses. 

-

-

During 14 months follow-up (411–417 days) covering 
two pandemic waves (Figure 1), 138,742 individuals tested 
positive for SARS-CoV-2, 11,270 were hospitalized, and 2,557 
died from COVID-19. Compared with the total population, 
subjects who died or were hospitalized from COVID-19, or 
those who died from any cause, were less likely to be women, 
highly educated, employed, married or live with a partner, or 
have high income (Table 2). However, reverse patterns with  
less pronounced differences, were observed with incident 
COVID-19 cases. The vast majority (92% or 128,262 cases) 
of incident COVID-19 cases (or SARS-CoV-2 positive tests) 
were observed in the second pandemic wave, whereas only 
8% or 10,480 cases were observed during first wave. Corre
spondingly, 8,908 or 79% of hospitalization, 1,921 or 75% 
of COVID-19 deaths, and 40,331 or 65% of deaths from any 
causes were registered in the second wave.

-

Mean levels of PM2.5, NO2, and BC in 2019 were 7.43, 10.7, 
and 0.33 μg/m3, respectively, and were slightly higher in 
COVID-19 cases than in the total population (Table 2). The 
strongest positive correlation was observed between NO2 and 
BC (0.75) and NO2 and PM2.5 (0.61), and negative between NO2 
and O3 (–0.86), and BC and O3 (–0.68) (Figure 3). PM10 was 
poorly correlated with all other pollutants. 

We detected strong, significantly positive associations 
of 2019 annual exposure to PM2.5, NO2, and BC with all 
three COVID-19 outcomes (incidence, hospitalization, and 
mortality) (Table 3), mostly strongest for mortality. The 
corresponding HRs and 95% CI from Model 3 were 1.23 
(CI: 1.04–1.44) per 0.55-μg/m3 increase in PM2.5, 1.18 (CI: 
1.03–1.34) per 3.49-μg/m3 increase in NO2, 1.06 (CI: 1.02–1.10) 
per 0.09-μg/m3 increase in BC, and 1.19 (CI: 1.07–1.33) per 
1.14-μg/m3 increase in PM10. Somewhat weaker (almost 
half of those observed with mortality), but still positive and 
statistically significant associations were found for PM2.5 and 
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Table 2. Characteristics Among the 3,721,813 Participants of the AIRCODEN Cohort at the Study Baseline on March 1, 2020

Total Population
COVID-19  
Incidence

COVID-19  
Hospitalization

COVID-19  
Mortality

All-Cause  
Mortality

N 3,721,813 138,742 11,270 2,557 62,359

Person-day at risk – 1,531,385,032 1,549,500,678 1,551,066,930 1,551,066,930

Follow-up time, day – 411 416 417 417

Individual level

Age, year (mean ± SD) 56.3 ± 15.6 52.0 ± 14.6 68.1 ± 15.6 81.1 ± 10.3 78.6 ± 12.2

Age > 65 years old, N (%) 1,157,323 (31.1%) 25,207 (18.2%) 6,859 (60.9%) 2,383 (93.2%) 53,873 (86.4%)

Female, N (%) 1,904,171 (51.2%) 72,250 (52.1%) 5,024 (44.6%) 1,162 (45.4%) 30,520 (48.9%)

Employed, N (%) 2,124,059 (57.1%) 96,036 (69.2%) 3,042 (27.0%)    119 (4.6%) 4,247 (6.81%)

Married/Partner, N (%) 2,069,552 (55.6%) 84,220 (60.7%) 6,019 (53.4%)    991 (38.8%) 23,548 (37.8%)

Income

Low, N (%) 1,082,427 (29.1%) 38,286 (27.6%) 5,266 (46.7%) 1,454 (56.9%) 36,205 (58.1%)

Middle, N (%) 1,245,348 (33.5%) 45,530 (32.8%) 3,408 (30.2%)    815 (31.9%) 18,717 (30.0%)

High, N (%) 1,394,038 (37.5%) 54,926 (39.6%) 2,596 (23.0%)    288 (11.3%) 7,437 (11.9%)

Danish origin, N (%) 3,263,925 (87.7%) 103,383 (74.5%) 8,739 (77.5%) 2,316 (90.6%) 59,186 (94.9%)

Higher education, N (%) 477,065 (12.8%) 19,288 (13.9%)    742 (6.6%)      99 (3.9%) 2,436 (3.9%)

Wealth

Low, N (%) 1,072,333 (28.8%) 47,463 (34.2%) 2,175 (19.3%)    202 (7.9%) 6,307 (10.1%)

Middle, N (%) 1,122,312 (30.2%) 44,976 (32.4%) 4,670 (41.4%) 1,255 (49.1%) 27,735 (44.5%)

High, N (%) 1,527,168 (41.0%) 46,303 (33.4%) 4,425 (39.3%) 1,100 (43.0%) 28,317 (45.4%)

Family size ≤ 2, N (%) 3,313,067 (89.0%) 117,557 (84.7%) 9,856 (87.5%) 2,399 (93.8%) 58,909 (94.5%)

Area levela

Mean income, (mean ± SD) 287,915 ± 67,593 289,951 ± 74,259 287,678 ± 75,397 291,937 ± 74,262 281,695 ± 64,536
Median wealth (mean ± SD) 120,780 ± 169,063 110,713 ± 176,085 108,098 ± 176,085 115,528 ± 180,480 114,052 ± 158,615

Unemployment rate  
(mean ± SD) 1.0% ± 0.5% 1.2% ± 0.5% 1.2% ± 0.5% 1.1% ± 0.5% 1.0% ± 0.5%

Low education rate  
(mean ± SD) 22.6% ± 7.6% 21.5% ± 7.6% 22.3% ± 7.7% 21.7% ± 7.6% 23.9% ± 7.5%

Population density, N/km2  
(mean ± SD)

20.8 ± 42.3 30.2 ± 51.4 27.8 ± 45.8 28.2 ± 44.6 17.1 ± 33.5

GP visit rate (mean ± SD) 77.3% ± 2.0% 76.8% ± 2.2% 76.9% ± 2.1% 76.9% ± 2.0% 77.5% ± 1.8%

Air pollution in 2019 based on DEHM/UBM Model

PM2.5 (mean ± SD) 7.4 ± 0.5 7.5 ± 0.4 7.5 ± 0.4 7.5 ± 0.4 7.4 ± 0.5

NO2 (mean ± SD) 10.7 ± 2.4 11.5 ± 2.4 11.4 ± 2.3 11.5 ± 2.3 10.6 ± 2.3

BC (mean ± SD) 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1

PM10 (mean ± SD) 12.7 ± 0.9 12.6 ± 0.8 12.5 ± 0.8 12.5 ± 0.7 12.8 ± 0.9

O3 (mean ± SD) 54.5 ± 2.2 54.0 ± 2.0 54.1 ± 2.0 54.1 ± 1.9 54.7 ± 2.2

GP = general practitioner; DEHM/UBM = Danish Eulerian Hemispheric Model/Urban Background Model.
a Area level variables were based on the parish, the smallest administrative unit in Denmark.
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PM10 and COVID-19 incidence and hospitalizations, whereas 
associations with NO2 and BC were almost identical for all 
three outcomes. We found significant inverse associations 
of O3 with all three COVID-19 outcomes and no association 
of either PM10 or O3 with all-cause mortality. Associations 
with COVID-19 outcomes observed in the crude model, 
adjusted for age, sex, and region (Model 1), remained largely 
unchanged when adjusting for individual-level SES (Model 
2), but attenuated substantially when adjusting for area-level 
SES (Model 3). For all-cause mortality, estimates remained 
almost identical in all three models. Compared with 1-year 
mean, associations with COVID-19 were almost identical 
with 3-year (slightly stronger) and 10-year (slightly weaker) 
exposure windows (Figure 4). 

Air pollution estimated by the European ELAPSE model 
for year 2010 was higher than air pollution estimated by the 
Danish DHEM/UBM model for year 2019 (Table 4), explained 
by differences in the two modeling approaches as well as 
reduction in air pollution since 2010. Air pollutants estimated 
by the ELAPSE model showed moderate-to-good correlation 
with the Danish DEHM/UBM model, with correlation of 0.51 
between PM2.5 from two models, 0.63 for NO2, and 0.47 for 
both, BC and O3 (Figure 5). Analyses with ELAPSE model air 
pollutants showed strong and significantly positive associa
tions with all COVID-19 outcomes as well as with all-cause 
mortality, comparable to those observed with the Danish 
DEHM/UBM model (Figure 6), although somewhat weaker 
for PM2.5, NO2, and O3, and stronger for BC. 

-

Exposure–response functions
were linear or curvilinear for the 
majority of the pollutants and 
COVID-19 outcomes (Figure 7), in 
line with finding of generally stron
ger associations at lower exposure 
ranges, well below current EU limit 
values of 25 μg/m3 for PM2.5 and 40 

μg/m3 for NO2 (Appendix Table A2; 
available on the HEI website). 

 

-

We found no associations in the 
first pandemic wave, but significant 
and positive associations of PM2.5, 
NO2, and BC in the second pan
demic wave for all three COVID-19 
outcomes (Figure 8). PM10 showed 
stronger associations in the first 
pandemic wave. In the two-pollut
ant models, associations with NO2 
and BC were robust to adjustment 
for PM2.5, whereas those with PM2.5 

attenuated to null with COVID-19 
incidence and hospitalization and 
attenuated by a half for mortality 
(Appendix Table A3). Associations 
remained unchanged with three
approaches for adjusting for missing 

information on smoking and BMI (Appendix Figure A1) when 
limiting population to those who were tested (Appendix Fig
ure A2) and when adjusting for spatiotemporal development 

-

-

 

-

Figure 2. Annual mean parish levels of PM2.5, NO2, BC, and O3 in 2019 in Denmark. BC = black 
carbon; NO2 = nitrogen dioxide; O3 = ozone; PM2.5 = particulate matter with diameter ≤2.5 μm. 

