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A B S T R A C T   

Individual-level studies with adjustment for important COVID-19 risk factors suggest positive associations of 
long-term air pollution exposure (particulate matter and nitrogen dioxide) with COVID-19 infection, hospital-
isations and mortality. The evidence, however, remains limited and mechanisms unclear. We aimed to investi-
gate these associations within UK Biobank, and to examine the role of underlying chronic disease as a potential 
mechanism. UK Biobank COVID-19 positive laboratory test results were ascertained via Public Health England 
and general practitioner record linkage, COVID-19 hospitalisations via Hospital Episode Statistics, and COVID-19 
mortality via Office for National Statistics mortality records from March–December 2020. We used annual 
average outdoor air pollution modelled at 2010 residential addresses of UK Biobank participants who resided in 
England (n = 424,721). We obtained important COVID-19 risk factors from baseline UK Biobank questionnaire 
responses (2006–2010) and general practitioner record linkage. We used logistic regression models to assess 
associations of air pollution with COVID-19 outcomes, adjusted for relevant confounders, and conducted 
sensitivity analyses. We found positive associations of fine particulate matter (PM2.5) and nitrogen dioxide (NO2) 
with COVID-19 positive test result after adjustment for confounders and COVID-19 risk factors, with odds ratios 
of 1.05 (95% confidence intervals (CI) = 1.02, 1.08), and 1.05 (95% CI = 1.01, 1.08), respectively. PM 2.5 and 
NO 2 were positively associated with COVID-19 hospitalisations and deaths in minimally adjusted models, but 
not in fully adjusted models. No associations for PM10 were found. In analyses with additional adjustment for 
pre-existing chronic disease, effect estimates were not substantially attenuated, indicating that underlying 
chronic disease may not fully explain associations. We found some evidence that long-term exposure to PM2.5 
and NO2 was associated with a COVID-19 positive test result in UK Biobank, though not with COVID-19 hos-
pitalisations or deaths.   

1. Introduction 

Coronavirus Disease 2019 (COVID-19) – caused by Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) – killed 5.9 million 
people worldwide from December 2019, when it was first documented 
in humans, until December 2021. The World Health Organisation 

☆ This paper has been recommended for acceptance by Da Chen. 
* Corresponding author. Harvard T.H. Chan School of Public Health and Channing Division of Network Medicine, Brigham and Women’s Hospital, Landmark 

Center, 401 Park Drive, Floor 3 West, Boston, MA, 02215, United States. 
E-mail addresses: charlotte.sheridan1@lshtm.ac.uk (C. Sheridan), jklompmaker@hsph.harvard.edu (J. Klompmaker), Steven.Cummins@lshtm.ac.uk 

(S. Cummins), pjames@hsph.harvard.edu (P. James), d.fecht@imperial.ac.uk (D. Fecht), croscoe@hsph.harvard.edu (C. Roscoe).  

Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2022.119686 
Received 1 April 2022; Received in revised form 22 June 2022; Accepted 23 June 2022   

mailto:charlotte.sheridan1@lshtm.ac.uk
mailto:jklompmaker@hsph.harvard.edu
mailto:Steven.Cummins@lshtm.ac.uk
mailto:pjames@hsph.harvard.edu
mailto:d.fecht@imperial.ac.uk
mailto:croscoe@hsph.harvard.edu
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.119686
https://doi.org/10.1016/j.envpol.2022.119686
https://doi.org/10.1016/j.envpol.2022.119686
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.119686&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Environmental Pollution 308 (2022) 119686

2

(WHO) declared COVID-19 a global pandemic on March 11, 2020, and 
researchers have since concluded that transmission is airborne (WHO, 
2021). Individual risk factors, such as age, sex, ethnicity, education, 
smoking, pre-existing diseases, and residing in a care home, as well as 
contextual risk factors, such as area-level deprivation and outdoor air 
pollution levels, showed associations with COVID-19 infection and dis-
ease severity (Chadeau-Hyam et al., 2020; Davies et al., 2021; Kogevinas 
et al., 2021; Zhou et al., 2020). Existing epidemiological studies of the 
relationship between COVID-19 and long-term air pollution have been 
limited by ecological study design, inadequate adjustment for 
individual-level COVID-19 risk factors or important confounding fac-
tors, course exposure assessments, or short study periods, and have not 
explored potential underlying mechanisms. 

