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SUMMARY

Introduction: Early ecological studies suggested the link between air pollution and
Coronavirus Diseases 2010QVID-19). However, the evidence from individual-level
prospective cohort studies with data on chronic exposure to air pollution and COVID-19
outcomes, such as incidence, hospitalization, and death, are still few. Here, we have
examined whether long-term exposure to air pollution is associated with risk of contracting
severe acute respiratory syndrome coronavirn&ARS-CoV-2) and developing severe
COVID-19 resulting in hospitalization or death in Copenhagen. We have also examined who
is most susceptible to harmful effects of air pollution by age, sex, socio-economic status
(SES) and co-morbidities.

Methods: W have created an AIRCODEN-CPH cohort including all residents 50 years or
older and residing in Copenhagen, Frederiksberg, or TArnby municipalities on March 1, 2020.
We followed AIRCODEN-CPH participants in the National COVID-19 Surveillance System
until the date of ¥ positive test (incidence), COVID-19 hospitalization, COVID-19 death, or
death from any cause until April 26, 202¥e have estimated mean levelspairticulate

matter < 2.5 um in diameter (BN), nitrogen dioxide (N©), black carbon (BC), and ozone

(O3) at cohort participants’ residence in 2019 by the Danish DEHM/UBM model. We used

Cox proportional hazard models to estimate the associations of air pollutants with COVID-19
incidence, hospitalization, mortality and all-cause mortality, adjusting for age, sex,
individual- and area-levelocioeconomic statuSES).We examined effect modification of

the association between R¥and NQ and COVID-19 incidence, hospitalization, and

mortality by age, sex, SES (education, income, employment), and co-morbidities (prevalence
on March 1, 2020) with cardiovascular disease, respiratory disease, acute lower respiratory
infections, diabetes, lung cancer, and dementia.

Results: Of 192,041 people incuded in the study, 10,324 were infected, 1,563 hospitalized
and 461 died from COVID-19 during 14 months of follow-up. We detected positive
associations with COVID-19 incidence, with hazard ratio and 95% confidence interval of
1.04 (1.00-1.07) per 2.67 pglimcrease in Pls, 1.02 (1.00-1.04) per 6.25 pgfimcrease

in NO, and 1.04 (1.02-1.07) per 0.35 pgdintrease in BC. Corresponding HRs and 95%

Cls for COVID-19 hospitalizations were 1.11(2-1.21), 1.03 (0.98-1.08), and 1.06 (1.00-
1.12), and for COVID-19 death 1.09 (0.93-1.28), 0.97 (0.88-1.06), and 1.01 (0.90-1.13). We
found no association with#OAssociations of Pl with COVID-19 incidence were

statistically significantly stronger in elderly (65 years old or older) and with all pollutants for
participants who lived in large households (5 persons or more living togetheir), @mrdnic
cardiovascular and respiratory disease and diabetes patients.

Conclusions: Long-term exposure to air pollution may contribute to increased risk of
contracting SARS-CoV-2 infection as well as developing severe COVID-19 disease
demanding hospitalization or resulting in death. We present novel findings on the especially
vulnerable groups, including elderly and chronic disease patients, as well as those with prior
severe respiratory infections (pneumonia, influenza demanding hospitalization). This large
study provide strong new evidence in support of causal association between air pollution and
COVID-19. These results reinforce the importance 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 respiratory infections, such as COVID-19, and likely to other viral and bacterial
respiratory infections (seasonal influenza and pneumonias, etc.). Reductions in air pollution
would also bring other major health benefits, in terms of prevention of major chronic non-
communicable diseases and providing for better quality of life and better disease prognosis
for chronic disease patients, as well as in mitigating impact of climate change on health.

A%
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INTRODUCTION

One of the important public health objectives in the midst of COVID-19 epidemic is to
identify key modifiable factors that could contribute to increased risk of contracting the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus and developing
Coronavirus Diseases 2019 (COVID-19) or worsen the severity of the health outcomes
among individuals with COVID-19. These factors are crucial for the management of the
current COVID-19 pandemic and preparing of the strategies for future similar pandemics. Air
pollution is the major environmental stressor afidop ranked global risk factor for

morbidity and mortality (after smoking, high blood pressure and poor diet) causing 6,7
million deaths in 2019, fronschemic heart disease (IHD), cerebrovascular disease, chronic
obstructive pulmonary disease (COPD), acute lower respiratory infections (ALRIs), lung
cancer, diabetes, and neonatal de@iteslth Effects Institute 2020).

Air pollution and COVID-19: isthere 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
cancern(Health Effects Institute 2020hich in turn increase the risk of severe disease and
death from COVID-19Atkins et al. 2020; Elliott et al. 2021; Veronesi et al. 2022;

Williamson et al. 2020)

Experimental studies show that particulate matter (PM) exposumdszadirectly increase
vulnerability to the SARS-CoV-2 and other respiratory infectionsiripairing cell

immunity and weakening host defense mechanisms, and thus increasing susceptibility to
respiratory infections (Woodby et al. 2021). This is caused by direct cellular damage, and
indirectly via oxidative stress and inflammation in the lung and systern¢an 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 deati{Woodby et al. 2021).

Furthermore, the plausibility of the link between air pollution and COVID-19 is supported by
the likely link between air pollution with other respiratory infections, such as pneumonia.

Only few studies have examined association between long-term exposure to air pollution and
pneumonia incidence or hospitalizatiq@arey et al. 2016; Neupane et al. 2010; Salimi et al.
2018), with mixed results, as two report positive (Carey et al. 2016; Neupane et al. 2010) and
one finds no association (Salimi et al. 2018). Based on these three studies, recent systematic
review and meta-analyses from the Health Effects Institute on the associations between traffic
related air pollution (TRAP) (including nitrogen dioxidéd), PM with diameter < 2.5 um

(PM25), and elemental carbon (EC)) and a number of health outcomes, have concluded that
the confidence was very low or low for an association with TRAd&the risk of ALRIs.