Figure 3. Pearson correlation coefficients between annual mean 
air pollution levels at residence in 2019 among the 3,721,813 
participants of the AIRCODEN cohort. BC = black carbon; NO2 = 
nitrogen dioxide; O3 = ozone; PM10 and PM2.5 = particulate matter 
with diameter ≤10 and ≤2.5 μm, respectively).
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Table 3. The Association Between Long-Term Exposure to Air Pollution and COVID-19 Incidence, Hospitalization, and 
Mortality, as well as All-Cause Mortality Among the 3,721,813 Participants of the AIRCODEN Cohorta,b

Model 1b

HR (95% CI)
Model 2b

HR (95% CI)
Model 3b

HR (95% CI)

COVID-19 Incidencec (N = 138,742)

PM2.5 1.16 (1.12–1.21) 1.23 (1.18–1.27) 1.10 (1.05–1.14)

NO2 1.25 (1.20–1.30) 1.32 (1.27–1.37) 1.18 (1.14–1.23)

BC 1.07 (1.03–1.10) 1.07 (1.04–1.11) 1.05 (1.01–1.08)

O3 0.82 (0.80–0.85) 0.79 (0.77–0.81) 0.86 (0.84–0.89)

PM10 1.05 (1.01–1.08) 1.07 (1.04–1.11) 1.09 (1.06–1.12)

COVID-19 Hospitalizationc (N = 11,270)

PM2.5 1.22 (1.15–1.30) 1.24 (1.17–1.32) 1.09 (1.01–1.17)

NO2 1.35 (1.27–1.44) 1.35 (1.28–1.43) 1.19 (1.12–1.27)

BC 1.08 (1.04–1.12) 1.08 (1.04–1.12) 1.05 (1.01–1.08)

O3 0.77 (0.74–0.81) 0.77 (0.74–0.81) 0.86 (0.82–0.91)

PM10 1.10 (1.03–1.17) 1.10 (1.04–1.17) 1.14 (1.07–1.20)

COVID-19 Mortality (N = 2,557)

PM2.5 1.33 (1.17–1.50) 1.31 (1.16–1.48) 1.23 (1.04–1.44)

NO2 1.34 (1.21–1.49) 1.29 (1.16–1.42) 1.18 (1.03–1.34)

BC 1.09 (1.05–1.14) 1.09 (1.05–1.13) 1.06 (1.02–1.10)

O3 0.78 (0.72–0.84) 0.80 (0.74–0.87) 0.87 (0.78–0.96)

PM10 1.15 (1.04–1.27) 1.13 (1.02–1.25) 1.19 (1.07–1.33)

All-Cause Mortality (N = 62,359)

PM25 1.02 (1.00–1.03) 1.02 (1.01–1.03) 1.02 (1.01–1.03)

NO2 1.05 (1.02–1.08) 1.04 (1.02–1.06) 1.04 (1.01–1.07)

BC 1.02 (1.01–1.04) 1.02 (1.01–1.03) 1.01 (1.00–1.02)

O3 0.98 (0.96–1.00) 0.99 (0.97–1.00) 1.00 (0.98–1.02)

PM10 0.99 (0.97–1.00) 0.96 (0.95–0.98) 0.98 (0.96–0.99)

HR = hazard ratio; CI = confidence interval; BC = black carbon; NO2 = nitrogen dioxide; O3 = ozone; PM10 and PM2.5 = particulate matter with diam
eter ≤10 and ≤2.5 μm, respectively. 

-

a Results are presented for interquartile range increase: 0.55 μg/m3 for PM2.5, 3.49 μg/m3 for NO2, 0.09 μg/m3 for BC, 2.79 μg/m3 for O3, and 1.14 
μg/m3 for PM10. Boldfaced text indicates statistically significant values with P <0.05.

b Model 1 adjusted for calendar time (time axis), sex (strata), age at baseline (strata), and region (strata); Model 2 additionally adjusted for civil 
status, household size, individual wealth, family income, education, and occupational status; Model 3 further adjusted for parish-level popula
tion density, mean income, median wealth, unemployment rate, primary or low education rate, the difference of those variables between par
ish and municipality, and municipality-level access to healthcare (analysis for all-cause mortality was not stratified by regions).

-
-

c N = 3,721,810 (three people excluded due to COVID-19 infection before baseline on March 1, 2020). 
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Figure 5. Pearson correlation coefficients between air 
pollutants estimated by DEHM/UBMD model in 2019 and the 
ELAPSEE model in 2010 among the 2,205,957 participants 
of the AIRCODEN cohort who had data on both exposures. 
BC = black carbon; NO2 = nitrogen dioxide; O3 = ozone; and 
PM10 and PM2.5 = particulate matter with diameter ≤10 and 
≤2.5 μm, respectively.

Figure 4. The association between long-term exposure to air pollution and COVID-19 incidence, hospitalization, and mortality, as 
well as all-cause mortality, among the 3,721,813 participants of the AIRCODEN cohort using three exposure windows [1-year mean 
(2019), 3-year mean (2017–2019), and 10-year mean (2010–2019)]. HR = hazard ratio; CI = confidence interval; BC = black carbon; NO2 
= nitrogen dioxide; O3 = ozone; PM10 and PM2.5 = particulate matter with diameter ≤10 and ≤2.5 μm, respectively. Results are presented 
for interquartile range increase: 0.55 μg/m3 for PM 3 3 3 3

2.5, 3.49 μg/m  for NO2, 0.09 μg/m  for BC, 2.79 μg/m  for O3, and 1.14 μg/m  for 
PM10. Model adjusted for calendar time (time axis), sex (strata), age at baseline (strata), and region (strata); individual covariates (civil 
status, household size, individual wealth, family income, education, and occupational status); and area-level covariates (parish-level 
population density, mean income, median wealth, unemployment rate, primary or low education rate, the differences of socioeconomic 
variables between parish and municipality, and municipality-level access to healthcare). Analysis for all-cause mortality was not 
stratified by regions. 



 17

 Z.J. Andersen et al.

of the epidemic via municipality-level SARS-CoV-2 positivity 
rates (Appendix Table A4). Similarly, our observed associa
tions were almost identical when using Poisson regression 
instead of Cox regression models (Appendix Table A5).

-

We found strongest associations of NO2 with COVID-19 
incidence in the those aged 65 years old or older, and of both 
PM2.5 and NO2 in those with lowest education, income, and 
wealth, those who were unemployed, or living in large house
holds with five inhabitants or more (Figure 9). We also found 
strongest associations in those who were born in Denmark 

-

and those from non-Western countries, whereas no associ
ation was detected in those originating from Western coun
tries. We found no difference in associations between men 
and women. When considering comorbidities at the study 
baseline, we found the strongest associations with both PM2.5 
and NO2 in those with prior cardiovascular disease, which 
was most pronounced for myocardial infarction and stroke, 
but also apparent for heart failure and atrial fibrillation (Fig
ure 10). We also detected stronger associations in those with 
prior respiratory disease, although less pronounced in those 

-
-

-

Figure 6. The association between long-term exposure to air pollution and COVID-19 incidence, hospitalization, and mortality, as 
well as all-cause mortality among the 2,205,957 participants of the AIRCODEN cohort, using DEHM/UBM model (blue) in 2019 
and the ELAPSE model (red) in 2010. HR = hazard ratio; CI = confidence interval; BC = black carbon; NO2 = nitrogen dioxide; O3 = 
ozone; and PM10 and PM2.5 = particulate matter with diameter ≤10 and ≤2.5 μm, respectively. Results are presented for model-specific 
interquartile range (IQR) increase. For DEHM/UBM model IQRs are: 0.6 μg/m3 for PM2.5, 3.3 μg/m3 for NO 3

2, 0.1 μg/m  for BC,  
2.9 μg/m3 for O ; and for ELAPSE IQRs are: 2.0 μg/m3 for PM , 10.1 μg/m3 for NO , 0.5 μg/m3 for BC, 4.1 μg/m3

3 2.5 2  for O3. Model adjusted 
for calendar time (time axis), sex (strata), age at baseline (strata), and region (strata); individual covariates (civil status, household size, 
individual wealth, family income, education, and occupational status); and area-level covariates (parish-level population density, 
mean income, median wealth, unemployment rate, primary or low education rate, the differences of socioeconomic variables between 
parish and municipality, and municipality-level access to healthcare). Analysis for all-cause mortality was not stratified by regions. N 
for morbidity analysis: 2,205,956 (one was excluded due to infection before baseline). Correlation between DEHM/UBM and ELAPSE 
model: PM2.5 (0.51), NO2 (0.63), O3 (0.47), and BC (0.47).

Table 4. Summary of the Air Pollution Level Estimated by DEHM/UBM Model in 2019 and the ELAPSE Model in 2010 
Among the Subset of 2,205,957 Participants of the AIRCODEN Cohort Who Had Data on Both Exposures

DEHM/UBM Model
Mean ± SD

ELAPSE Model
Mean ± SDAir Pollution IQR IQR

PM2.5   7.4 ± 0.5 0.6 12.3 ± 1.5 2.0

NO2 10.5 ± 2.3 3.3 19.9 ± 7.9 10.1

O3 54.7 ± 2.2 2.9 80.4 ± 4.3 4.1

BC   0.3 ± 0.1 0.1   1.0 ± 0.4 0.5

BC = black carbon; NO2 = nitrogen dioxide; O3 =ozone; PM2.5 = particulate matter with diameter ≤2.5 μm; SD = standard deviation; IQR = inter
quartile range; DEHM/UBM = Danish Eulerian Hemispheric Model/Urban Background Model; ELAPSE Model = Effects of Low-Level Air Pol
lution: A Study in Europe.

-
-
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Figure 7. The shape of the 
associations between long-
term exposure to air pollution 
and COVID-19 incidence, 
hospitalization, and mortality, as 
well as all-cause mortality among 
the 3,721,813 participants of the 
AIRCODEN cohort. BC = black 
carbon; NO2 = nitrogen dioxide; 
O3 = ozone; and PM10 and PM2.5 = 
particulate matter with diameter 
≤10 and ≤2.5 μm, respectively. 
Model adjusted for calendar 
time (time axis), sex (strata), age 
at baseline (strata), and region 
(strata); individual covariates 
(civil status, household size, 
individual wealth, family income, 
education, and occupational 
status); and area-level covariates 
(parish-level population density, 
mean income, median wealth, 
unemployment rate, primary or 
low education rate, the differences 
of socioeconomic variables 
between parish and municipality, 
and municipality-level access to 
healthcare). Analysis for all-cause 
mortality was not stratified by 
regions.

Figure 8. The association between long-term exposure to air pollution and COVID-19 incidence, hospitalization, mortality, and all-
cause mortality among the 3,721,813 participants of the AIRCODEN cohort in two pandemic waves: March 1–July 31, 2020 (red) and 
August 1, 2020–April 26, 2021 (blue). HR = hazard ratio; CI = confidence interval; BC = black carbon; NO2 = nitrogen dioxide; O3 = 
ozone; and PM10 and PM2.5 = particulate matter with diameter ≤10 and ≤2.5 μm, respectively. Results are presented for IQR increase: 
0.55 μg/m3 for PM2.5, 3.49 μg/m3 for NO2, 0.09 μg/m3 for BC, 2.79 μg/m3 for O3, and 1.14 μg/m3 for PM10. Cochran's Q test were used to 
examine the statistical difference for the HRs observed in two pandemic waves, and results with P value <0.05 are highlighted with 
a star. Number of cases in the two pandemic waves: COVID-19 incidence (P1 = 10,480, P2 = 128,262); COVID-19 hospitalization (P1 
= 2,362, P2 = 8,908); COVID-19 mortality (P1 = 636, P2 = 1,921); and all-cause mortality (P1 = 22,028, P2 = 40,331), where P1 is first 
pandemic wave and P2 is second pandemic wave.
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with prior chronic respiratory diseases (asthma and chronic 
obstructive pulmonary disease), and most pronounced in 
those with prior acute lower respiratory infections, including 
pneumonias and influenza. We notably found no associations 
with COVID-19 in lung cancer patients. Finally, we found 
stronger associations in dementia and diabetes patients, 
which were most pronounced for NO2 (Figure 10). The results 
for effect modification analyses were almost identical for 
COVID-19 hospitalization (Appendix Figures A3 and A4), 
and similar for mortality, although limited by small number 
of cases (Appendix Figures A5 and A6). 

LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19 HOSPITALIZATION AND MORTALITY 
AMONG COVID-19 CASES 

Among 138,742 individuals who have tested positive for 
COVID-19, we detected positive association with COVID-19 
hospitalizations (N = 11,270), with OR and 95% CIs of 1.04 
(CI: 1.01–1.08) per 0.5-µg/m3 increase in PM2.5 and 1.06 (CI: 
1.01–1.12) per 3.6-µg/m3 increase in NO2, and none with PM10, 
BC, or O3 (Table 5). These associations with risk of severe 
COVID-19 among those who contracted SARS-CoV-2 were 

notably weaker than those detected with risk of contracting 
COVID-19 in total population (Appendix Figure A7). We found 
no associations between any of the pollutants and COVID-19 
mortality, except for negative association with PM10.

DISCUSSION

In this large nationwide study in Danish residents 30 years 
old and older, we detected strong associations between long
term exposure to PM2.5, NO2, BC, and PM10, and risk of getting 
infected with SARS-CoV-2, as well as getting hospitalized 
or dying from COVID-19. We found that those aged 65 years 
or older and individuals with major chronic cardiovascular 
and respiratory diseases, diabetes, dementia, and prior acute 
lower respiratory infections, as well as those in lowest SES 
groups (unemployed, low education, wealth or income) and 
those living in households with more than five people, were 
most vulnerable to the harmful effects of air pollution. We 
also found that long-term exposure to air pollution in those 
who were infected with COVID-19 moderately increased risk 
of subsequent hospitalization, but not death.

-

Figure 9. Effect modification of the association between long-term exposure to air pollution and COVID-19 incidence among the 
3,721,810 participants of the AIRCODEN cohort by sex, age, and individual-level SES characteristic at the cohort baseline on March 
1, 2020. HR = hazard ratio; CI = confidence interval; NO2 = nitrogen dioxide; and PM2.5 = particulate matter with diameter ≤2.5 μm. 
Results are presented for IQR increase: 0.55 μg/m3 for PM2.5 and 3.49 μg/m3 for NO2. Wald test was used to calculate the global P value, 
and results with P value <0.05 are highlighted with a star.
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LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19 INCIDENCE, HOSPITALIZATION, AND 
MORTALITY 

Our findings generally agree with three other studies on 
long-term exposure to air pollution and COVID-19 incidence, 
hospitalization, or mortality (Table 6), all of which report 
associations with air pollution, though with somewhat 
inconsistent findings on which COVID-19 outcomes were 
found to be related to air pollution (Kogevinas et al. 2021; 
Nobile et al. 2022; Sheridan et al. 2022; Veronesi et al. 2022). 
Our results corroborate those of Veronesi and colleagues 
who, in a study of 62,848 residents of Varese (of whom 4,408 
tested positive for COVID-19 in the first year of the pandemic) 
detected 5.1% and 2% increases in COVID-19 rate for each unit 
(μg/m3) increase in PM2.5 and NO2, respectively (Veronesi et 
al. 2022). In 424,721 subjects from the UK Biobank (of whom 
tested 10,790 positive between March 16 and December 31, 
2020), Sheridan and colleagues detected OR of 1.05 and 1.05 
for COVID-19 incidence for each 1.3- and 9.9-μg/m3 increase 
in PM2.5 and NO2, respectively, but in contrast to our study, 
found no associations with COVID-19 hospitalizations (N = 
1,598) or deaths (N = 568) (Sheridan et al. 2022). In 1,594,308 

subjects from Rome (of whom 79,976 tested positive and 
2,656 died from COVID-19 between January 1, 2020 and April 
15, 2021), Nobile and colleagues have, on the other hand, 
found no associations with COVID-19 incidence, but reported 
8% and 9% higher risk of dying from COVID-19 for each 
0.92- and 9.22-μg/m3 increase in PM2.5 and NO2, respectively 
(Nobile et al. 2022). Furthermore, our results agree with those 
of Kogevinas and colleagues, who also found associations 
with COVID-19 risk assessed in detail in a smaller sample of 
subjects, by blood serum tests, self-reports, hospitalizations, 
and death (Kogevinas et al. 2021). Our finding of stronger 
associations of PM2.5 and PM10 with increasing severity of 
COVID-19 outcomes was also observed by Kogevinas and 
colleagues (Kogevinas et al. 2021) and Nobile and colleagues 
(Nobile et al. 2022) but not by Sheridan and colleagues (Sher
idan et al. 2022). 

-

We detected very strong associations with COVID-19 — 
10% increase in incidence and 23% in COVID-19 mortality 
per 0.55-μg/m3 increase in PM2.5 — which was substantially 
stronger than those observed in the abovementioned studies, 
but in line with early findings of very strong associations 
with COVID-19 in general in literature and in early ecological 

Figure 10. Effect modification of the association between long-term exposure to air pollution and COVID-19 incidence among the 
3,721,810 participants of the AIRCODEN cohort by comorbidities at the cohort baseline on March 1, 2020. HR = hazard ratio; CI = 
confidence interval; NO2 = nitrogen dioxide; PM2.5 = particulate matter with diameter ≤2.5 μm; CVD = cardiovascular disease; MI = 
myocardial infarction; HF = heart failure; AF = atrial fibrillation; RD = respiratory disease; COPD = chronic obstructive pulmonary 
disease; ALRI = acute lower respiratory infections. Results are presented for IQR increase: 0.55 μg/m3 for PM2.5 and 3.49 μg/m3 for NO2. 
Wald test was used to calculate the global P value, and results with P value <0.05 are highlighted with a star. 
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studies (Wu et al. 2020). The estimate of risk for COVID-19 
mortality in our study is 10 times greater than that observed 
for PM2.5 and all-cause mortality (i.e., 23% versus 2% per  
0.55 μg/m3; Table 3). This is in line with Nobile and colleagues, 
who also found eight times higher estimate for COVID-19 
than for non–COVID-19 deaths (8% vs. 1% per 0.92 μg/m3) in 
Rome (Nobile et al. 2022).

These strong associations may in part be explained by the 
residual confounding by smoking, BMI, physical activity, 
alcohol use, and other lifestyle factors for which we didn’t 
have data, and which have explained some, but not all, of 
the association between air pollution and COVID-19 in the 
UK Biobank study (Sheridan et al. 2022), which was the 
only study of the above that had data on smoking and other 
lifestyle. Furthermore, in addition to the lack of data on indi-
vidual lifestyle factors, these observed strong estimates are 
likely at least in part explained by residual confounding due 
to missing adjustment for a number of other factors related to 
the COVID-19 pandemic, such as patterns in access to COVID-
19 testing, viral spread over time and space and prevention 
efforts (lockdown measures, physical distancing and facial 
mask recommendations, adherence to mask and distancing 

measures, vaccinations, etc.). On the other hand, these strong 
associations may be real, as we have reported earlier on con
siderably stronger associations between long-term exposure 
to air pollution and all-cause mortality in Denmark: a 14.1% 
increase in mortality for each 5-μg/m3 increase in PM2.5, 
compared with those associations observed in other European 
countries that were part of ELAPSE study, which ranged from 
a 2.1% increase in a Dutch cohort to a 7.6% increase in a Nor-
wegian cohort (Stafoggia et al. 2022). Furthermore, we found 
an indication of a curvilinear exposure–response function, in 
line with large studies based on low-exposure to air pollution 
from Europe and Canada (Brauer et al. 2019; Stafoggia et al. 
2022; Strak et al. 2021) and a recent meta-analyses on studies 
of air pollution and mortality (Chen and Hoek 2020), suggest
ing stronger association in lower level exposure, which would 
be expected in Denmark, as the location with the lowest air 
pollution levels among the four others located in Italy, Spain, 
and the United Kingdom (Kogevinas et al. 2021; Nobile et al. 
2022; Sheridan et al. 2022; Veronesi et al. 2022). Furthermore, 
our results of strong associations with COVID-19 outcomes 
and all-cause mortality, based on the air pollution data 
estimated by the Danish model, were remarkably consistent 
with an alternative air pollution exposure model based on the 

-

-

Table 5. The Association Between Long-Term Exposure to Air Pollution and COVID-19 Hospitalization, and Mortality 
Among the 138,742 Participants with COVID-19 Infection in the AIRCODEN Cohorta,b

      Model 1
HR (95% CI)

    Model 2
HR (95% CI)

    Model 3
HR (95% CI) 

COVID-19 Hospitalization (N = 11,270)

PM2.5 1.06 (1.03–1.09) 1.05 (1.02–1.08) 1.04 (1.01–1.08)

NO2 1.10 (1.06–1.13) 1.06 (1.03–1.09) 1.06 (1.01–1.12)

BC 1.04 (1.02–1.07) 1.02 (1.00–1.05) 1.01 (0.97–1.05)

O3 0.93 (0.90–0.96) 0.96 (0.93–0.99) 0.98 (0.94–1.02)

PM10 0.96 (0.93–0.99) 0.95 (0.92–0.98) 0.97 (0.94–1.00)

COVID-19 Mortality (N = 2,557)

PM2.5 1.00 (0.94–1.06) 0.98 (0.93–1.04) 0.95 (0.89–1.01)

NO2 1.12 (1.05–1.19) 1.07 (1.00–1.15) 1.02 (0.92–1.14)

BC 1.07 (1.02–1.12) 1.05 (1.00–1.11) 1.03 (0.95–1.10)

O3 0.93 (0.87–0.98) 0.96 (0.90–1.02) 1.03 (0.94–1.12)

PM10 0.85 (0.80–0.90) 0.83 (0.78–0.89) 0.86 (0.80–0.92)

HR = hazard ratio; CI = confidence interval; BC = black carbon; NO2 = nitrogen dioxide; O3 =ozone; PM10 and PM2.5 = particulate matter with diam
eter ≤10 and ≤2.5 μm, respectively. 