Three potential pathways underlying the positive associations of 
long-term air pollution with COVID-19 have been suggested. Firstly, 
particulate matter (≤10 μm in diameter (PM10) and ≤2.5 μm in diameter 
(PM2.5)) may aid transportation of viral particles and therefore increase 
SARS-CoV-2 transmission (Domingo et al., 2020; Senatore et al., 2021). 
Secondly, long-term exposure to air pollution may increase an in-
dividual’s susceptibility to COVID-19 infection through suppression of 
mucociliary clearance, phagocytosis of viral particles by alveolar mac-
rophages, and overexpression and/or modification of the 
angiotensin-converting enzyme 2 (ACE-2) receptor on epithelial cells of 
the respiratory tract, which is the sole receptor for the attachment of 
SARS-CoV-2 via its spike protein (Paital and Agrawal, 2020; Woodby 
et al., 2021). Thirdly, air pollution exposure is associated with devel-
opment of chronic diseases, including cardiovascular disease (CVD), 
chronic respiratory disease, and diabetes, which may increase suscep-
tibility and the severity of COVID-19 infection (Bourdrel et al., 2021; 
Kogevinas et al., 2021). 

Early in the pandemic, researchers reported associations of air pol-
lutants with COVID-19 mortality using ecological study designs (Kon-
stantinoudis et al., 2021; Lipsitt et al., 2021; Ogen, 2020; Wu et al., 
2020a, 2020b). Ecological studies are valid for hypothesis generating 
purposes but cannot be used to make inferences about individual risks 
(Villeneuve and Goldberg, 2020). Since then, studies evaluated associ-
ations of air pollution with COVID-19 using individual-level outcome 
and covariate data and showed that increased severity and fatality 
within COVID-19 cases was associated with higher levels of long-term 
PM2.5 exposure, however, some studies did not adjust models for 
area-level deprivation (Chadeau-Hyam et al., 2020; Elliott et al., 2021; 
Marquès et al., 2022; Travaglio et al., 2021), which is associated with air 
pollution exposure (Mutz et al., 2021) and COVID-19 outcomes (Zhang 
et al., 2021) and may have confounded associations. In addition, some 
individual-level studies used spatially inaccurate or area-level estimates 
of long-term air pollution exposure (Bowe et al., 2021; López-Feldman 
et al., 2021; Marquès et al., 2022; Mendy et al., 2021; Travaglio et al., 
2021), which may have resulted in exposure misclassification. 
Furthermore, some individual-level studies included only hospitalised 
patients in retrospective study designs (Bozack et al., 2022; Marquès 
et al., 2022; Mendy et al., 2021), which limits causal interpretation and 
generalisability. 

A prospective, individual-level Catalan-based cohort study found 
that long-term residential air pollution concentrations were weakly 
positively associated with COVID-19 infection and strongly positively 
associated with severity of COVID-19, as measured by hospitalisations 
and self-reported symptoms (Kogevinas et al., 2021). Authors of this 
study suggested that effect modification by underlying chronic disease 
status should be assessed in future studies (Kogevinas et al., 2021), a 
hypothesis supported by research in the US which found a 62% 
increased odds of hospitalizations per 1 μg/m3 increment in long-term 
average PM2.5 (OR: 1.62, 95% CI: 1.00, 2.64) in patients with 
pre-existing respiratory diseases compared to those without (Mendy 
et al., 2021). Additionally, two exploratory analyses of potential risk 
factors for COVID-19, which included demographic, social, lifestyle, 
biological and medical factors, and air pollution, suggested a weak 

positive association of PM2.5 with COVID-19 cases or mortality (Cha-
deau-Hyam et al., 2020; Elliott et al., 2021). These UK Biobank studies 
were not focused on air pollution and, therefore, did not adjust for 
area-level deprivation, and were conducted earlier in the pandemic, so 
data was limited to COVID cases through 18 May 2020 before wide-
spread testing was available (Chadeau-Hyam et al., 2020) and to 
COVID-19 mortality through 21 September 2020 (Elliott et al., 2021). 

Here, we aimed to evaluate associations of long-term outdoor resi-
dential air pollution and multiple COVID-19 outcomes (laboratory- 
confirmed positive test cases, hospitalisations, and deaths) over the full 
pre-COVID vaccination time period (from March to December 2020). 
Additionally, we adjusted for relevant confounding factors using 
individual-level data from the UK Biobank cohort, which included 
linked general practitioner (GP) record information and area-level 
deprivation, and we used high spatial resolution air pollution expo-
sure data. We also explored if pre-existing chronic diseases explained the 
association of air pollution with COVID-19 outcomes. 