However, global burden of disease (GBD) study has recognized the causal link between air
pollution and ALRI mortalityHealth Effects Institute 2020vhich is supported on solid

evidence from 13 studies on air pollution and pneumonia mor(Bldye 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.
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Early research on long-term exposureto air pollution and COVID-19: correlation and
ecological studies

Early correlation and ecological studies have raised headlines suggesting that air pollution
may increase risk of COVID-19, despite the fallacies of such de@fgieneuve and

Goldberg 2020)An US study gained instant attention by the media in May 2020, when
preliminary (non-peer-reviewed) resultig Wu et al. (Wu et al. 202@howed that even a

small increase of 4g/m? in long-term exposure to PMled to a large 20% increase in the
COVID-19 death rate, with the magnitude of increase 20 times that observed:foafi/
all-cause mortalityDi et al. 2017) This impressive estimate later attenuated to 8%, after
adjustment for the timing of social distancing policies and the population 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 isstie iecological

design, where mortality rates in 3,080 USA counties were compared against very crude,
county-average concentrations of P\bver a 17-year period, with lack of individual-level

data on exposure, outcome, and important confounders (SES, lifestyle, co-morbidities). Early
studies on long-term exposure to air pollution and COVID-19 using ecological design, 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

Here we give examples of results from selected stidiasg et al. 2020; Travaglio et al.
2021)to illustrate inconsistencies in findings from the same areas/countries, and to call for
careful interpretation of these early results. Following Wu etrabther nationwide US study
based on the same county-level data as the study by Wu et al., but utilizing a different air
pollution modeling approach, examined the long-term effect of ROL s, and ozone (&)

on COVID-19 case fatality and mortality rates and reported a 7.1% (1.2-13.4%) and 11.2%
(3.4-19.5%) increase per 4.5ppb increase in fdDcase fatality and mortality rate
respectively (Liang et al. 2020). Notably, in contrast to Wu et al., Liang et al. reported no
association witlPM s. Similarly, two ecological studies from England on long-term
exposure to air pollution and COVID-19 mortality 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 Jurig 2020 aggregated in Lower Layer Super
Output Area spatial units (n=32,844uhd a 0.5% (95% credible interval: -0.2%-1.2%) and
1.4% (-2.1%-5.1%) increase in the COVIB-mortality rate for every 1 pg/m? increase in

NO2 and PM s, respectivelyKonstantinoudis et al. 2021pn the other hand;ravaglio et al.
reported a significant association between long-term exposurezamidl and COVID-19
deaths at the regional level (Lower Tier Local Authorities), and none witty Plivavaglio et

al. 2021). Notably, Travaglio et al. have also, as the first study at the time, included
individual-level data on ‘infectivity' from the UK Biobank, including 1,450 tested individuals
of which 699 tested positive, where they showed significant associations withbehone
with NO, in contrast to their abovementioned results on regional analyses.

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
inference on individual-level risk, resulting in the ecological fallacy (Villeneuve and

Goldberg 2020). Individual-level data are needed to provide valid inferenicelerstanding

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 published ahead
of the peer-review, calling for extra caution when drawing inference from these early results,
as pointed out in an editorial (Heederik et al. 2020).



L ong-term exposureto air pollution and COVID-19: correlation and ecological studies

Epidemiological evidence based on the cohort studies with individual-level data on long-term
exposure tair pollution and later onset of COVID-19 is still very sparse and mixed.

Travaglio et al. also, used individual-level data on ‘infectivity' from the UK Biobank, where

of the 1,450 tested individuals, 699 tested positive for SARS-CoV-2 pand that a single

unit increase in Pl levels was associated with a statistically significant 12% increase in
COVID-19 caseg¢Travaglio et al. 2021) Only three studies examined association of long-

term exposure to air pollution COVID-19 incidence in general population, defined as the first
positive SARS-CoV-2 test, and they offer mixed results. Veronesi et al. havéyrade

study in62,848 residents of Varese, Italy, of whom 4,408 tested positive for COVID-19 in 1
year of pandemic, detected 5.1%, 2%, a#idcrease in COVID-19 rate for eagh/m?

increase ifPM25, NO, and PMy, respectively (Veronesi et al. 2022). Sheridan et al. has in
424,721 subjects from UK Biobank, of whom 10,790 tested positive between March 16 and
December 31, 2020, detected associations with odds rétire ¢f 1.06 and 1.05 for

COVID-19 incidence for each 1.3 and §&m?3 increase irPMzsand NQ, respectively, but

found no associations witPM10, and no association of any pollutants with COVID-19
hospitalizations (n=1,598) or deaths (n=568) (Sheridan et al. 2022). Nobile et al. have 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, 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 9.2&/m? increase ilPMzsand NQ, respectively (had not data on R/

(Nobile et al. 2022)In slightly different approach, a study by Kogevinas et al. based on

9,605 subjects from COVICAT cohort study in Barcelona, who provided detailed
guestionnaire data on COVID-19 and of whom 481 (5%) had COVID-19, reported
associations witlPM>sand NQ, 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 associations with
incidence based on self-reported COVID-19. Kogevinas et al. have notably reported stronger
associations with air pollution with increasing severity of COVID-19 outcome, in terms of
COVID-19 severe symptoms, hospitalization or d¢Kibgevinas et al. 2021).

Four studies, all from US, 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 (ICU) admissions, or
death that is related to COVID-19. All of these studies have detected association between
PMzs and risk of severe COVID-19 outcomes, including hospitaliza(iBowe et al. 2021;
Chen et al. 2022; Mendy et al. 2023V visits (Bozack et al. 2022; Chen et al. 202@)
death(Bozack et al. 2022; Chen et al. 2022)

The internationally unique infrastructure of the Danish population and health registries, with
access to historical residential address data, COVID-19 deaths and hospitalization data, as
well as SES and co-morbidity data at the individual level, provide 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 PCR testing, within
sufficient control for confounding, and collinearity between population density and exposure.
This research was designed to provide new, high quality data to support 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
developing solutions during the global COVID-19 crisis.

SPECIFIC AIMS

Here we aim tanvestigate whether long-term exposure to air pollution is associated with
increased risk of COVID-19 related mortality and morbidity in Copenhagen, and to identify
the most susceptible groups by age, sex, socioeconomic status (SES), ethnicity, and co-
morbidities. Specific aims are:

1. Examine whether long-term exposure to£2M\NOg, black carbon (BC), and ozone
(Os) are associated with risk of contracting COVID-19, in terms of COVID-19
incidence, hospitalizations, or death.

2. ldentify subgroups that are susceptible to air pollution-related COVID-19 morbidity
and mortality by age, sex, SES (education, household income, occupational status,
civil status, housing tenure, and household size, type and composition), ethnicity
(Danish, non-western and western origin), and co-morbidity (cardiovascular disease
(CVD), respiratory disease (RD), ALRIs, lung cancer, diabetes, and dementia).

METHODSAND STUDY DESIGN

Study Population

We have created a population-based Copenhagen cohort (AIRCODEN-CPH) by inaluding
residents of Copenhagen, Frederiksberg, and Tarnby municipalities who were 50 years or
older on March 1, 2020 and had lived in Denmark for at least one year prior to this date.

COVID-19 outcome definitions

Danish Statens Serum Institut (SSI), 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 testing
centres, and SSI's own laboratory, which are collected centrally in the Danish

Microbiological Database (MiBdittps://miba.ssi.dk/service/englisiData includes results

from the PCR test for the COVID-19 virus. We obtained data on COVID-19 data for this

from the Danish Health Data Authority, notably with a 5-month delay due to COVID-19
lockdown measures which have 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. The detailed
description of the available data is provided in the Table Al in the Appendix1. The SSI 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: SSI works continuously to improve their surveillance algorithms, which means
that changes to existing algorithms can still arise. SSI publishes a log of the changes of their
algorithms on their website; 2) Changes in test strategy affect population: COVID-19 data are
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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 number, we have linked the AIRCODEN-CPH 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, 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 following COVID-19
outcomes: incidence (first positive PCR test for SARS-CoV-19), hospitalization (hospital
admission for more than 12 hours within 14 days after the first positive PCR test for SARS-
CoV-19), and death (death within 30 days of the detection of SARS-CoV-19 infection). Note
thatthe 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 deatfWe also defined death from any causes 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 nationwide Danish cohort from year 2000.