-

a Results are presented for: 0.55 μg/m3 for PM2.5, 3.49 μg/m3 for NO2, 0.09 μg/m3 for BC, 2.79 μg/m3 for O3, and 1.14 μg/m3 for PM10. Boldfaced 
text indicates statistically significant values.

b Model 1 adjusted for calendar time trend (natural spline with 8 degrees of freedom), sex, age at baseline (5-year bands); Model 2 additionally 
adjusted for civil status, household size, individual wealth, family income, education, and occupational status; Model 3 further adjusted for 
parish-level population density, mean income, median wealth, unemployment rate, primary or low education rate, the difference of those vari
ables between parish and municipality, and municipality-level access to healthcare.

-
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Table 6. Comparison of Our Results on Association Between Long-Term Exposure to Air Pollution and COVID-19 
Incidence, Hospitalization, and Mortality in General Population to Those from Literature

Study Name

Pollutant and 
Mean  
Exposure

Sample Size/Population  
 (follow-up period) N Cases Result (HR or OR [95% CI])

COVID-19 INCIDENCE

Our study PM2.5: 7.4 µg/m3

NO2: 10.7 µg/m3

3,721,813 Denmark, all residents  
≥30 years (March 1, 2020 to April 26, 
2021)

138,742 PM2.5: HR 1.10 (1.05–1.14) per 
0.5a µg/m3

NO2: HR 1.18 (1.14–1.23) per 
3.5a µg/m3   

Veronesi et al. 2022 PM2.5: 12.5 µg/m3

NO2: 20.1 µg/m3

62,848 Varese residents ≥18 years 
(February 15, 2020 to March 13, 2021)

   4,408 PM2.5: HR 1.05 (1.03–1.07) per  
1 µg/m3

NO2: HR 1.02 (1.01–1.03) per  
1 µg/m3

Sheridan et al. 2022 PM2.5: 10.0 µg/m3

NO2: 26.7 µg/m3

424,721 UK Biobank, 40–69 years 
(March 16 to December 31, 2020)

 10,790 PM2.5: OR 1.05 (1.02–1.08) per 
1.3a µg/m3 

NO2: OR 1.05 (1.01–1.08) per 
9.9a µg/m3

Nobile et al. 2022 PM2.5: 14.6 µg/m3

NO2: 31.4 µg/m3

1,594,308 Rome, all residents  
≥30 years (January 1, 2020 to  
April 15, 2021)

 79,976 PM2.5: HR 1.01 (0.99–1.03) per 
0.9a µg/m3

NO2: HR 1.00 (0.98–1.02) per 
9.2a µg/m3

COVID-19 HOSPITALIZATION

Our study PM2.5: 7.4 µg/m3

NO2: 10.7 µg/m3

3,721,813 Denmark, all residents  
≥30 years (March 1, 2020 to  
April 26, 2021)

 11,270 PM2.5: HR 1.09 (1.01–1.17) per 
0.5a µg/m3

NO2: HR 1.19 (1.12–1.27) per 
3.5a µg/m3

Sheridan et al. 2022 PM2.5: 9.9 µg/m3

NO2: 26.7 µg/m3

424,721 UK Biobank, 40–69 years 
(March 16 to December 31, 2020)

   1,598 PM2.5: OR 1.01 (0.95, 1.09) per 
1.3a µg/m3

NO2: OR 1.02 (0.94, 1.11) per 
9.9a µg/m3

COVID-19 MORTALITY

Our study PM2.5: 7.4 µg/m3

NO2: 10.7 µg/m3

3,721,813 Denmark, all residents 
≥30 years (March 1, 2020 to  
April 26, 2021)

    2,557 PM2.5: HR 1.23 (1.04–1.44) per 
0.5a µg/m3

NO2: HR 1.18 (1.03–1.34) per  
3.5a µg/m3

Sheridan et al. 2022 PM2.5: 9.9 µg/m3

NO2: 26.7 µg/m3

424,721 UK Biobank, 40–69 years 
(March 16 to December 31, 2020)

     568 PM2.5: OR 1.00 (0.89, 1.11) per 
1.3a µg/m3

NO2: OR 1.03 (0.90, 1.16) per 
9.9a µg/m3

Nobile et al. 2022 PM2.5: 14.6 µg/m3

NO2:31.4 µg/m3

1,594,308 Rome, all residents 
≥30 years (January 1, 2020 to  
April 15, 2021)

   2,656 PM2.5: HR 1.08 (1.03–1.13) per 
0.9a µg/m3

NO2: HR 1.09 (1.02–1.16) per 
9.2a µg/m3

HR = hazard ratio; CI = confidence interval; OR = odds ratio. Our results are from Model 3.
aThe HRs and ORs shown are for an interquartile range increase.
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ELAPSE project (Figure 6). Within ELAPSE project, with this 
same exposure, we have previously documented strong asso
ciations of PM2.5 with all-cause mortality in Europe in studies 
including Danish data (Stafoggia et al. 2022; Strak et al. 2021) 
and in Denmark in a recent nationwide study using ELAPSE 
(So et al. 2022) in line with those reported here, supporting 
the plausibility of our findings. Still, these large estimates of 
the association between air pollution and COVID-19 mortality 
demand some caution in interpretation until further research 
brings more data and clarity on the size of this association. 

-

We have also detected strong associations with NO2 of 
18% increase in both incidence and mortality per 3.6-μg/m3 

increase, which are in line with PM2.5 results. The associations 
are substantially stronger than those observed in previous 
studies (Nobile et al. 2022; Sheridan et al. 2022; Veronesi et 
al. 2022). In two-pollutant models with PM2.5 we find indi-
cations of stronger associations with NO2 (Appendix Table 
A3), which may suggest relevance of mainly traffic-domi
nated sources for risk of contracting COVID-19. However, 
both Sheridan and colleagues and Veronesi and colleagues 
reported that PM2.5 was driving associations with COVID-19 
incidence in two-pollutant models with NO2, indicating that 
more data are needed to determine which air pollution com
ponent is most relevant for COVID-19. We are the first study 
to report an association with the traffic-related pollutant BC 
and COVID-19. Our results showing a strong association of 
PM10 with COVID-19 incidence were in agreement with 
Veronesi and colleagues (Veronesi et al. 2022), but in contrast 
to Sheridan and colleagues, who found no association of 
COVID-19 incidence, hospitalizations, or death with PM10 
(Sheridan et al. 2022). Our finding of negative associations 
with O3 are in line with Veronesi and colleagues, the only 
other study on COVID-19 incidence with data on O3 (Veronesi 
et al. 2022), as well as with negative associations of O3 with 
all-cause mortality observed in European studies (Stafoggia et 
al. 2022; Strak et al. 2021) and other Danish studies, both with 
the Danish DEHM/UBM model (Raaschou-Nielsen et al. 2020) 
and ELAPSE model (So et al. 2022).

-

-

Who Is Most Susceptible? 

We present novel results indicating increased vulnerabil
ity to air pollution with respect to risk of developing COVID-
19 of those with lowest SES. These findings likely partially 
capture indirectly impact of lifestyle factors associated with 
low SES, such as smoking, obesity, and low physical activity, 
for which we did not have data in this study, but which have 
been linked with increased risk of COVID-19. In addition, 
individuals with lower SES were likely more exposed to 
COVID-19, as they are more likely to work in occupations 
that were exempt from lockdown and working from home, 
such as cleaning workers, service workers in supermarkets, 
bus drivers, security workers, etc. We present novel results on 
enhanced vulnerability to air pollution among those living in 
large households, with at least five inhabitants, also related to 
higher risk of infection and/or higher doses of virus. We also 

-

present results of vulnerability in older people and people 
with chronic diseases. Veronesi and colleagues is the only 
study that has considered effect modification of association 
between PM2.5 and risk of COVID-19 by a number of clinical 
conditions, and found no significant associations with any 
of them, but acknowledged lack of statistical power and low 
number of cases. Veronesi and colleagues did notably find 
indications of stronger associations of PM2.5 with COVID-19 
incidence in coronary heart disease and obstructive lung dis
ease patients, which were in line with our findings (Veronesi 
et al. 2022). For individuals with major chronic diseases that 
have previously been linked to air pollution an increased 
susceptibility to the harms of air pollution of makes biological 
sense because air pollution has been linked to increased risk 
of the vast majority of these diseases.

-

Association Between Long-Term Exposure to Air 
Pollution and COVID-19 in Different Waves of the 
Pandemic

We found that associations of air pollution with COVID-
19 were strongest and limited to the second pandemic wave 
(Figure 8). The two pandemic waves in Denmark were sub
stantially different and comparison of the results from the two 
demands some caution. The second pandemic wave was the 
period when testing capacity was considerably higher than 
in the first wave, resulting in much a higher incidence rate, 
whereas hospitalization and death rates were more compa
rable in two waves, though still higher in the second wave. 
These differences are explained by the different phases of 
COVID-19 prevention measures and differences in personal 
behavior and lifestyle. The second pandemic wave in Denmark 
was characterized by a large improvement in testing capacity 
(testing was offered only to those with severe symptoms in 
the first wave) and tests were free of charge to all, by the 
introduction of masks, and by the reopening of society (e.g., 
opening of work places, restaurants, theaters, and cinemas 
conditional on a negative test result). These differences imply 
that only very limited subset of COVID-19 cases was detected 
in the first pandemic wave — those who traveled to Denmark 
from hot spot areas abroad (e.g., the ski areas in Italy and the 
countries of Austria and China) early in the pandemic, those 
presenting serious symptoms, and close contacts (family) 
to those infected. It is likely that these infections were not 
driven by air pollution. These were early cases from early 
phases of pandemic, in a completely closed society, and these 
early clusters of infection of highly new infectious virus were 
likely spreading by other mechanisms, mainly close contact. 
In contrast, in the second wave, when society had completely 
reopened and testing was introduced for all, virus infection 
took its natural course and many more people were infected, 
and a fraction of these infections seemed to be driven by com
promised immunity associated with air pollution. Another 
likely explanation may be found in the COVID-19 variant, as 
the delta variant dominated the second wave. However, two 
studies from Italy (Nobile et al. 2022; Veronesi et al. 2022) 
report consistent associations across different pandemic 

-

-

-
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waves, notably with much poorer testing capacity in Italy and 
incidence definitions that differed from our study. Still, some 
caution in interpreting our results is needed, and more data 
and research is needed to confirm these possible explanations 
for our findings.  