2. Methods 

2.1. Study participants 

UK Biobank is a prospective cohort study of 502,528 voluntary 
participants aged 40–69 years at baseline assessment between 2006 and 
2010. At baseline, participants agreed to health and mortality record 
linkage and provided detailed socio-demographic and lifestyle data. We 
drew the study sample from UK Biobank participants in England who 
were alive as of 16 March 2020 (n = 430,437). We selected this date as it 
was the first date that Public Health England (PHE) began reporting 
COVID-19 laboratory test results. We excluded participants from Scot-
land and Wales because COVID-19 data from primary care GP records 
was not available through UK Biobank for these participants. We also 
excluded participants without information on address-level air pollution 
(PM2.5, PM10, nitrogen dioxide (NO2); n = 5228) or area-level depri-
vation (n = 525) from analyses; other missing covariate data were 
retained using missing indicators to minimise participant exclusions. UK 
Biobank has ethical approval from the North West Multi-Centre 
Research Ethics Committee (Reference 16/NW/0274). 

2.2. Study period 

The study start date was defined as 16 March 2020, the date PHE 
began administering, processing, and reporting COVID-19 tests on a 
national scale. We used 31 December 2020, as the study end date to 
correspond with the COVID-19 vaccine rollout. Regulators approved the 
first vaccine (Pfizer-BioNTech) on 2 December 2020, and the first 
vaccination was administered to a UK citizen on 8 December 2020. 
Given wait times for COVID-19 vaccination appointments and the time 
required to develop immunity after vaccination, however, we believe it 
is reasonable to assume that the vaccine rollout had a negligible impact 
on COVID-19 cases, hospitalisations, and deaths in UK Biobank partic-
ipants up to our study end date. 

2.3. Air pollution exposure assessment 

The European Study of Cohorts for Air Pollution Effects (ESCAPE) 
project developed Land Use Regression models for annual average air 
pollution, PM2.5, PM10, and NO2 (Beelen et al., 2013; Eeftens et al., 
2012). Modelled air pollution estimates were assigned to each UK Bio-
bank participant’s geocoded address at baseline (2010). PM2.5, PM10, 
and NO2 were analysed because there is well established evidence to 
support a possible link between these air pollutants and respiratory ill-
nesses (Kim et al., 2018). In addition, these pollutants have distinct 
spatial differences in their dispersion and potentially different health 
effects. Specifically, NO2 exhibits high spatial contrast within 
small-areas, with steep drop off in concentrations away from roads and 
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pollution sources (Sheridan et al., 2019). Meanwhile, PM2.5 concentra-
tions are more dependent on long-range as opposed to local or 
mid-range emission sources. PM10 is also dependent on long-range 
emissions, though exhibits higher drop off in concentrations around 
roads than PM2.5 (Eeftens et al., 2012). We used air pollution data from 
2010 to capture long-term, multi-year air pollution exposure. In En-
gland, air pollution levels have been shown to remain relatively stable 
since 2010 (Department for Environment, Food and Rural Affairs, 
2021). 

2.4. Public Health England COVID-19 cases 

UK Biobank researchers linked participant records to PHE Second 
Generation Surveillance System (SGSS) records, which are automati-
cally updated through continual nationwide reporting of all COVID-19 
tests by laboratories. Test reporting improved over time as COVID-19 
test availability increased and laboratory reporting was standardized. 
Initially, some laboratories only reported positive COVID-19 tests and 
there are no records of when individual laboratories began reporting 
both positive and negative results (Armstrong et al., 2020). Additionally, 
pillar 2 tests, i.e., those conducted in commercial laboratories for the 
wider public, were reported by PHE from 27 May 2020. Therefore, all 
COVID-19 test results prior to 27 May 2020, were pillar 1 tests, i.e. those 
conducted by PHE laboratories or National Health Service (NHS) hos-
pitals for patients with clinical need or healthcare workers. Despite data 
limitations, previous research studies that examined UK Biobank par-
ticipants and COVID-19 relied exclusively on PHE data for ascertaining 
COVID-19 positive test result case counts, as this data remains some of 
the most complete individual-level COVID-19 surveillance data avail-
able to date. 

2.5. General practitioner reported COVID-19 cases 

We also included COVID-19 cases from SNOMED and TPP GP records 
to improve the completeness of COVID-19 records, using SNOMED and 
TPP codes whose descriptions indicate laboratory-confirmed COVID-19 
infections (n = 7605). Few COVID-19 cases appeared only in GP records 
and were not duplicated in PHE, hospital episode statistics (HES), or 
death record datasets (n = 449). SNOMED and TPP COVID-19 case 
codelists are included in Appendix A. 