Covariate and co-morbidity definitions

We have extracted individual-level SES information for year 2019 from the Danish national
registers with information on individual SES for all Danish citizens, including occupation,
personal income and transfer payments (Baadsgaard and Quitzau 2011), personal labor
market affiliation (Petersson et al. 2011), and education (Jensen and Rasmussen 2011), civil
status, household composition, 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:

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

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

e Occupational status (primary, upper secondary, vocation/qualifying, vocation bachelor/
short higher education, college level or higher)

e Family family/household taxable income, in tertiles (DKK/year)

e Household size (one, two, three, four, five or more persons living in household)

The following area-level/neighborhood variables were defined at parish level (smallest
administrative unit in Denmark, 2,158 parishes in Denijdekined from the register data
for year 2019:

Population density (# people/km

Mean income (DKK/year)

Median wealth (DKK/year)

% unemployment

% primary or lower education

SES difference between municipality and parish

Municipality-level access to healthcare (number of general practitioners/citizens)
lung cancer incidence rate (proxy for parish smoking rates)

diabetes incidence rate (proxy for parish obesity rates)



Ethnicity was defined by country of origin (Denmark; Western counthig28 EU
countries and Andorra, Iceland, Liechtenstein, Monaco, Norway, San Marino, Switzerland,
Vatican State, Canada, USA, Australia, and New Zeglanwh-Western (all others).

Co-morbidities (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-CPH 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.

Table 1. Definition and prevalence of co-morbidities among the 192,041 participants of the
AIRCODEN-CPH cohort at the study baseline on March 1, 2020.

| CD-10 codes |CD-8 codes Prevalence, n (%)
Cardiovascular Disease 100-99 400-459 61,607 (32.1%)
Myocardial Infarction 121 410 7,197 (3.7%
Heart Failure 150 427 4,894 (2.5%
Atrial fibrillation 148 4274, 4279 9,591 (5.0%
Stroke (ischemic included) 161-64 431, 432, 433, 434, 436 8,562 (4.5%
Respiratory Disease J00-J99 460-519 50,830 (26.5%)
Asthma J4546 493 7,485 (3.9%
COPD J4044 490492 7,272 (3.8%
ALRI J12-18, J2@2 480-486, 466 18,489 (9.6%
Pneumonia J12418 480486 17,379 (9.0%
Influenza J0911 487-488 1,761 (0.9%
Lung cancer C34 162.2-162.9 837 (0.4%)
Diabetes (Ee%ﬁéég %%fj)“ 249, 250 9,315 (4.9%)
Dementia F00-03, G30, G31.8-9 290.09-11,290.19; 293.09- 1,821 (0.9%)

11,293.19
ICD-8/10: International Classification of Diseas&¥18" version. ICD-8 was used before and ICD-10 after Janligkt994 (ICD-9 was
never implemented in Denmark). COPD=chronic obstrugiidmonary disease. ALRI=acute lower respiratory indect

Air Pollution Exposure

We used the European-wide hybrid 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 concentrations okBNNO,, BC, and Qfor year 2010 at a 100x100m
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 (So et al. 2022). In brief, the LUR model
utilized routine monitoring data from the European Environment Agency (EEA) AirBase for
PM:.sand NQ, and 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 pollutants concentrations. The models performed well in five-fold hold-out
validation, explaining 72%, 59%, and 54% of spatial variability of the measured


http://www.elapseproject.eu/

concentrations for Pkt NO», and BC, respectively (de Hoogh et al. 2018)els of air
pollution for Copenhagen modeled by ELAPSE model in 2010 can be seen in Figure 1.

Figure 1. Mean levels of PM, NO;,, and BC in 2010 in Copenhagen estimated by ELAPSE models
(PM_s=particulate matter with diametet 2.5um; NO,=nitrogen dioxideBC= black carbohn

B 11.79- 1255 [ 14.05- 1514 I 21.99 - 25.27 [ 3248 - 34.11 I 0.99-1.11 I 1.51-1.59
PM2.5 ELAPSE (2010) [[171] 12.56 - 12.93 [l 15.15 - 1558 NO2 ELAPSE (2010) [0 25.28-28.56 [ 34.12-35.76 BC ELAPSE (2010) [ 1.12-1.26 [J 1.60- 1.69
B s.118-11.01 [ ]1299-1341 [ 1559 - 163 B 171602 [ ] 2857-30.41 [l 3577 - 3781 B o50-0588 [ J127-1.40 [ 170183
[ 1o2-11.78 [ 1342-14.0¢ [ 16.:31-2039 [ ]1603-2198 [ ] 30423247 [ 3782 -64.14 [ Joss-o0e9 114150 [ 184 292

L ong-term exposureto air pollution and COVID-19 incidence, hospitalization and
mortality

We used stratified Cox proportional hazard models with calendar time in days as underlying
time scale 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 reason, 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: adjusted for the calendar time (time axis), age (natural spline with 4
degree of freedomand sexipde, female); Model 2: additionally adjusted for individual-

level SES, including marital status (unmarried, divorced, widowed, married/registered
partnership), highest completed education (primary, upper secondary, vocation/qualifying,
vocation bachelor/ short higher education, college level or higher), family income (tertile),
household size (one, two, three, four, five and above persons living in household); and Model
3(main model): additionally adjusted for population-level SES including parish-level mean
income, and unemployment rate

We fitted single pollutant models for annual mean exposure in 2010 annual meapspf PM

NO2, and BC, and O3 estimated by ELAPSE model. To evaluate the shape of the associations
for each pollutant, we have estimated exposure-response functions (ERFs) by applying
natural cubic splines with three degrees of freedom. In order 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
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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. Effect modification of an
association of Ph and NQ with COVID-19 incidence, and hospitalizationby sex, age,
individual-level SES, ethnicity and co-morbidities with cardiovascular disease (CVD),
respiratory disease (RD), acute lower respiratory infections (ALRIs), diabetes, lung cancer,
dementia, and diabetes, were evaluated by entering interaction terms into the model, and
tested by Wald test.