LONG-TERM EXPOSURE TO AIR POLLUTION AND 
COVID-19 HOSPITALIZATION AND MORTALITY 
AMONG COVID-19 CASES 

Our finding of an association between long-term exposure 
to air pollution and COVID-19 prognosis in COVID-19 patients 
in terms of hospitalization risk, but not mortality, generally 
agrees with four other studies in COVID-19 patients, all from 
the United States (Bowe et al. 2021; Bozack et al. 2022; Chen 
et al. 2022; Mendy et al. 2021). In a study of 169,102 U.S. 
military veterans who tested positive for COVID-19, Bowe 
and colleagues detected a 10% higher risk of hospitalization 
(N = 25,422, followed from March 2, 2020 to January 31, 
2021) for each 1.9-μg/m3 increase in PM2.5 (Bowe et al. 2021). 
In a study of 14,783 COVID-19 patients diagnosed at the 
University of Cincinnati healthcare system, of whom 13.6% 
were hospitalized between March 13 and September 30, 
2020, Mendy and colleagues detected an 18% increased risk 
of hospitalization for each 1-μg/m3 increase in PM2.5 (Mendy 
et al. 2021). In a study of 74,915 individuals who received 
COVID-19 diagnoses from Kaiser Permanente Southern 
California between March 1 and August 31, 2020, Chen and 
colleagues detected a 24% higher risk of hospitalization (N = 
4,752), a 32% higher risk for intensive care unit admission (N 
= 1,125), a 33% higher risk of intensive respiratory support (N 
= 1,125), and a 14% higher risk of death (N = 1,107) for each 
1.5-μg/m3 increase PM2.5 (Chen et al. 2022). Our finding of a 
4% increase in risk of hospitalization per 0.5-μg/m3 increase 
PM2.5 agrees rather well with these studies — slightly stronger 
than those presented by Bowe and colleagues and somewhat 
weaker than those presented in Mendy and colleagues and 
Chen and colleagues. In a slightly different approach, Bozack 
and colleagues studied 6,524 COVID-19 patients admitted to 
one of the seven New York City hospitals between March 8 
and August 30, 2020. They reported an 11% higher risk of 
dying and a 13% higher risk of intensive care unit admission 
for each 1-μg/m3 increase PM2.5 and no association with NO2 
or BC (Bozack et al. 2022). Findings from our and previous 
studies on this topic provide solid support for the idea that 
air pollution likely increases the severity of the COVID-19 
in COVID-19 patients. Notably, observed associations of air 
pollution with the severity of COVID-19 in COVID-19 patients 
are weaker than those for air pollution and risk of COVID-19 
in the general population. This may indicate that long-term 
exposure to air pollution, captured here by exposure in 
2019, increases risk of contracting COVID-19, but is a weaker 
determinant of COVID-19 prognosis in terms of risk of hospi
talization and not a determinant of survival from COVID-19 in 
COVID-19 patients. This may be so because long-term expo-
sure to air pollution based on mean pollution in 2019 does not 
capture relevant air pollution exposure window, which may 

-

be more relevant for prognosis of COVID-19 in the COVID-
19 patients’ risk of hospitalization or deaths within weeks. 
This risk may be better captured by more short-term exposure 
(months, weeks, days after COVID-19 infection), which may 
be more likely relevant for the potential mechanism for air 
pollution impact on prognosis, via compromised immunity 
responses. Another explanation is merely that other factors 
play more important roles for COVID-19 prognosis than air 
pollution, such as comorbidities, genetics, lifestyles, and 
access to treatment. Finally, another plausible explanation 
is collider or selection bias in analyses of COVID-19 patients 
— a group selected on exposure of interest and outcomes 
(higher air pollution exposure and more severe COVID-19 
outcomes) — due to higher prevalence of comorbidities, low 
SES, etc., which may bias results toward null (Griffith et al. 
2020). Griffith and colleagues discuss intrinsic difficulties 
and inference of studies of COVID-19 determinants based on 
COVID-19 patients.

BIOLOGICAL PLAUSIBILITY

Although the exact molecular mechanisms by which 
exposure to PM and gaseous pollutants affects viral infection 
and pathogenesis of COVID-19 remain unknown, there are a 
number of plausible pathways that can account for this asso
ciation (Woodby et al. 2021). Apart from the direct impact of 
air pollution on immune responses, air pollution also likely 
increases risk of COVID-19 severity and death indirectly by 
increasing risk of related comorbidities (respiratory, cardio
vascular, and metabolic diseases) which then increases risk 
of severe outcomes in COVID-19 patients. This may explain 
very strong associations between air pollution and COVID-19, 
observed in our study and others, as well as stronger associ
ations with increasing severity of COVID-19 outcomes. Nota
bly, in this study we were able to examine long-term exposure 
to air pollution assessed as the annual mean of pollutant con-
centration in 2019 and the accumulated exposure over 3 and 
10 years before 2020, and we detected associations with all 
three exposure windows. This long-term exposure is likely to 
reflect and favor the postulated mechanism that air pollution 
increases risk of COVID-19 by increasing risk of comorbidities 
with cardiometabolic and respiratory diseases. We did not 
have data of shorter or more recent exposure windows, those 
of days, weeks, or months prior to SARS-CoV-2 infection, 
which are likely to be most relevant for the mechanism of 
the direct impact of air pollution on immune system and for 
the increased risk of contracting infection due to air pollu
tion–related compromised immunity. Thus, we concluded 
that most likely our analyses and results give support for the 
mechanisms of air pollution impact on COVID-19 incidence, 
hospitalization, and mortality via an accumulated effect of air 
pollution over many years and increased risk of a number of 
chronic diseases, which in turn increase risk of COVID-19. 

-

-

-
-

-

STRENGTHS 

Our study is the largest to date and the first nationwide 
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analyses of associations between long-term exposure to air 
pollution and risk of COVID-19, facilitated by the internation
ally unique access to high-quality individual-level Danish 
COVID-19 surveillance data for an entire population. Further
more, as Denmark had one of the most intense testing strate
gies and testing was offered free of charge, we were arguably, 
especially in the second wave of pandemic, able to determine 
the most complete definition of incidence of SARS-CoV-2, as 
more than 80% of the population was tested several times 
per month in the first 14 months of the pandemic. Secondly, 
we benefited from detailed data on disease history, which 
allowed us to study effect modification by comorbidities, and 
from a number of SES factors and data at individual and par
ish-level, population density, and household size, allowing 
for an extensive adjustment for SES factors. In addition, we 
benefited from data on air pollution exposure at the level of 
residences in 2019 and historically for 10 years prior to the 
pandemic, which allowed us to examine the effect of different 
exposure windows on COVID-19. We showed that detected 
associations of air pollution with COVID-19 were strong, 
and robust to adjustment for a number of factors as well as 
different air pollution assessment approaches, confirming 
that observed associations are likely to be real. Furthermore, 
as the first study to date, we benefited from data that allowed 
us to create monthly SARS-CoV-2 positivity rates for each 
municipality, by which we could capture at least some of 
the spatiotemporal development of the epidemic (Appendix 
Table A4). When conducting time-varying analyses (by split
ting follow-up time in months), we found that accounting for 
epidemic development resulted in only a slight attenuation 
of the effect estimates as compared with those from our main 
modeling approach, the fixed-time Cox model. This result 
indicates that the association of long-term exposure to air pol
lution with COVID-19 is not confounded by the spatiotempo
ral patterns in pandemic development (Appendix Table A4). 

-

-
-

-

-

-
-

LIMITATIONS 

Our study has several limitations. First, we lack data on 
a number of possibly relevant confounders. We lack data on 
individual-level lifestyle factors, such as smoking, physical 
activity, BMI, diet, and alcohol use, which are related to air 
pollution and risk of contracting COVID-19. Another major 
limitation in our analyses is lack of data on patterns of access 
to COVID-19 testing, treatment, prevention efforts (such as 
physical and social distancing), vaccination status, mask 
recommendations and mask use, adherence to self-isolation, 
and viral spread that might be associated with air pollution. 
We did show that adjustment for municipality-level monthly 
COVID-19 positivity rates did not affect our main estimates. 
Still, it is likely that our very strong estimates of association 
between air pollution and COVID-19 incidence and mortality 
may be in part explained by residual confounding by a num
ber of these missing confounders.

-

Another limitation is the lack of data on residence in nurs
ing homes, where a number of countries experienced extreme 

-

high rates of COVID-19 infection and mortality. We could not 
address this and could therefore not make sensitivity analyses 
excluding nursing home residents. Notably, there was no 
record of heightened mortality in nursing homes in Denmark 
as was seen elsewhere. Furthermore, it is considered that 
Denmark is one of the countries that has managed COVID-19 
pandemic extremely well, without any excess mortality in 
2020, and without COVID-19 mortality clusters in nursing 
homes. Still, it is possible that some of our high effect esti
mates may be explained by a strong association between air 
pollution and COVID-19 in nursing homes.

-

The Danish COVID-19 surveillance system, especially in 
the early stages of the pandemic, could only identify a selected 
sample of all infected individuals, for example, those with 
severe symptoms, close contacts of primary cases with symp
toms, and those who were hospitalized for other causes, and 
were thus tested routinely. The testing policy was massively 
expanded in the second wave, from around August 2020 and 
onward, when testing free of charge was offered to all Danish 
residents. This has resulted in a large portion of population 
being tested daily, as a negative test result was required to 
enter workplaces, universities, schools, restaurants, movie 
theaters, theaters, sport facilities, and public transport. There
fore, our definition of SARS-CoV-2 incidence is only partial, 
especially in the first wave. Consequently, the definition of 
COVID-19 in two phases of the pandemic differ substantially 
and thus, results on air pollution association with COVID-19 
cannot be directly compared in two waves. We did show, 
however, that our results were unchanged when limiting the 
study population to those who were tested, comprising 78% 
of total population (Appendix page 6), suggesting that the 
selection of the population who was tested was not related to 
air pollution exposure.

-

-

Challenges specific to studying COVID-19 incidence 
include accurate identification of cases, as well as potential 
or differential errors in case ascertainment for different pop
ulation groups. Identification of incident cases depends on a 
number of factors including voluntary participation in test
ing, the testing capacity and accessibility, the cost of testing, 
test accuracy, symptom severity and recognition in the case 
where testing is offered only to those with certain symptoms 
or certain symptom severity (e.g., in the first wave of the pan
demic in our study and in many countries with more limited 
testing capacity than Denmark). Furthermore, high rates of 
asymptomatic virus carriers, as well as cases with atypical 
symptom presentation, both of which depend on COVID-19 
variant and change over time, further complicate the accurate 
ascertainment of COVID-19 incident cases. We must also 
acknowledge differential errors in ascertainment for different 
population groups, by occupation, SES, ethnicity, place of 
residence and social connectedness, frailty, internet access 
and technological engagement, and medical and scientific 
interest. Certain occupations, such as healthcare workers, 
are far more likely to be tested, and will be overrepresented 
in incidence ascertainment. Similarly, frail people, such as 
people who are older, obese, have major chronic diseases, or 

-

-

-
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are nursing home residents, as well as possibly smokers, are 
also tested more. People with better access to healthcare and 
testing facilities, those with awareness and access to infor
mation, skills to use internet apps used for booking testing 
or checking results, as well as those with strong medical and 
scientific interest will be more likely to be tested (Griffith et 
al. 2020). In any case, in this study, we must acknowledge 
the limitation of defining COVID-19 hospitalization or 
death as any such event that occurred within a period after 
first diagnosis, rather than an official primary cause of that 
hospitalization or death. We must also acknowledge that 
differential accuracy in ascertainment of COVID-19 cases and 
overrepresentation of cases for certain subgroups may have 
influenced our effect modification result. 