2.6. Hospitalisations 

During the study period, HES data were reported using ICD-10 codes 
U07.1 and U07.2 to indicate confirmed and suspected COVID-19 cases, 
respectively. Hospitalised patients can be assigned multiple codes which 
are defined at each hospital admission, including each hospital transfer. 
We used confirmed COVID-19 ICD-10 code (U07.1), defined as COVID- 
19 confirmed with a laboratory test as the primary (first position) 
diagnosis to capture COIVD-19 hospitalisations (n = 1598). 

Office for National Statistics death records are linked to UK Biobank 
participants and use the same ICD-10 codes for COVID-19 as HES data, 
described above. In total, 568 study participants died with their primary 
cause of death being a confirmed COVID-19 infections (U07.1) during 
the study period. 

Age, sex, ethnicity, total household income after tax, smoking status, 
and body mass index (BMI) were derived by UK Biobank from partici-
pant responses to the baseline questionnaire and physical measure-
ments. Age was operationalised in months and sex as a binary male or 
female. We condensed detailed ethnic definitions into a binary variable 
due to the low number of non-white UK Biobank participants (n =
22,486). Total household income was available from UK Biobank in 5 
brackets: less than £18,000, £18,000 – £30,999, £31,000 – £51,999, 
£52,000 - £100,000, and greater than £100,000. We categorized smok-
ing status as never, previous, current, or missing; and body mass index as 
healthy or underweight, overweight, obese, or missing. Individual-level 

variables for care home residency and number of COVID-19 tests taken 
over the study period were extracted from the PHE SGSS dataset and GP 
records. Care home residency status is not available in UK Biobank, 
however, researchers have derived care home residency from GP records 
using SNOMED and TTP codes, listed in Appendix B (Schultze et al., 
2021). We considered care home residency status an important covari-
ate for COVID-19 research and used this approach to create a binary 
variable to capture presence/absence of any care home related code in 
GP records (n = 2047). 

Access to COVID-19 tests has been discussed as an important issue for 
COVID-19 analyses in UK Biobank (Carter et al., 2021; Chadeau-Hyam 
et al., 2020), to account for this, we summed the total number of 
laboratory-confirmed COVID-19 test results reported, both positive and 
negative results, for each participant during the study period (mean =
0.33; SD = 1.18; range = 0–50) to use as a proxy for access to tests 
and/or regularity of COVID-19 testing. Codelists for all COVID-19 tests 
in GP records including positive, negative, or inconclusive are included 
in Appendix A and all entries in the PHE SGSS dataset were counted as 
an independent test. To avoid overlapping testing records, we removed 
duplicate COVID-19 tests between GP records and PHE SGSS data which 
were administered on the same date. 

Area-level deprivation and urbanicity for the census area around 
participants’ residential addresses, which they provided at study base-
line (2006–2010), were assessed by other researchers and are available 
via UK Biobank. Area-level deprivation was assigned using the Town-
send deprivation index which encompasses four domains: unemploy-
ment, car ownership, home ownership, and household overcrowding. 
Townsend deprivation scores were assigned to participants at baseline 
(2006–2010) using the preceding Townsend release (2001) at the 
Output Area census level (~125 households). Urbanicity was assigned 
by other researchers based on the Office of National Statistics (ONS) 
density classifications (2001) for the administrative area of each par-
ticipant’s postcode. Output Areas with a population of over 10,000 
people were classed as Urban with progressively rural areas designated 
as Towns, Villages, then Hamlets. Although both deprivation and 
urbanicity variables predate the study period, the relative ranking of 
these area-level indices remains stable over time (Kontopantelis et al., 
2018). 

Regarding pre-existing chronic diseases, hospital records for car-
diovascular disease (ICD-10 codes I), chronic respiratory disease (ICD- 
10 codes J300 – J998), and type 2 diabetes (ICD-10 codes E10 – E14 
minus E10.2, E11.2, E12.2, E13.2, E14.2) are available through UK 
Biobank. A list of ICD-10 codes and conditions is included in Appendix C. 
Each of these disease groups is an important risk factor for COVID-19 
hospitalisation or death (Elliott et al., 2021; Zhang et al., 2021) and 
represents a possible mechanistic pathway for the effect of long-term air 
pollution on COVID-19 outcome (Bourdrel et al., 2021). We assigned 
each participant a binary pre-existing disease covariate delineating 
those with and without hospital records (any position) for any of these 
disease groups prior to the study start date (March 16, 2020). 