Only subjects with complete information for Model 3 variables were included in the analyses.
We presented hazard ratios (HRs) and 95% confidence intervals (CIs) per interquartile range
(IQR) increase in pollutant. Besides, we also presented results as per fixed interval increase in
each pollutant, which is g/m? for PMy.s, 10 ug/m? for NO,, 0.5ug/m? for BC, and 10

ng/m? for Os. We conducted analyses using R statistical software (version.4.1.2

The study was approved by the Danish Data Protection Agency.
RESULTS

Of the 192,041 AIRCODEN patrticipants who were 50 years or older and resided in Denmark
on March 1, 2020, (and at least one year prior), we excluded 8,397 subjects with missing data
on air pollution exposure, 676 with missing data on individual SES information, and 12,127
subjects with missing parish-level SES information. In addition, three individuals were
excluded from incidence and hospitalization analyses due to record of SARS-CoV-2 positive
test before March 1, 2020 leaving 192,041 subjects for final analyses.

During 14 months follow-up covering two pandemic waves (Figure 2), 10,324 individuals
tested positive for SARS-CoV-2, 1,563 were hospitalized and 461 died from COVID-19.
Compared to 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). Similar patterns but with less
pronounced differences were observed with incident COVID-19 cases. COVDI-19 pandemic
in Copenhagen was comparable to that for entire Denmark (Fiyure 3

Mean levels oPM.s5, NO; and BC in 2019 werl4.1, 32.3 and 1.pg/m?3, respectively, and
were slightly higher in COVID-19 cases than in the total population (Table 2). Strongest
positive correlation was observed betweerpld@d BC (0.99) and NCandPM:5 (0.89), and
negative between NCGand Q (-0.99) (Figure 4).

We detected statistically significant positive associatiora\fs, NO, and BC with

COVID-19 incidence (Table 3), with HR of 1.07 (1.00-1.13) pgg/m? increase irPM s,

1.03 (1.00-1.06) per 1@/m? increase in N@ and 1.06 (1.03-1.09) per Qug/m? increase

in BC (Table Al). We also detected assocaitionBM# sandBC with COVID-19

hospitalizations that were strongere than those with incidence, with HRs of 1.22 (1.04-1.43)
per 5pg/m? increasén PM.s and 1.08 (0.99-1.18) per Qug/m? increase in BC (Table A1).

We found positive but not statistically significant (few cases) associatid?g.ofwith

COVID-19 mortality with HR of , with HRs of 1.18 (0.88-1.59) pepg/m? increase in

PMys (Table Al), and none witRO, or BC. We found no associations of With any of
COVID-19 outcomes. Results were similar when limiting population to Copenhagen



municipality only (Table A2). We also detected associations with all-cause mortality with HR
of , with HRs of 1.09 (1.00-1.19) peng/m? increase iPM, s, but none with N@or BC.

ERFs were linear or curvilinear for the majority of the pollutants and COVID-19 outcomes
(Figure 5), indicating stronger associations at lower exposure ranges.

We found strongest associations of p\ith COVID-19 incidence in the elderly (those 65
years old or older), and of all pollutants in those living in large households with 5 inhabitants
or more (Table 4). We found no difference in associations between men and women. When
considering co-morbidites at the study baseline, we found strongest associations with both
PM2sand NQ in those with prior CVD, which was most pronounced for stroke, but also
apparent for heart failure (HF) and atrial fibrillation (AF) (Figure 6). We also detected
stronger associations in those with prior RD, although less pronunced for asthma, and for
diabetes.Results were similar for COVID-19 hospitalizations (Table A3 and Figure Al).



Figure 2. The COVID-19 pandemic in Copenhagen, Frederiksberg and Tarnby Municipalities between March 1, 2020 and April 26, 2021: daily
numbers of COVID-19 positive cases in each municipality.
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Figure 3. 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.
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Table 2. Characteristics among the 192,041 participants of the AIRCODEN-CPH cohort at thastlidg bn March 1, 2020.

Total Population

COVID-19 incidence

COVID-19 hospitalization

COVID-19 mortality

N
Person-day at risl
Follow-up time, day
Individual level

Male, n (%)
Female, n (%)
Age, mean (SD
Married/Partner, n (%
Income

Low, n (%)

Middle, n (%)

High, n (%)

Education

Missing, n (%)
Primary, n (%)
Upper secondary, n (%
Vocational , n (%)
Vocational Bachelor, n (%
College+, n (%)
Household populatior
1-2,n (%)

3-4, n (%)

5+, n (%)
Comorbidity

192,041
/
/

90,182 (47.0)

101,859 (53.0)

65.3 (10.6)
86,586 (45.1)

65,989 (34.4)
52,900 (27.5)
73,152 (38.1)

3,976 (2.1)
43,030 (22.4)
12,936 (6.7)
58,007 (30.2)
42,009 (21.9)
32,083 (16.7)

154,942 (80.7)

31,053 (16.2)
6,046 (3.1)

10,324
78,232,794
407

4,920 (47.7)
5,404 (52.3)
64 (11.4)
5,418 (52.5)

3,487 (33.8)
2,974 (28.8)
3,863 (37.4)

279 (2.7)
2,438 (23.6)
726 (7.0)
3,207 (31.1)
2,262 (21.9)
1,412 (13.7)

7,198 (69.7)
2,411 (23.4)
715 (6.9)

1,563
79,508,681
414

851 (54.4)
712 (45.6)
73.2 (11.7)
644 (41.2)

830 (53.1)
420 (26.9)
313 (20.0)

65 (4.2)
546 (34.9)
89 (5.7)
497 (31.8)
248 (15.9)
118 (7.5)

1,314 (84.1)
171 (10.9)
78 (5.0)

461
79,726,090
415

231 (50.1)
230 (49.9)
81.2 (10.3)
118 (25.6)

270 (58.6)
141 (30.6)
50 (10.8)

23 (5.0)
189 (41.0)
18 (3.9)
148 (32.1)
62 (13.4)
21 (4.6)

433 (93.9)
17 (3.7)
11 (2.4)



Cardiovascular Disease, n (¢ 61,607 (32.1) 3,541 (34.3) 895 (57.3) 298 (64.6)
Myocardial Infarction, n (%, 7,197 (3.7) 457 (4.4) 161 (10.3) 57 (12.4)
Heart Failure, n (% 4,894 (2.5) 300 (2.9) 137 (8.8) 47 (10.2)
Atrial fibrillation, n (%) 9,591 (5.0) 568 (5.5) 190 (12.2) 79 (17.1)
Stroke (ischemic included), n (¥ 8,562 (4.5) 508 (4.9) 170 (10.9) 74 (16.1)
Respiratory Disease, n (¥ 50,830 (26.5) 3,260 (31.6) 681 (43.6) 207 (44.9)
Asthma, n (%) 7,485 (3.9) 521 (5.0) 93 (6.0) 20 (4.3)
COPD, n (%) 7,272 (3.8) 371 (3.6) 141 (9.0) 58 (12.6)
ALRI, n (%) 18,489 (9.6) 1,235 (12.0) 362 (23.2) 132 (28.6)
Pneumonia, n (% 17,379 (9.0) 1,150 (11.1) 349 (22.3) 131 (28.4)
Influenza, n (%) 1,761 (0.9) 170 (1.6) 33(2.1) 6 (1.3)
Lung cancer, n (% 837 (0.4) 45 (0.4) 15 (1.0) 8 (1.7)
Diabetes, n (%, 9,315 (4.9) 696 (6.7) 231 (14.8) 65 (14.1)
Dementia, n (%) 1,821 (0.9) 224 (2.2) 54 (3.5) 56 (12.1)
Area level
Mean income, (mean £ SC 290,626 (55,999) 282,985 (56,781) 278,942 (54,715) 283,073 (51,633)
Unemployment rate % (mean + S 1.4 (0.4) 1.5(0.4) 1.5(0.4) 1.5(0.4)
Air pollution in 2010
PMzs ug/m® (mean + SD) 14.1 (1.6) 14.1 (1.6) 14.2 (1.6) 14.3 (1.6)
NO2 pg/m® (mean + SD) 32.3(6.4) 32.4 (6.1) 32.8 (5.7) 32.8 (5.4)
BC png/m® (mean + SD) 1.5(0.3) 1.5(0.3) 1.6 (0.3) 1.6 (0.3)
Os ug/m® (mean * SD) 74.2 (5.5) 74.3 (5.8) 74 (5.6) 74.3 (5.9)
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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 192,041 particighets of
AIRCODEN-CPH cohort.