-

We lacked data on vaccinations and could not address 
whether vaccination would have affected observed associa
tions. First vaccination in Denmark was given on December 
27, 2020, and only a fraction of population was vaccinated by 
April 26, 2021. At the end of follow-up in this study 555,236 
people, or 9.5% of Danish population, were fully vaccinated, 
and 1,226,180 people (21% of Danish population) received 
first dose on April 26th, 2022 (Appendix Figure A8).

-

CONCLUSION

In a nationwide Danish study covering first 14 months of 
COVID-19 pandemic, we have found that long-term expo
sure to air pollution at very low levels — levels well below 
current EU limit values — is associated with increased risk 
of contracting SARS-CoV-2, as well as developing severe 
COVID-19 disease demanding hospitalization or resulting 
in death. Patients with chronic cardiometabolic, respiratory, 
and neurodegenerative diseases, older people, those people 
with prior acute lower respiratory infections, and people in 
the lowest SES groups are most susceptible and most likely 
to contract SARS-CoV-2 or develop COVID-19 associated 
with air pollution and need to be protected. These findings 
contribute important new data to an increasing evidence 
base showing that air pollution is a risk factor for COVID-19, 
adding to an overall burden of air pollution. The reduction 
of air pollution should be at the heart of current and future 
pandemic mitigation strategies, as it would provide more 
resilient populations to SARS-CoV-2 and similar infections.  

-

IMPLICATIONS OF THE FINDINGS

This large nationwide study provides strong new evidence 
in support of association between long-term exposure to air 
pollution and COVID-19. These results reinforce the impor
tance of air pollution regulation as an integral part of COVID
19 pandemic mitigation strategies, as well as for planning for 
future similar pandemics. Reduction of air pollution would 
provide for populations who are more resilient to viral respi
ratory infections, such as COVID-19, and likely to other viral 

-
-

-

and bacterial respiratory infections (e.g., seasonal influenza 
and pneumonias). Reductions in air pollution would also 
bring other major health benefits, in terms of prevention of 
major chronic noncommunicable diseases and providing for 
better quality of life and better disease prognosis for patients 
with chronic diseases, as well as in mitigating impact of 
climate change on health.
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ERG auditors focused their review on the final report text 
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evaluated for internal consistency and against the R code. 
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was representative of the research conducted and that the 
study followed a valid set of procedures documented in study 
protocols.
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vided quality assurance (QA) oversight for this study. ERG 
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Rebecca Devries conducted a remote audit of the final report. 
An on-site audit was not conducted for this study. The ERG 
auditors are experienced in QA oversight and the subject 
matter relevant to this study, including epidemiological 
methods, statistical methods, exposure assessment, air qual
ity modeling, and health outcomes research. Dr. Dassuncao, 
an environmental epidemiologist, served as the lead auditor 
and interacted with principal investigators, reviewed R code, 
and reviewed all aspects of the final report. Mr. Wilhelmi, 
an air quality specialist, and Dr. Devries, an epidemiologist, 
provided additional independent reviews of the final report. 
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The remote audit of the final report was conducted from 
April through November 2023. The objectives of this audit 
were to ensure that study methods were well documented, the 
final report was understandable, reported results were accu
rate, and key study findings and limitations were highlighted. 
The audit also evaluated whether the documented study 
protocols were adhered to. To meet these objectives, the ERG 
auditors reviewed the final report text, tables, and figures to 
verify their accuracy and clarity. Study and QA protocols were 
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ERG and compared to the methods and findings described in 
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noted that the COVID-19 data could not be shared due to confi
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review some data processing code to verify that certain calcula
tions were conducted consistent with described methods.
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Commentary

 INTRODUCTION

The coronavirus (COVID-19*) pandemic created unprec
edented conditions that lent themselves to timely and novel 
air pollution research aimed at exploring key policy-relevant 
questions. As described in the Preface to this report, HEI 
issued Request for Applications 20-1B: Air Pollution, COVID
19, and Human Health. This RFA solicited applications for 
research on novel and important aspects of the intersection 
of exposure to air pollution and COVID-19 health outcomes. 
Specifically, HEI was interested in accountability studies that 
considered the effects of the unprecedented interventions 
taken to control the pandemic on emissions, air pollution, 
and human health, and in studies that considered whether 
populations who had been exposed to higher levels of air 
pollution were at greater risk of mortality from COVID-19 
compared with others. 

-

-

In response to the RFA, Dr. Zorana J. Andersen of the 
University of Copenhagen submitted an application to HEI 
titled “Long-Term Exposure to AIR Pollution and COVID-19 
Mortality and Morbidity in DENmark: Who Is Most Suscepti
ble? (AIRCODEN).” Dr. Andersen proposed to use a popula
tion-based nationwide cohort of Danish adults to investigate 
whether long-term exposure to air pollution is associated with 
increased risk of COVID-19–related morbidity and mortality 
and to identify the most susceptible groups by age, sex, socio
economic status (SES), ethnicity, and comorbidities. HEI’s 
Research Committee recommended funding Dr. Andersen’s 
proposed study because it thought it had several strong fea
tures, particularly the national population-wide cohort with 
individual-level data and fine-resolution exposure data. This 
Commentary provides the HEI Review Committee’s indepen
dent evaluation of the study. It is intended to aid the sponsors 
of HEI and the public by highlighting both the strengths and 

-
-

-

-

-

limitations of the study and by placing the results presented 
in the Investigators’ Report into a broader scientific and reg
ulatory context.

-

SCIENTIFIC BACKGROUND

Research from toxicology, human clinical studies, and 
epidemiology have linked air pollution exposure with risk of 
acute lower respiratory infections (i.e., bronchitis, bronchi
olitis, and pneumonia), influenza, and respiratory syncytial 
virus (Monoson et al. 2023; Thurston et al. 2017). Research 
on such respiratory infections is complicated, however, and 
has had mixed results regarding the role of air pollution (HEI 
2022; Loaiza-Ceballos et al. 2022).

-

Some early studies on air pollution and COVID-19 sug
gested potential associations (Bashir et al. 2020; Travaglio 
et al. 2021; Wu et al. 2020; Yao et al. 2020), but their ability 
to identify people who were infected or seriously ill with 
COVID-19 was so fraught with errors (which had very high 
potential to be correlated with air pollution) that the potential 
for biased results was very high. These early studies also 
missed important confounders, and results were difficult 
to compare and generalize due to different study designs, 
approaches to exposure estimation (i.e., short-term vs. long
term exposures), and outcome definitions (e.g., disease inci
dence, prevalence, severity, or case fatality rates). Moreover, 
nearly all of the first studies published on this topic were 
based on cross-sectional analyses or ecological study designs 
(including those mentioned above and Coker et al. 2020; Cole 
et al. 2020; Konstantinoudis et al. 2021; Liang et al. 2020) that 
compared area-based estimates of pollution (e.g., averaged 
across counties or postal codes areas) with area-based rates 
of disease incidence or mortality, for which individual-level 
risks cannot be derived. 

-

-
-

Three early reviews (Copat et al. 2020; Katoto et al. 2021; 
Villeneuve and Goldberg 2020) all concluded that although 
the early body of evidence indicated that both short-term and 
long-term exposure to air pollution could affect COVID-19 
outcomes, all studies to date had moderate to high overall 
risks of bias that precluded them from providing any insight 
into potential causal associations. 

At the time that Dr. Andersen’s study began, the available 
literature therefore included little high-quality evidence. 
Given the many design limitations of the previous studies on 
this topic, it was important to conduct the Andersen study, 
which aimed to overcome many of them. 

COMMENTARY

Dr. Zorana J. Andersen’s 1-year study, “Long-Term Exposure to AIR Pol-
lution and COVID-19 Mortality and Morbidity in DENmark: Who Is Most 
Susceptible? (AIRCODEN),” began in March 2021. Total expenditures were 
$224,036. The draft Investigators’ Report from Andersen and colleagues 
was received for review in November 2022. A revised report, received in 
April 2023, was accepted for publication in April 2023. During the review 
process, the HEI Review Committee and the investigators had the oppor-
tunity to exchange comments and clarify issues in both the Investigators’ 
Report and the Review Committee’s Commentary. 

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, 
it may not reflect the views of these parties, and no endorsements by them 
should be inferred.

* A list of abbreviations and other terms appears at the end of this volume.
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SUMMARY OF APPROACH AND METHODS

STUDY OBJECTIVES 

The overarching goals of Dr. Andersen’s study were to 
investigate whether long-term exposure to air pollution is 
associated with increased risk of COVID-19–related mortality 
and morbidity and to identify the most susceptible subgroups 
of the population. Specifically, the investigators proposed the 
following aims:

1. Examine whether long-term exposures to fine particulate 
matter <2.5 μg/m3 in diameter (PM2.5), particulate matter 
<10 μg/m3 in diameter (PM10), black carbon (BC), nitrogen 
dioxide (NO2), and ozone (O3) are associated with risk of 
COVID-19 incidence, hospitalizations, or deaths in the 
general population.

2. Identify groups that are susceptible to air pollution–related 
COVID-19 outcomes by age, sex, SES, ethnicity, and 
comorbidity with several cardiometabolic and respiratory 
diseases and dementia.

3. Examine whether long-term exposures to PM2.5, PM10, BC, 
NO2, and O3 are associated with poorer prognosis in people 
who tested positive for COVID-19, in terms of higher risk 
of hospitalization and mortality.

Briefly, the investigators used national registers to create 
a cohort of all adults residing in Denmark on March 1, 2020, 
and at least 1 year prior to that. The cohort of 3.7 million 
people included detailed individual and community-level 
demographic and socioeconomic information. They assigned 
annual estimates of PM2.5, PM10, BC, NO2, and O3 based on 
the year 2019 to each participant’s residential address using 
chemical transport models. They used Cox proportional haz-
ard models to estimate associations between each pollutant 
and COVID-19 incidence, hospitalization, mortality, and 
death from any cause until April 26, 2021, adjusting for many 
individual and community-level characteristics.