2.7. Statistical analysis 

We used logistic regression models to assess the association of air 
pollutants with COVID-19 laboratory-confirmed positive test result 
(COVID-19 confirmed cases), hospitalisations, and deaths. Single- 
exposure models were sequentially adjusted for 1) age and sex; 2) age, 
sex, and other individual covariates - ethnicity, total household income 
after tax, smoking status, BMI, care home residency, and frequency of 
COVID-19 testing; 3) age, sex, other individual covariates, Townsend 
area-level deprivation and area-level urbanicity (main model). To test 
whether chronic diseases could explain the associations of air pollution 
and COVID-19 outcomes, we ran the main model with additional 
adjustment for prior disease status (hospital record of cardiovascular 
disease, chronic respiratory disease, or type 2 diabetes). 

We conducted multiple sensitivity analyses to assess the robustness 
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of results. Sensitivity analyses included restricting the study sample to 
those who received at least one COVID-19 test to exclude those who did 
not have access to/seek a test. In the beginning of the follow-up period, 
tests availability was limited and only available to individuals with more 
severe infections and healthcare workers. We excluded care home resi-
dents because of their increased risk of severe COVID-19 outcomes 
(Burton et al., 2021). Further, we included positive COVID-19 antibody 
tests to detect additional asymptomatic infections within the study 
sample. Additionally, we examined effect modification by stratifying 
participants with and without a hospital record of cardiovascular dis-
ease, chronic respiratory disease, or type 2 diabetes to assess whether 
pre-existing conditions were a potential mechanistic pathway. 

We conducted a sensitivity analysis to adjust for a binary retirement 
variable given the advanced average age of UK Biobank. Participants 
who were retired would not have encountered the same occupational 
exposures as participants who were working, volunteering, or studying. 
We included those who reported remaining at home due to illness or 
disability, or to care for family members in the “retired” category 
because of their similarly reduced risk of COVID-19 occupational 
exposure. The retirement variable was derived from baseline question-
naires so additional participants likely retired between their baseline 
assessment and the onset of the pandemic, but would not have been 
captured. 

We mutually adjusted each of the air pollution exposures – particu-
late matter (PM2.5 and PM10) adjusted for NO2 and NO2 adjusted for 
PM2.5. Lastly, we separately analysed all cases, hospitalisations, and 
deaths from wave 1 (March 16, 2020–May 31, 2020) of the pandemic 
(Davies et al., 2021), because public health measures, COVID-19 test 
access, and therapeutics for treating infections improved considerably 
after the initial wave as scientific knowledge of COVID-19 evolved 
(Armstrong et al., 2020; Kadri et al., 2021; Pouwels et al., 2021). 

3. Results 

Our study population included in total 424,721 participants who 
lived in England at baseline, were alive and a participant of UK Biobank 
at the start of this study (Table 1). The average age of the participants 
was 68 years old (SD = 8.11). There were more female (54.9%) than 
male (45.1%) participants, and the study population was predominantly 
white (93.6%), and living in urban areas (85%). Most participants were 
never smokers (55.1%), and the majority were with overweight or 
obesity (42.3% and 24.0%, respectively). 

We observed strong positive associations of air pollution and COVID- 
19 outcomes in models adjusted only for age and sex (Fig. 1). These 
associations were attenuated when models were adjusted for other 
individual-level covariates, which included important COVID-19 risk 
factors such as ethnicity, smoking status, and care home residency. 
Additional adjustment in fully adjusted models for area-level covariates 
– deprivation and urbanicity – showed that associations between PM2.5 
and NO2 with a laboratory-confirmed COVID-19 case remained positive, 
though associations with hospitalisations and deaths were attenuated 
towards the null. We observed no associations of PM10 with any of the 
COVID-19 outcome variables (positive test result, hospitalisation, or 
death) in fully adjusted models. 

Compared to the main model, further adjustment for chronic disease, 
as indicated by a previous hospital record of CVD, chronic respiratory 
disease, or type 2 diabetes, did not substantially affect the fully-adjusted 
results (Table 2). Similarly, restricting the analysis to those with a 
chronic disease (n = 187,456) did not substantially alter the associations 
of PM2.5 or NO2, with COVID-19 cases. We found associations of both 
PM2.5 and NO2 with COVID-19 cases were stronger for the sensitivity 
analysis that restricted the study sample to individuals who had received 
at least one laboratory-confirmed COVID-19 test. Analyses of only those 
who tested positive for COVID-19 to determine the effect on case 
severity (hospitalisations) and case fatality (deaths) showed no 
associations. 