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Model 3
HR (95% CI)

COVID-19 Incidencé
(N=10,324)

PMzs
NO>
BC
Os

COVID-19 Hospitalization
(N=1,563)

PMas
NO:
BC
Os

COVID-19 Mortality
(N=461)

PMzs
NO:
BC
Os

All-cause Mortality
(N=5,098)

PMzs
NO:
BC
Os

0.99 (0.96, 1.02)
1.01 (0.99, 1.03)
1.05 (1.02, 1.07)

1.01 (0.98, 1.05)

1.07 (0.98, 1.16)
1.06 (1.00, 1.11)
1.10 (1.03, 1.16)
0.93 (0.85, 1.01)

1.09 (0.94, 1.27)
1.01 (0.92, 1.11)
1.06 (0.95, 1.18)
0.98 (0.83, 1.15)

1.04 (0.99, 1.08)
1.04 (1.01, 1.07)
1.04 (1.01, 1.08)
0.93 (0.88, 0.98)

1.00 (0.97, 1.04)
1.02 (1.00, 1.04)
1.05 (1.03, 1.08)

0.99 (0.96, 1.03)

1.06 (0.97, 1.15)
1.03 (0.98, 1.09)
1.07 (1.01, 1.14)

0.96 (0.88, 1.05)

1.08 (0.92, 1.25)
0.97 (0.88, 1.06)
1.02 (0.91, 1.14)
1.03 (0.87, 1.22)

1.01 (0.96, 1.06)
1.00 (0.97, 1.03)
1.00 (0.97, 1.03)
0.99 (0.94, 1.04)

1.04 (1.00, 1.07)
1.02 (1.00, 1.04)
1.04 (1.02, 1.07)
0.99 (0.96, 1.03)

1.11 (1.02, 1.21)
1.03 (0.98, 1.08)
1.06 (1.00, 1.12)
0.96 (0.87, 1.05)

1.09 (0.93, 1.28)
0.97 (0.88, 1.06)
1.01 (0.90, 1.13)
1.04 (0.87, 1.23)

1.05 (1.00, 1.10)

1.00 (0.97, 1.03)
1.00 (0.96, 1.03)
0.98 (0.93, 1.03)

HR=hazard ratio. Cl=confidence interval. BC= black carbon:#@rogen dioxide. ®=0zone. PMo and PM.s=patrticulate

matter withdiameter < 10 and 2.5 um, respectively. Results are presented for interquartile range increase: 2.67 pug/m?3 for
PMz.s, 6.25pg/m® for NOz, 0.35pg/m® for BC, 10.16 pg/m? for Os.

Model 1 adjusted for calendar time (time axis), sex (male, female), arad bgseline (natural spline with four degrees of
freedom); Model 2 additionally adjusted for civil status, househodd &mily income, and education; Model 3 further
adjusted for parish-level mean income, unemployment rate.
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Figure 4: Pearson correlation coefficients between air pollutants estimated by the ELAPSE model in
2010 among the 192,041 participants of the AIRCODEN-CPH cohort (BC= black carbon.
NOz=nitrogen dioxide. ®@=0zone PM; s=particulate matter with diameter < 2.5 um).
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Figure 5. 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 192,04 1participants of the AIRCODEN-CPH cohort.
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Table 4. Effect modification of the association between long-term exposure to air pollution and COVID-19 incidence among the 192,041
participants of the AIRCODEN-CPH cohort by sex, age, and individual-level SES characteristic at the cohort baseline on March 1, 2020.

PM2.5

HR (95% Cl)

NO2

HR (95% ClI)

BC

HR (95% Cl)

Global p-value

Age
Less than 6¢
65+

Sex
Male
Female

Country of Origin

Denmark

Western countrie:
Other countries
Married Status
Unmarried
Divorced
Widowed
Married

Income

1.01 (0.97, 1.05)
1.08 (1.03, 1.14)

1.04 (0.99, 1.09)
1.03 (0.99, 1.08)

1.04 (1.00, 1.08)
1.01 (0.86, 1.20)
1.03 (0.96, 1.10)

0.97 (0.89, 1.05)
1.04 (0.97, 1.11)
1.08 (0.98, 1.19)
1.05 (1.00, 1.09)

1.01 (0.99, 1.04)
1.02 (0.99, 1.06)

1.03 (1.00, 1.06)
1.01 (0.98, 1.03)

1.00 (0.98, 1.03)
0.99 (0.89, 1.11)
1.06 (1.01, 1.11)

1.00 (0.95, 1.06)
1.01 (0.97, 1.05)
0.99 (0.93, 1.05)
1.03 (1.00, 1.06)

1.04 (1.01, 1.07)
1.05 (1.01, 1.09)

1.05 (1.01, 1.08)
1.04 (1.01, 1.07)

1.02 (0.99, 1.05)
1.08 (0.95, 1.23)
1.09 (1.03, 1.15)

1.05 (0.98, 1.12)
1.03 (0.98, 1.08)
1.07 (0.99, 1.14)
1.04 (1.01, 1.08)

PM.s: 0.04; NQ: 0.72; BC:
0.73

PM.s 0.85; NQ: 0.21; BC:
0.73

PM.s 0.10; NQ: 0.94; BC:
0.07

PM.s 0.32; NQ: 0.60; BC:
0.88
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Low
Middle
High
Education
Missing
Primary
Upper secondarn
Vocational
Vocational Bachelol
College+
Household population
1-2
3-4
5+

1.02 (0.97, 1.08)
1.04 (0.98, 1.10)
1.04 (0.99, 1.10)

1.10 (0.91, 1.34)
1.03 (0.96, 1.10)
0.93 (0.83, 1.05)
0.99 (0.93, 1.05)
1.08 (1.01, 1.16)
1.12 (1.03, 1.22)