The investigators conducted many additional analyses, 
including testing for effect modification of any associations 
according to age, sex, SES, and comorbidities. They exam
ined the shapes of exposure–response functions, results 
from two-pollutant models, and whether associations 
between the pollutants and these outcomes differed during 
two separate waves of the pandemic. The investigators used 
similar statistical approaches to those in the main analyses 
to examine associations between pollutants and COVID-19 
hospitalization and death in a subgroup of individuals who 
had tested positive for COVID-19. The datasets and statistical 
approaches used in these analyses are described in greater 
detail in the following sections.

-

METHODS AND STUDY DESIGN 

Study Population 

Andersen and colleagues created a national cohort of all 
Danish residents who were 30 years of age or older on March 
1, 2020, and who had lived in Denmark for at least 1 year 
prior to that date. They compiled individual information 
for participants for the year 2019 from the Danish national 
registers, including information on marital status, education, 
occupational status, wealth, family or household income, 
ethnicity, and household size. They also included several 
contextual variables that described the communities in which 
people lived. These contextual variables were defined at the 
parish level with data from 2019 and included population 
density, mean income, median wealth, percent unemploy-
ment, percent primary or lower education, SES difference 
between municipality and parish, municipality-level access 
to healthcare, lung cancer incidence rate, and diabetes inci
dence rate.

-

The investigators also linked data from the Danish 
National Patient Register to identify whether participants 
also had relevant comorbidities, namely cardiovascular dis
ease, respiratory disease, lung cancer, diabetes, or dementia. 
Finally, they linked cohort participants to COVID-19 data 
from the Danish Health Authority to define the following 
COVID-19–related outcomes: incidence (defined as first pos
itive polymerase chain reaction [PCR] test), hospitalization 
(defined as hospital admission for more than 12 hours within 
14 days after the first positive PCR test), and death (defined 
as death from any cause within 30 days of the detection of 
a COVID-19 infection). These definitions for COVID-19 inci
dence, hospitalization, and death are key study design details 
that will be discussed below.

-

-

-

Exposure Assignment

Andersen and colleagues used information from the 
integrated Danish Eulerian Hemispheric chemical transport 
model, which is an atmospheric chemical transport model 
developed to study the long-range transport of air pollution 
across the Northern Hemisphere (Brandt et al. 2012), and 
the Urban Background Model, which is used for calculating 
background air pollution over Denmark with high spatial res
olution (Brandt et al. 2003) to derive exposure estimates. For 
their main analyses, they assigned annual estimates of PM2.5, 
PM10, BC, NO2, and O3 from the models for the year 2019 at a 
1 × 1 km spatial resolution to cohort participants’ address of 
residence at baseline (i.e., March 1, 2020).

-

Additionally, they assigned annual mean concentrations 
of PM2.5, BC, NO2, and O3 for the year 2010 at a 100 × 100 m 
spatial resolution from the European-wide hybrid land use 
regression (LUR) model (de Hoogh et al. 2016) developed 
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within the Effects of Low-Level Air Pollution: A Study in 
Europe (ELAPSE) project (http://www.elapseproject.eu/). 
This model was developed with a combination of observa
tions from ground-based monitors, satellite data, dispersion 
model estimates, land use data, and traffic variables.

-

Main Epidemiological Analyses

The main statistical analyses for this study consisted of 
Cox proportional hazard models to examine associations 
between air pollution exposure in single-pollutant models 
and COVID-19 outcomes, following cohort participants until 
the date of death, emigration, or the end of follow-up on April 
26, 2021. The investigators explored models with three levels 
of increasing adjustment for potential confounders. Model 1 
adjusted for calendar time, age, sex, and region of residence; 
Model 2 added the individual-level variables listed above 
(i.e., marital status, highest completed education, occupa
tional status, individual wealth, family income, and house
hold size); and Model 3 added the contextual-level variables 
(i.e., municipality-level access to healthcare and parish-level 
population density, mean income, median wealth, percent 
unemployment, percent primary or low education, and the 
SES difference between municipality and parish). Hazard 
ratios (HRs) were estimated per interquartile range increases in 
exposure estimates, namely 0.55 μg/m3 for PM2.5, 1.14 μg/m3 for 
PM10, 0.09 μg/m3 for BC, 3.49 μg/m3 for NO2, and 2.79 μg/m3 
for O3. 

-
-

Additional Epidemiological Analyses

The investigators performed many sensitivity analyses. 
Because there were changes over time due to differences in 
testing capacity, various pandemic-related restrictions and 
protection measures, and COVID-19 strains, they estimated 
associations separately in two pandemic waves, namely 
March 1 to July 31, 2020, and August 1, 2020, to April 26, 
2021. They also evaluated effect modification of the associ-
ations between exposures and the various outcomes by age, 
sex, SES, ethnicity, and comorbidities. 

The investigators used similar statistical approaches to 
those in the main analyses to examine associations between 
exposure and COVID-19 hospitalization and death in a sub
group of individuals who had tested positive for COVID-19 
(i.e., hospitalization or death within 30 days of a positive 
test). They also examined models in which they controlled 
for municipality-level monthly COVID-19 positivity rates and 
estimated exposure–response functions to evaluate the shape 
of the associations between pollutants and each outcome by 
applying natural cubic splines with three degrees of freedom. 
Finally, they examined two-pollutant models for pollutant 
combinations where the Pearson correlation coefficient was 
less than 0.7 and replicated their main analyses with the 
ELAPSE-derived pollutant exposures.

-

SUMMARY OF KEY FINDINGS

COHORT AND EXPOSURE CHARACTERISTICS

The full study cohort included 3,721,813 Danish adults. 
In total, 138,742 individuals tested positive for COVID-19, 
11,270 were hospitalized, and 2,557 died from COVID-19 
during the 14 months of follow-up. Subjects who died or who 
were hospitalized from COVID-19, or those who died from 
any cause, were more likely to be men, less highly educated, 
unemployed, not married or living with a partner, or having 
lower income, as compared to those in the full cohort. The 
vast majority of positive tests, hospitalizations, and deaths 
were observed in the second pandemic wave.

Mean estimates of annual exposures (and standard devi
ations) to PM2.5, PM10, BC, NO2, and O3 in 2019 based on the 
main exposure model were 7.4 (0.5), 12.7 (0.9), 0.3 (0.1), 10.7 
(2.4), and 54.5 (2.2) μg/m3, respectively, and were slightly 
higher among COVID-19 cases than for the total population. 

-

Exposures estimated by the ELAPSE model were higher 
than those estimated by the main model, but they showed 
moderate to good correlation with each other (e.g., r = 0.51 for 
PM2.5, 0.63 for NO2, and 0.47 for both BC and O3).

EPIDEMIOLOGICAL RESULTS 

Main Findings

Andersen and colleagues found elevated risks of all three 
COVID-19 outcomes associated with exposures to PM2.5, 
PM10, BC, and NO2 (Commentary Figure). They found inverse 
associations, however, between exposure to O3 and the three 
outcomes. Estimates of risk for the COVID-19 outcomes were 
largely unchanged after adjustment for the individual-level 
characteristics (i.e., Model 2 compared to Model 1), but were 
attenuated substantially when adjusted for the contextual 
variables (i.e., Model 3). In the case of all-cause mortality, 
however, estimates remained essentially unchanged across 
all three levels of model adjustment.

Risks of increased COVID-19 incidence and hospitaliza
tions using Model 3 were strongest with exposure to NO2 (i.e., 
HRs and 95% confidence intervals (CIs): 1.18 [1.14–1.23] and 
1.19 [1.12–1.27], respectively), but risk of COVID-19 mortality 
was strongest with exposure to PM2.5 (i.e., HR and 95% CI: 
1.23 [1.04–1.44]; Commentary Figure).

-

Andersen and colleagues also compared COVID-19 deaths 
with deaths from all causes. They reported elevated risk of 
all-cause mortality associated with exposures to PM2.5, BC, 
and NO2 (Commentary Figure). Deaths from COVID-19 asso
ciated with PM and NO2 were much higher than those from 
all causes.

-

http://www.elapseproject.eu/
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Commentary Figure.  Associations between estimated annual average pollutant concentrations and mortality among cohort participants. Data 
shown are hazard ratios and 95% confidence intervals estimated per interquartile range increases in 1-year mean exposure, namely: 0.55 μg/m3 for 
PM 3

2.5, 1.14 μg/m  for PM10, 0.09 μg/m3 for BC, 3.49 μg/m3 for NO2, and 2.79 μg/m3 for O3. Results are from the analyses using all available individual- 
and contextual-level variables (Model 3). (Source: Investigators’ Report Table 3.)
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Results of Additional Analyses

Analyses with the exposure estimates from the ELAPSE 
model showed strong and significantly positive associations 
with all COVID-19 outcomes and with all-cause mortality and 
were comparable to those observed with the main exposure 
model. 

The investigators found no associations during the first 
wave of the pandemic but found significant and positive asso
ciations between PM2.5, BC, and NO2 and all three COVID-19 
outcomes during the second wave when the number of cases, 
hospitalizations, and deaths were much higher. 

-

One of the aims of the study was to identify whether any 
subgroup of the population was more susceptible to air pollu
tion–related COVID-19 incidence. Here, they found that those 
aged 65 years and older experienced greater risks associated 
with NO2 exposure (compared to younger people) and those of 
lower SES (according to several indicators) had greater risks 
associated with both NO2 and PM2.5 exposures (compared to 
those of higher SES). The investigators also reported greater 
risks for COVID-19 incidence with PM2.5 and NO2 exposures 
among those who had pre-existing cardiovascular and respi
ratory disease comorbidities and among individuals who had 
dementia and diabetes, although not all of these differences 
were statistically significant.

-

-

In analyses restricted to individuals who tested positive for 
COVID-19, they found that exposures to PM2.5 and NO2 were 
associated with increased risks of hospitalizations (i.e., HRs 
1.04 [CI: 1.01–1.08] and 1.06 [CI: 1.10–1.12], respectively), 
but no association was observed with the other pollutants. 
The risks in this subgroup were notably smaller than those 
reported with the full cohort (see Commentary Figure: HRs 
1.09 [CI: 1.01–1.17] and 1.19 [CI: 1.12–1.27], respectively). 
In this same subgroup, PM10 was inversely associated with 
risk of COVID-19 mortality, but all other pollutants were 
unrelated to this outcome.

The exposure–response functions were linear or curvilin
ear for the majority of the pollutants and COVID-19 outcomes. 
Finally, analyses using two-pollutants models showed that 
associations, especially for PM2.5 adjusted for NO2 and O3, 
were attenuated substantially. Associations with PM10 were 
the most robust to adjustment for other pollutants. 