Sensitivity analyses showed our full study sample results were robust 
compared to restricted study samples of tested (Table D1) and positive 
laboratory confirmed COVID-19 participants (Table D2). Additionally, 
excluding participants living in care homes did not substantially impact 
our findings (Table D3); additional inclusion of participants who tested 
positive via antibody COVID-19 tests remained consistent with our main 
model findings (Table D4); additionally adjusting for hospital record of 
CVD, chronic respiratory disease, type 2 diabetes, or any of the above 
hospitalisations yielded similar results to the main model for an analysis 
of COVID-19 cases, hospitalizations, and deaths (Table D5) as well as 
COVID-19 hospitalisations and deaths amongst COVID-19 cases i.e. case 
fatality and mortality (Table D6); limiting the analysis to only wave 1 

Table 1 
UK Biobank Participant COVID-19 outcomes and characteristics at baseline as-
sessments (2006–2010).  

Outcomes and exposures England-based participants (n =
424,721) 

COVID-19 outcomes (n) 
COVID-19 confirmed cases 10,790 
COVID-19 hospitalisations 1598 
COVID-19 deaths 568 

Average air pollution in 100 m circular distance buffer (mean, SD) 
PM2.5 (μg/m3) 9.99 (1.05) 
PM10 (μg/m3) 16.2 (1.89) 
NO2 (μg/m3) 26.7 (7.66) 

Covariates 
Age, years (mean, SD) 68.0 (8.11) 
Sex  

Female 233,290 (54.9%) 
Male 191,431 (45.1%) 

Ethnicity 
White 397,601 (93.6%) 
Non-White 25,501 (6.0%) 
Missing 1619 (0.4%) 

Income 
Less than 18,000 79,977 (18.8%) 
18,000 to 30,999 91,228 (21.5%) 
31,000 to 51,999 94,102 (22.2%) 
52,000 to 100,000 73,727 (17.4%) 
Greater than 100,000 19,830 (4.7%) 
Missing 65,857 (15.5%) 

Smoking status 
Never 233,977 (55.1%) 
Previous 145,971 (34.4%) 
Current 42,279 (10.0%) 
Missing 2494 (0.6%) 

Body Mass Index 
Healthy or Underweight 140,783 (33.1%) 
Overweight 179,656 (42.3%) 
Obese 101,797 (24.0%) 
Missing 2485 (0.6%) 

Care home residency 
Resident 2047 (0.5%) 
Non-resident 422,674 (99.5%) 

Number of COVID-19 tests over study period 
(mean, SD) 

0.33 (1.18) 

Retirement status 
Retired 163,175 (38.4%) 
Not retired 261,546 (61.6%) 

Townsend Deprivation Tertile (2001 census) 
Low 86,992 (20.5%) 
Medium 117,780 (27.7%) 
High 219,949 (53.5%) 

Urbanicity 
Urban (>10k population) 361,176 (85.0%) 
Town 29,514 (6.9%) 
Village 21,117 (5.0%) 
Hamlet 9202 (2.2%) 
Missing 3712 (0.9%) 

Prior Hospital Record (any position) by Disease Group 
Cardiovascular disease 157,793 (37.2%) 
Chronic respiratory diseases 66,796 (15.7%) 
Type 2 Diabetes 31,824 (7.5%) 
All disease groups 187,456 (44.1%)  

C. Sheridan et al.                                                                                                                                                                                                                               



Environmental Pollution 308 (2022) 119686

5

COVID-19 outcomes (through May 31, 2020) showed a slight increase in 
effect estimates and larger confidence intervals (Table D7); mutual 
adjustment for air pollution variables (nitrogen dioxide for particulate 
matter and vice versa) suggested that the association with COVID-19 
cases was driven by PM2.5 (Table D8); adjusting for baseline retire-
ment status/staying at home for other reasons did not substantially alter 
our findings (Table D9). 

4. Discussion 

Our study aimed to investigate associations between long-term air 
pollution and COVID-19 cases, hospitalisations, and deaths, after careful 
adjustment for relevant confounding factors. In minimally adjusted 
models, we found associations between higher levels of residential PM2.5 
and NO2 in the decade prior to the pandemic and a COVID-19 positive 
test result (COVID-19 cases). These associations attenuated but 
remained after adjustment for demographic and lifestyle covariates. The 
positive associations of PM2.5 and NO2 with COVID-19 hospitalisations 
and deaths were attenuated toward the null after adjustment for rele-
vant confounders. In subset analyses of individuals with at least one 
laboratory-confirmed COVID-19 test or individuals with prior hospital-
isation for a chronic disease, associations of both PM2.5 and NO2 with 
COVID-19 hospitalisations and deaths were stronger compared to the 
main model. We found no association of PM10 with COVID-19 positive 
test result, COVID-19 hospitalisations, or COVID-19 deaths in our main 
analyses. 