1.04 (1.00, 1.08)
0.99 (0.92, 1.05)
1.14 (1.01, 1.28)

1.03 (0.99, 1.07)
1.00 (0.96, 1.04)
1.02 (0.99, 1.05)

1.05 (0.93, 1.17)
1.02 (0.98, 1.06)
1.02 (0.95, 1.10)
1.02 (0.98, 1.06)
1.01 (0.97, 1.05)
1.02 (0.97, 1.07)

1.01 (0.99, 1.03)
1.02 (0.98, 1.06)
1.10 (1.02, 1.18)

1.06 (1.02, 1.11)
1.04 (0.99, 1.08)
1.03 (0.99, 1.07)

1.11 (0.97, 1.28)
1.06 (1.01, 1.12)
1.06 (0.98, 1.16)
1.04 (1.00, 1.08)
1.03 (0.98, 1.08)
1.02 (0.96, 1.08)

1.04 (1.01, 1.07)
1.03 (0.98, 1.08)
1.11 (1.02, 1.22)

PMs: 0.90; NQ: 0.49; BC:
0.52

PM.s 0.04; NQ: 1.00; BC:
0.76

PM.s 0.10; NQ: 0.13; BC:
0.29

HR=hazard ratio. Cl=confidence interval. B@itrogen dioxide. PMs=particulate matter witdiameter < 2.5 um. Results are presented for interquartile range increase: 2.67 pg/m® for PM, 5, 6.25pug/m® for NO,, and

0.35ug/m? for BC.

"Wald test was used to calculate the global P-value.
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Figure 6. Effect modification of the association between long-term exposure to air pollution and COVID-19 incidence among the 192,041
participants of the AIRCODEN-CPH cohort by co-morbidities at the cohort baseline on March 1, 2020.
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HR=hazard ratio. Cl=confidence interval. N@itrogen dioxide. PMs=particulate matter witdiameter < 2.5 um. Results are presented for interquartile range increase: 2.67 pg/m® for PM, 5, 6.25pug/m® for NO,, and
0.35ug/m? for BC. "Wald test was used to calculate the global P-vane,results with P-value <0.05 are highlighted \aitstar.

19



DISCUSSION

In this large study in greater Copenhagenresidents 50 years old and older, we detected
positive associations between long-term exposure tasPIND,, and BC and risk of getting
infected with SARS-CoV-2, as well as getting hospitalized or dying from COVID-19. We

find that elderly (aged 65 years or older), individuals with major chronic cardiovascular and
respiratory diseases, and diabetes, as well as those living in households with more than five
people, were most vulnerable to the harmful effects of air pollution.

Long-term exposureto 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, 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 pollutigfogevinas et al. 2021; Nobile et al. 2022; Sheridan

et al. 2022; Veronesi et al. 2022) Our results corroborate those of Veronesi et al. who in
62,848 residents of Varese (of whom 4,408 tested positive for COVID-19 iff tread of
pandemic) detected 5.1% and 2% increase in COVID-19 rate for eachgimif)(increase

in PM2s and NOZ2, respectively (Veronesi et al. 20&2)eridan et al. has in 424,721 subjects
from UK Biobank (of whom tested 10,790 positive between March 16 and December 31,
2020) detected OR of 1.06 and 1.05 for COVID-19 incidence for each 1.3 amngl18°9

increase in PMsand NQ, 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). Nobile
et al. has 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), 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 9.2&/m? increase ilPMzsand NQ, respectively
(Nobile et al. 2022) Furthermore, our results agree with those of Kogevinas et al. 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 with increasing severity of COVID-19 outcomes was also observed
by Kogevinas et al.(Kogevinas et al. 2021) and Nobile et al.(Nobile et al. 2022) but not in
Sheridan et al. (Sheridan et al. 2022).

We have found indication of curvilinear shape of assocaition, in line with large studies based
on low-exposure to air pollution from Europe and Canada (Brauer et al. 2019; Stafoggia et al.
2022b; Strak et al. 2021), and recent meta-analyses on studies of air-pollution and mortality
(Chen and Hoek 2020), suggesting stronger association in lower level exposure. Within
ELAPSE project, with this same exposure as used here, we have earlier documented
associations of Pk with all-cause mortality in Europe in studies including Danish data
(Stafoggia et al. 2022a; Strak et al. 2021) and in Denmark in a recent nationwide study using
ELAPSE data (So et al. 2022) in line with those reported here (Table 4), and also indicating
curvi-linear ERF, supporting the plausibility of our findings.

We have detcted associations with PMRAI®, and BC, most consistent and strongest for all

three outcomes with PM. This is in line with Sheridan et al. and Varonesi et al. reported
that PM s was driving associations with COVID-19 incidence in two-pollutant models with

20



NO., indicating that more data are needed to determine which air pollution component is
most relevant for COVID-19. We report novel association with traffic-related pollutant BC
and COVID-19, as the first study to date. Our finding of null associations wjtar®in line

with Veronesi et al. the only other study on COVID-19 incidence with data ¢viePonesi

et al. 2022), as well as with negative associationssafit all-cause mortality observed in
European studies (Stafoggia et al. 2022a; 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 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 elderly and chronic disease
patients. Veronesi et al. is the only study that have considered effect modification of
association betwedPMy.s 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. Varonesi et al. did notably find indication of stronger
associations dPM.s with COVID-19 incidence in coronary heart disease (CHD) and
obstructive lung disease patients, in line with our findif@onesi et al. 2022)Increased
susceptibility of patients to harms of air pollution, with major chronic diseases which have
been earlier linked to air pollution, makes biological sense,

Biological plausibility

Although exact molecular mechanisms by which PM and gaseous pollutant exposure affects
viral infection and pathogenesis of COVID-19 remain unknown, there are a number of
plausible pathways that can account for this assoc{@oadby et al. 2021 )Exposure to air
pollution may promote viral entry, replication and assembly, activate proinflammatory
transcription factors, producing local inflammation. Furthermore, pollutant exposure reduces
mucociliary clearance, promotes epithelial permeability, prevents macrophage uptake, and
disrupts natural killer cell function, all of which can increase viral spread and
inflammation{(Woodby et al. 2021)Subsequent enhanced inflammation can trigger

neutrophil recruitment and further amplify inflammatory processes. Moreover, since

pollution is believed to skew adaptive immune responses toward allergic/bacterial responses
instead of antiviral immune responses, exposure to air pollution may result in enhanced virus-
induced tissue damage and inflammation, promoting dysfunction of a variety of organs,
including the lungs, heart, kidney, and brain, resulting in d@dtdodby et al. 2021)Apart

from this direct impact of air pollution on immune responses, air pollution likely increases

risk of COMD-19 severity and death indirectly by increasing risk of related co-morbidities
(respiratory, cardiovascular and metabolic diseases) which increase 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 associations with increasing
severity of COVID-19 outcomes.