-

HEI REVIEW COMMITTEE’S EVALUATION

EVALUATION OF STUDY DESIGN, DATASETS, AND 
EPIDEMIOLOGICAL APPROACHES

This study represents an important contribution to our 
knowledge about potential associations between long-term 
exposure to air pollution and COVD-19–related health out
comes. Major strengths of the study design were the inclusion 
of the full Danish population and the rigorous adjustments 
for individual- and contextual-level SES characteristics. The 

-

report presented estimates of risks for three COVID-19–related 
outcomes associated with exposures to five pollutants (i.e., 
PM2.5, PM10, BC, NO2, and O3) and found increased risks asso
ciated with all but O3. Elevated risks for hospitalizations were 
seen both in the general population and among those who 
tested positive for COVID-19. The investigators also identified 
groups potentially most susceptible to air pollution–related 
COVID-19 outcomes. 

-

In its independent evaluation of the Investigators’ Report, 
the HEI Review Committee agreed that the study documents 
that long-term exposures to ambient air pollution appear to 
be associated with adverse COVID-19 morbidity and mortal
ity among Danish adults. A noted strength of this study is 
that during the second wave of the pandemic, in particular, 
the investigators were able to capture nearly all cases, as 
testing was widely available for free in Denmark during this 
period. The Committee was also impressed with the use of 
high-resolution exposure estimates for the five pollutants. 
They thought that the exposure models used and the methods 
of assigning exposure estimates to cohort participants were 
appropriate for these analyses. 

-

Another strength of the study was that the investigators 
had access to participants’ residential addresses for estimat
ing exposures, whereas many other epidemiological studies 
based on administrative data have used the less precise 
approach of using the location of participant residential ZIP 
codes or postal codes. Their ability to adjust for municipali
ty-level access to healthcare and municipality-level monthly 
COVID-19 positivity rates (as a proxy for spatial and temporal 
pandemic development) was another important characteristic 
of the study design.

-

-

The Committee liked that Andersen and colleagues were 
very thorough in their analyses and conducted many sensitiv
ity analyses, some of which are not included in this summary. 
The Committee was impressed with their efforts at examining 
the effects of different levels and combinations of covariate 
adjustment, testing for effect modification by numerous indi-
vidual-level characteristics, evaluating two different sources 
of exposure predictions and multipollutant models, and 
comparing their results between pandemic waves and among 
those who had tested positive for COVID-19 separately.

-

The Committee agrees with the investigators that there are 
many challenges to measuring cases of COVID-19 incidence, 
hospitalization, and death accurately. As described earlier, 
here, the investigators defined incidence as having a first pos
itive PCR test and COVID-19 hospitalization as having been 
admitted within 14 days of the first positive PCR test. The 
Committee notes that the accuracy of these data necessarily 
depends on voluntary participation in testing, testing capac-
ity, accessibility, cost, and accuracy, among other challenges, 
all of which are likely to vary across Denmark and throughout 
the course of the pandemic. That is, under-ascertainment of 
outcomes and variability of under-ascertainment across the 
country are potential sources of bias. For example, bias would 

-
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be introduced if those living in urban areas, where pollution 
levels would be greatest, had better access to testing than 
those living in areas where pollution levels are lower. Poten
tial differential ascertainment in COVID-19 outcomes also 
has implications for the subgroup analyses identifying sus
ceptible populations because some subgroups (e.g., perhaps 
those of higher SES) might have had better access to testing. 
In the second wave of the pandemic, however, PCR tests were 
widely and freely available to all, making it therefore easier 
to ascertain cases. We would therefore expect to have less 
bias related to case ascertainment in the analyses restricted 
to the second wave of the pandemic as compared to the other 
analyses.

-

-

The investigators defined COVID-19 deaths as death from 
any cause within 30 days of the detection of a COVID-19 
infection, as confirmed by PCR test. That definition also pres
ents challenges to accuracy because those who are hospital
ized for any reason are more likely to be tested for COVID-19 
(than asymptomatic members of the general public) and are 
also more likely to die from other, non–COVID-19 causes. 
For example, someone admitted to hospital following a heart 
attack could also test positive for COVID-19 upon admission 
and later die because of heart failure; however, according to 
this case definition, their death would be attributed to COVID-
19 (i.e., spuriously linking air pollution and a COVID-19 
death). Thus, the outcomes defined in this way likely capture 
a substantial number of hospitalizations and deaths that were 
not related to COVID-19. Additionally, those who did in fact 
die of COVID-19 more than 30 days after the initial diagnosis 
would not be included in this group.

-
-

Despite controlling for many individual- and contextu
al-level indicators of SES in their epidemiological models, 
the investigators were unable to control for some character
istics relevant for studying COVID-19, such as personal and 
local patterns of adherence to public health measures (e.g., 
social distancing and wearing of face masks). Some or all of 
these could be related to patterns of pollution, and lack of 
adjustment for them could therefore be a source of bias. Addi
tionally, there might be differential associations according 
to different COVID-19 strains that were not captured in the 
analyses.

-

-

-

Overall, however, the Committee was impressed with 
the quality of the epidemiological datasets, general analytic 
approaches, and in particular the large number of sensitivity 
analyses explored, although there were some important lim
itations to them.

-

DISCUSSION OF THE FINDINGS AND 
INTERPRETATION 

Generally, the Committee found that the report presented 
a balanced and accurate presentation and interpretation of 
the study results. Some of the findings, however, remained 
somewhat unexplained and difficult to interpret, including 
the very elevated estimates of risk in many cases. For exam-

ple, the investigators reported that an increase in exposure to 
PM2.5 of only 0.5 µg/m3 was associated with an HR of 1.10 for 
COVID-19 incidence and an HR of 1.23 for COVID-19 mortal
ity. For context, a recent systematic review and meta-analysis 
of 71 cohort studies on long-term exposure to PM2.5 and 
mortality reported an HR of only 1.08 for all-cause mortality 
per 10 µg/m3 (Chen and Hoek 2020), and the ELAPSE pooled 
analysis of eight European cohorts reported an HR 1.28 for 
all-cause mortality per 10 μg/m3 for PM2.5 (Strak et al. 2021). It 
is worth noting here that the mean exposures to pollutants in 
this study were relatively low and had limited variability in 
some cases, which make it difficult to compare with findings 
from locations where exposures are higher or have greater 
ranges. Regardless, the estimates of risk for mortality reported 
by Andersen and colleagues are much greater than those 
observed elsewhere and suggest that there might be important 
unaccounted sources of bias in the study although the source 
of bias was not readily apparent. 

-

Other results that are difficult to explain included the 
weaker associations among those who had tested positive 
for COVID-19 (as compared to among the full cohort). This 
finding could suggest that air pollution is acting more on the 
development of disease than on its progression, yet in the full 
population, associations were much stronger for COVID-19 
mortality than incidence or hospitalization. As such, it is pos
sible that there remained bias due to who was getting infected 
or tested. Similarly, the investigators showed that controlling 
for municipality-level monthly COVID-19 positivity rates did 
not affect their results, whereas one might have expected that 
to have attenuated the associations. The fact that associations 
between air pollution exposures and COVID-19 were limited 
to the second wave could be because the more limited testing 
in the first wave made it more difficult to detect associations, 
or it could be related to differences in the virus strains in the 
two waves.

-

In addition to the very strong associations reported with 
PM2.5, the inverse associations between exposure to O3 and 
the various outcomes are difficult to explain. The inverse 
associations between several health outcomes and O3, 
however, are generally consistent with several other recent 
European studies (e.g., Stafoggia et al. 2022; Strak et al. 2021; 
Veronesi et al. 2022). It is possible that this finding reflects 
atmospheric chemistry in the environment under which 
ozone reacts with other pollutants to form new unmeasured 
but toxic components.

For the other pollutants, Andersen and colleagues 
observed that the risks for COVID-19 incidence and hospi
talizations were both highest with exposures to NO2. NO2 is 
often considered a marker of locally varying, traffic-related 
air pollution, as compared to PM2.5, which might better 
represent regional variation in air quality arising from non–
traffic-related sources. As such, these findings might reflect 
the biological importance of traffic-related pollution for these 
relationships or might have captured part of the population 
that showed more movement in and out of their homes 

-
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and thus were exposed to more opportunities for disease 
transmission. Collectively, these findings add to a somewhat 
inconclusive literature on this topic. One recent systematic 
review by Hernandez Carballo and colleagues (Hernandez 
Carballo et al. 2022) summarized findings from 116 studies 
that report 355 combinations of different pollutant-COVID-19 
outcomes and found that only about half of those on inci
dence or mortality reported statistically significant increased 
risks associated with exposure. Among those that did find 
positive associations, incidence was associated most strongly 
with exposures to PM2.5, PM10, NO2, O3, and carbon monoxide, 
whereas COVID-19 deaths were associated most strongly with 
PM2.5 and NO2. Notably, Hernandez Carballo and colleagues 
concluded that most studies included in the review exhibited 
high risk of confounding and outcome measurement bias. A 
separate systematic review and meta-analysis (Sheppard et al. 
2023) severity, and deaths. However, such studies are  unable 
to account for individual-level differences in major confound
ers like  socioeconomic status and often rely on imprecise 
measures of PM2.5 reported that a 10-μg/m3 increase in PM2.5 
was associated with a 1.66 (95% CI: 1.31–2.11) increased 
odds of COVID-19 infection (N = 7) and a 1.40 increased odds 
of mortality (N = 5), both of which are much lower than the 
equivalent risks of 6.04 and 49.70 reported here. Evidence 
from the rapidly expanding literature on this topic therefore 
remains mixed, both in terms of findings and in quality of 
study designs.

-

-

CONCLUSIONS

In summary, this study represents an important contribu
tion to our knowledge about potential associations between 
long-term exposure to air pollution and COVD-19–related 
health outcomes. The study design is a great improvement 
over others in the currently available literature on this topic 
due to the more complete capture of cases and the rigorous 
adjustments for individual- and contextual-level SES charac
teristics.

-

-

The report demonstrated large, elevated risks for three 
different COVID-19–related outcomes associated with expo
sures to four pollutants (i.e., PM2.5, PM10, BC, and NO2). These 
findings were largely robust to sensitivity analyses although 
some differences between waves of the pandemic, lower risks 
among those with COVID-19 diagnoses, and the very large 
effect sizes leave some concerns about residual bias.  

-

This is one of the first cohort studies and the first study 
funded by HEI to investigate the association between air 
pollution and COVID-19.  The rich epidemiological datasets 
used, which included many individual-level characteristics 
for all adults in Denmark, allowed the investigators to address 
some of the major limitations of previous ecological studies 
on this topic. Limitations remained, however, regarding how 
the outcomes were defined and measured and the inability to 
control several pandemic-related issues, including adherence 
to public health guidelines. Ultimately, this study has doc
umented that long-term exposures to ambient air pollution 

-

do appear to be associated with adverse COVID-19 morbidity 
and mortality among Danish adults.
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