In models additionally adjusted for underlying chronic diseases we 
did not see a substantial decrease in the magnitude of effect estimates. 
Several previous studies showed associations of air pollution with CVD, 
chronic respiratory disease, and/or type-2 diabetes (Cai et al., 2018; 

Doiron et al., 2019; Yang et al., 2020), and an additional attenuation of 
the associations could have indicated potential mediation of air pollu-
tion and COVID-19 associations by underlying disease status. Underly-
ing disease is strongly associated with many of the covariates included in 
the fully adjusted model, so the effect of underlying diseases may have 
been captured in the fully adjusted models through the combination of 
included covariates. 

Previous studies have shown positive associations of long-term PM2.5 
concentrations and COVID-19 case-severity (self-reported symptoms, 
hospitalisation or death) (Davies et al., 2021; Elliott et al., 2021; 
Kogevinas et al., 2021). Our study, which used primary position 
COVID-19 hospitalisation and death records, and adjusted for individual 
and area-level confounders, showed limited associations for PM2.5 and 
NO2. The low number of COVID-19 hospitalisations (n = 1598) and 
deaths (n = 568) resulted in wide confidence intervals so, while the 
results were not significant from a strict statistical interpretation, they 
may still be in concordance with previous studies. Associations of NO2 
with COVID-19 cases were stronger for individuals who received at least 
one COVID-19 test compared to the full population. This finding may be 
due to the particularly harmful effects of NO2 exposure in participants 
who required testing, though should be interpreted with caution given 
that this subset of participants may contain more healthcare workers 
and other participants at high risk of infection. Additionally, NO2 as-
sociations with hospitalisations and deaths in the subset population with 
prior chronic disease hospitalisation showed larger effect estimates 
(insignificant) than in the full study population, which may be indicative 
of a stronger effect of air pollution in this population, but could also be 
an artifact of collider bias (Griffith et al., 2020) and should be inter-
preted with caution. 

A UK Biobank study that used individual-level COVID-19 data from 

Fig. 1. Odds ratios and 95% confidence intervals for 
an interquartile range increase in PM2.5, PM10, NO2 
air pollution at UK Biobank residential addresses, 
with confirmed COVID-19 cases, hospitalisations, and 
deaths for UK Biobank participants (n = 424,721). 
Models were sequentially adjusted for 1) age and sex 
(green); 2) age, sex, and other individual-level cova-
riates – ethnicity, average household income level, 
smoking status, body mass index, care home resi-
dency, and number of COVID-19 tests taken (mini-
mally adjusted; orange); and 3) age, sex, other 
individual-level covariates listed in (2), Townsend 
deprivation (2001), and Office for National Statistics 
urbanicity categories (fully adjusted Main model; 
purple). Numeric results can be found in Supple-
mentary material, Table E1. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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wave 1 of the COVID-19 outbreak (through April 26, 2020) found strong 
associations of air pollution with COVID-19 cases and deaths (Travaglio 
et al., 2021), however, this early UK Biobank study did not adjust for 
individual-level risk factors that have since been shown to greatly 
impact COVID-19 risk, including sex, ethnicity, and smoking status. 
Furthermore, the spatial resolution of the exposure assessment was 
relatively coarse (estimated within 2 km of residential address), which 
resulted in reporting of air pollution-COVID-19 effect estimates similar 
to earlier ecological studies. In our comparable wave 1 sensitivity 
analysis (through May 31, 2020), we found only borderline significant 
positive associations of PM2.5 and no association of NO2 with COVID-19 
positive test result, echoing Chadeau-Hyam and colleagues’ findings 
(Chadeau-Hyam et al., 2020). We found no association of PM2.5 or NO2 
with COVID-19 hospitalisations or deaths during wave 1, though the low 
number of both outcomes resulted in wide confidence intervals. Other 
exploratory UK Biobank analyses included air pollution amongst many 
other lifestyle and demographic variables to explore potential risk fac-
tors for COVID-19 outcomes; the exploratory models used were adjusted 
for individual-level covariates and urbanicity, but were not adjusted for 
area-level deprivation (Chadeau-Hyam et al., 2020; Elliott et al., 2021). 
We believe that area-level deprivation, which is associated with air 
pollution at residential address (Mutz et al., 2021) and COVID-19 
(Zhang et al., 2021) in UK Biobank, could have confounded previous 
UK Biobank air pollution and COVID-19 studies based on differences in 
effect estimates from our minimally adjusted and fully adjusted main 
model. In mutually adjusted analyses (NO2 and PM2.5), the association 
with COVID-19 cases was driven by PM2.5, though all pollutants were 
highly correlated, and this finding should be interpreted with caution. 