Strengths

Our study is one of the largest to date, facilitated by the internationally unique access to high-
quality individual-level Danish COVID-19 surveillance data for entire population of
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Copenhagen. Furthermore, as Denmark had one of the most intense testing strategies, and
where testing was offered free of charge, we have 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 in the first 14 months of the pandemic, many
several times per month. Secondly, we benefited from detailed data on disease history
allowing us to study effect modification by co-morbidities, and a number of SES factors and
data at individual and parish-level, population density, and household size, allowing for an
extensive adjustment for SES factors.

Limitations

Our study has several limitations. We lack data on individual-level lifestyle factors, such as
smoking, physical activity, BMI, diet, etc. which may be relevant confounders. We also lack
data on residence in nursing homes, and could not make sensitivity analyses excluding
nursing home residents. Notably, Denmark has generally managed COVID-19 pandemic
well, without any excess mortality, and without large COVID-19 mortality clusters in nursing
homes as seen in Italy and other locations. Furthermore, our COVID-19 surveillance system,
especially in the early stages of the pandemic, could only identify a selected sample of all
infected individuals, those with severe symptoms, close contacts of primary cases with
symptoms, those who were hospitalized for other causes, etc. The testing policy was
massively expanded in the second wave, where testing free of charge was offered to all, and
when large portion of populations was tested daily, as negative test was required to enter
workplaces, universities, schools, restaurants, movie theaters, public transport, etc. Therefore,
our definition of SARS-CoV-2 incidence is only partial, especially in the first wave.

We lacked data on vaccinations, and could not address whether vaccination would have
affected observed associations. First vaccination in Denmark was given on Decefhber 27
2020, and only a fraction of population was vaccinated by Ap'fi] 2621, 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 ABiPRa2.

CONCLUSION

In a large Copenhagen-wide study covering first 14 months of COVID-19 pandemic, we have
found that long-term exposure to air pollution at very low levels, those 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.
Chronic cardiometabolic, respiratory and diabetes patients, elderly, are most susceptible and
most likely to contract SARS-CoV-2 or develop COVID-19 due to 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 in the heart of the current and future
pandemic mitigation strategies, as it would provide more resilient populations to SARS-CoV-
2 and alike infections. In addition, reduction of air pollution would prevent substantial cases
of new major chronic diseases improve quality of life and prognosis of chronic disease
patients, and, by reducing fossil fuel emission, help mitigate the global climate change crisis.
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IMPLICATIONS OF THE FINDINGS

This large study provide strong new evidence in support of causal association between air
pollution and COVID-19. These results reinforce the importance 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 respiratory infections, such as COVID-19, and likely to other viral and
bacterial respiratory infections (seasonal influenza and pneumonias, etc.). Reductions in air
pollution would also bring other major health benefits, in terms of prevention of major

chronic non-communicable diseases and providing for better quality of life and better disease
prognosis for chronic disease patients, as well as in mitigating impact of climate change on
health.
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APPENDIX

Table Al: The association between long-term exposureto air pollution and COVID-19
incidence, hospitalization, and mortality, aswell as all-cause mortality among the
192,041 participants of the AIRCODEN-CPH cohort. (per fixed interval increase)

Model 1
HR (95% CI)

Model 2
HR (95% ClI)

Model 3
HR (95% CI)

COVID-19 Incidenceé

(N= 10,324)
PMas

NO2

BC

Os
COVID-19
Hospitalization
(N= 1,563)
PMas

NO2

BC

Os

COVID-19 Mortality
(N=461)

PMas
NO2
BC
Os

All-cause Mortality
(N=5,098)

PMas
NO2
BC
Os

0.97 (0.92, 1.03)
1.02 (0.99, 1.05)
1.07 (1.03, 1.10)
1.01 (0.98, 1.05)

1.13 (0.97, 1.31)
1.09 (1.01, 1.19)
1.14 (1.05, 1.24)
0.93 (0.86, 1.01)

1.18 (0.89, 1.57)
1.02 (0.87, 1.18)
1.09 (0.93, 1.27)
0.98 (0.83, 1.15)

1.07 (0.98, 1.16)
1.07 (1.02, 1.12)
1.06 (1.01, 1.11)
0.93 (0.89, 0.98)

1.01 (0.95, 1.07)
1.03 (1.00, 1.06)
1.08 (1.04, 1.11)
0.99 (0.96, 1.03)

1.11 (0.95, 1.30)
1.05 (0.97, 1.14)
1.10 (1.01, 1.20)
0.96 (0.88, 1.05)

1.15 (0.86, 1.53)
0.95 (0.81, 1.11)
1.03 (0.88, 1.20)
1.03 (0.88, 1.22)

1.02 (0.94, 1.11)
1.00 (0.95, 1.05)
1.00 (0.95, 1.05)
0.99 (0.94, 1.04)

1.07 (1.00, 1.13)
1.03 (1.00, 1.06)
1.06 (1.03, 1.09)
0.99 (0.96, 1.03)

1.22 (1.04, 1.43)
1.05 (0.96, 1.14)
1.08 (0.99, 1.18)
0.96 (0.88, 1.05)

1.18 (0.88, 1.59)
0.95 (0.81, 1.10)
1.02 (0.87, 1.19)
1.03 (0.88, 1.22)

1.09 (1.00, 1.19)
1.00 (0.96, 1.05)
1.00 (0.95, 1.04)
0.98 (0.93, 1.03)

HR=hazard ratio. Cl=confidence interval. BC= black carbon;#@rogen dioxide. @=0zone. PMo and PM s=particulate
matter withdiameter < 10 and 2.5 pum, respectively. Results are presented for interquartile range increase: 5 ug/m? for PMzs,

10 pg/m?3 for NO, 0.5 pg/m? for BC, 10 pg/md for Os.
Model 1 adjusted for calendar time (time axis), sex (male, femalepgmdt baseline (natural spline with four degrees of
freedom); Model 2 additionally adjusted for civil status, househodd &mily income, and education; Model 3 further
adjusted for parish-level mean income, unemployment rate.
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Table A2: The association between long-term exposureto air pollution and COVID-19
incidence, hospitalization, and mortality, aswell as all-cause mortality among the
143,308 participants of the AIRCODEN-CPH cohort, when restricting to Copenhagen

municipality.

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Model 3
HR (95% CI)

COVID-19 Incidence
(N=7,897)

PMas

NO2

BC

O3

COVID-19 Hospitalization
(N=1,122)

PMas

NO2

BC

Os

COVID-19 Mortality
(N=293)

PMzs
NO2
BC
O3

All-cause Mortality
(N=3,634)

PMas
NO2
BC
Os

0.98 (0.94, 1.02)
1.01 (0.99, 1.04)
1.06 (1.03, 1.09)
1.02 (0.98, 1.06)

1.08 (0.98, 1.18)
1.07 (1.01, 1.14)
1.14 (1.06, 1.23)
0.89 (0.80, 0.98)

1.07 (0.89, 1.29)
1.02 (0.91, 1.15)
1.09 (0.94, 1.26)
0.94 (0.77, 1.15)

1.05 (0.99, 1.11)
1.05 (1.01, 1.08)
1.06 (1.02, 1.11)
0.93 (0.88, 0.98)

0.99 (0.96, 1.03)
1.02 (0.99, 1.04)
1.06 (1.03, 1.08)
1.00 (0.97, 1.04)

1.06 (0.96, 1.16)
1.04 (0.98, 1.11)
1.10 (1.02, 1.19)
0.91 (0.82, 1.01)

1.02 (0.84, 1.24)
0.97 (0.86, 1.09)
1.02 (0.88, 1.18)
1.00 (0.81, 1.22)

1.01 (0.95, 1.06)
1.00 (0.97, 1.04)
1.01 (0.97, 1.05)
0.98 (0.92, 1.04)

1.02 (0.99, 1.06)
1.01 (0.99, 1.04)
1.04 (1.01, 1.06)
0.99 (0.96, 1.03)

1.12 (1.02, 1.24)
1.04 (0.98, 1.10)
1.07 (0.99, 1.15)
0.89 (0.80, 0.98)

1.06 (0.88, 1.29)
0.97 (0.86, 1.09)
1.00 (0.86, 1.16)
0.98 (0.80, 1.20)

1.04 (0.99, 1.10)
1.00 (0.97, 1.04)
0.99 (0.95, 1.04)
0.96 (0.91, 1.02)

HR=hazard ratio. Cl=confidence interval. BC= black carbon:#@rogen dioxide. ®=0zone. PMo and PM.s=patrticulate
matter withdiameter < 10 and 2.5 um, respectively. Results are presented for interquartile range increase: 5 pg/m® for PMz.s,
10 pg/m3 for NOg, 0.5 ug/ms for BC, 10 ug/m? for Os.
Model 1 adjusted for calendar time (time axis), sex (male, femalepgmndt baseline (natural spline with four degrees of
freedom); Model 2 additionally adjusted for civil status, househodd &mily income, and education; Model 3 further
adjusted for parish-level mean income, unemployment rate.
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Table A3: Effect modification of the association between long-term exposureto air pollution and COVID-19 hospitalization among the
192,041 participants of the AIRCODEN-CPH cohort by sex, age, and individual-level SES characteristic at the cohort baseline on

March 1, 2020.
PM2.5 NO2 BC lonal ooval
HR (95% ClI) HR (95% ClI) HR (95% ClI) obdl pvalle
Age
Lessthan 68 0.99 (0.84, 1.15) 0.99 (0.90, 1.08) 0.96 (0.86,1.07)  PMas 0.08; NQ: 0.29:
65+  1.16 (1.05, 1.28) 1.05 (0.98, 1.11) 1.10 (1.02, 1.18) BC: 0.05
Sex
Male  1.08 (0.97, 1.21) 1.03 (0.96, 1.10) 1.06 (0.98,1.15)  PMzs 0.45; NQ: 0.99;
Female  1.15 (1.02, 1.30) 1.03 (0.95, 1.11) 1.06 (0.96, 1.16) BC: 0.96
Country of Origin
Denmark  1.10 (1.00, 1.22) 1.01 (0.95, 1.07) 1.02 (0.95, 1.09)

Western countrie!
Other countries
Married Status
Unmarried
Divorced
Widowed
Married
Income
Low
Middle
High
Education
Missing
Primary
Upper secondan

0.77 (0.52, 1.15)
1.16 (0.97, 1.39)

1.10 (0.88, 1.39)
1.11 (0.94, 1.32)
1.19 (1.00, 1.43)
1.08 (0.95, 1.22)

1.21 (1.08, 1.36)
1.09 (0.93, 1.27)
0.92 (0.77, 1.11)

1.39 (0.94, 2.06)
1.12 (0.98, 1.30)
0.78 (0.56, 1.08)

0.95 (0.74, 1.22)
1.12 (0.99, 1.26)

1.07 (0.91, 1.25)
0.99 (0.90, 1.09)
1.08 (0.96, 1.21)
1.02 (0.94, 1.10)

1.10 (1.02, 1.19)
0.99 (0.90, 1.09)
0.94 (0.85, 1.05)

1.17 (0.90, 1.51)
1.03 (0.94, 1.13)
0.98 (0.80, 1.21)

1.07 (0.79, 1.45)
1.17 (1.02, 1.35)

1.06 (0.88, 1.26)
1.06 (0.94, 1.19)
1.14 (1.00, 1.31)
1.02 (0.93, 1.11)

1.16 (1.07, 1.27)
1.01 (0.91, 1.13)
0.92 (0.81, 1.04)

1.25 (0.92, 1.70)
1.06 (0.96, 1.18)
0.98 (0.77, 1.25)

PM:s: 0.18; NQ: 0.25;
BC: 0.19

PM2s: 0.83; NQ: 0.68:;
BC: 0.56

PM.5 0.04; NQ: 0.04;
BC: 0.01

PM; s 0.18; NO: 0.94;
BC: 0.88
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Vocational Bachelol

Vocational

College+

Household population

1-2
3-4
5+

1.06 (0.91, 1.23)
1.19 (0.97, 1.45)
1.27 (0.96, 1.70)

1.12 (1.02, 1.22)
1.02 (0.80, 1.31)
1.29 (0.90, 1.85)

1.03 (0.93, 1.13)
1.01 (0.90, 1.14)
1.05 (0.89, 1.24)

1.02 (0.97, 1.08)
1.04 (0.89, 1.22)
1.13 (0.89, 1.42)

1.06 (0.96, 1.18)
1.03 (0.90, 1.18)
1.05 (0.85, 1.28)

1.06 (1.00, 1.14)
1.02 (0.85, 1.23)
1.06 (0.82, 1.38)

PM2s 0.59; NQ: 0.73;
BC: 0.93

HR=hazard ratio. Cl=confidence interval. ¥@itrogen dioxide. PMs=particulate matter witdiameter < 2.5 um. Results are presented for interquartile range increase: 2.67 pg/m® for PM, 5, 6.25ug/m® for NO,, and

0.35ug/me for BC.

"Wald test was used to calculate the global P-value.

32



Figure Al: Effect modification of the association between long-term exposureto air pollution and COVID-19 hospitalization among the
192,041 participants of the AIRCODEN-CPH cohort by co-morbidities at the cohort baseline on March 1, 2020.
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HR=hazard ratio. Cl=confidence interval. B@itrogen dioxide. PMs=particulate matter witdiameter < 2.5 um. Results are presented for interquartile range increase: 2.67 pg/m® for PM, 5, 6.25pug/m® for NO,, and
0.35ug/m? for BC."Wald test was used to calculate the global P-vane,results with P-value <0.05 are highlighted \aitstar.
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