In addition to the completeness of the confounding variables and the 
high resolution of our exposure data, our study builds upon previous 

analyses by incorporating detailed COVID-19 testing data, including 
information from general practitioners and antibody test results, as well 
as care home residency status. A strength of this analysis is the adjust-
ment for COVID-19 testing frequency during the follow-up period. 
Testing frequency may be related to access to testing, employment, and 
COVID-related behaviours, and likelihood of being tested has been 
shown to be non-random in the UK Biobank population (Chadeau-Hyam 
et al., 2020). In our main analysis, we included all UK Biobank partici-
pants in England regardless of whether they had been tested using a 
laboratory-confirmed test for COVID-19, as excluding untested in-
dividuals may result in collider bias (Griffith et al., 2020). In sensitivity 
analyses, we conducted analyses using only tested participants 
(Table D1) and only tested participants with a positive COVID-19 test 
result (Table D2), which may be subject to collider bias (Griffith et al., 
2020), however, results were not substantially different from the main 
analysis without exclusions. Furthermore, we included positive 
COVID-19 antibody tests as confirmed COVID-19 cases in a sensitivity 
analysis to capture additional, asymptomatic infections though the re-
sults were not substantially different to the main analyses. We 
acknowledge the potential bias in outcome misclassification due to 
untested individuals who did have COVID-19 not being counted as cases. 
This bias was likely mitigated among COVID-19 hospitalisations and 
deaths because testing was more universally available in hospital 
settings. 

Unique to our UK Biobank study was adjustment for care home 
residency as a covariate. Living in a care home substantially increases 
the risk of COVID-19 infection (Jeffery-Smith et al., 2021) and, during 
the 1st wave of the pandemic, patients were discharged from hospitals 
directly to care homes without being tested for COVID-19 (Iacobucci, 
2020). UK Biobank is a cohort of older adults so likely has more 

Table 2 
Odds ratios and 95% confidence intervals for an interquartile range increase in PM2.5, PM10, NO2 air pollution at UK Biobank residential addresses, with confirmed 
COVID-19 cases, hospitalisations, and deaths for UK Biobank participants. Main model is adjusted for age, sex, ethnicity, average household income level, smoking 
status, body mass index, care home residency, number of COVID-19 tests, Townsend deprivation (2001), and Office for National Statistics urbanicity categories. The 
Main model was additionally adjusted for chronic disease diagnosis prior to March 2020. Fully adjusted subset analyses for individuals hospitalised with a chronic 
disease diagnosis prior to March 2020, who received at least one laboratory confirmed COVID-19 test, and who tested positive with a laboratory confirmed COVID-19 
test are shown.  

Outcome Pollutant IQR 
(μg/ 
m3) 

Main 
model 

Main model, 
additionally adjusted 
for chronic disease 

Main model for individuals 
previously hospitalised with 
a chronic disease 

Main model for individuals 
who received at least 1 lab- 
confirmed COVID-19 test 

Main model for individuals 
with a lab-confirmed 
positive COVID-19 result 

OR (95% 
CI) 

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 

COVID-19 Case PM2.5 1.27 1.05 
(1.02, 
1.08) 

1.05 (1.02, 1.08) 1.06 (1.02, 1.10) 1.06 (1.03, 1.09) . 

PM10 1.75 0.99 
(0.97, 
1.01) 

0.99 (0.97, 1.01) 0.98 (0.96, 1.01) 1.01 (0.98, 1.03) . 

NO2 9.93 1.05 
(1.01, 
1.08) 

1.05 (1.02, 1.08) 1.05 (1.01, 1.10) 1.10 (1.06, 1.14) . 

COVID-19 
Hospitalisation 

PM2.5 1.27 1.01 
(0.95, 
1.09) 

1.01 (0.94, 1.09) 1.02 (0.94, 1.10) 1.03 (0.96, 1.11) 0.98 (0.90, 1.05) 

PM10 1.75 1.02 
(0.97, 
1.07) 

1.02 (0.97, 1.07) 1.00 (0.95, 1.06) 1.03 (0.98, 1.08) 1.02 (0.97, 1.08) 

NO2 9.93 1.02 
(0.94, 
1.11) 

1.02 (0.94, 1.11) 1.04 (0.95, 1.13) 1.05 (0.97, 1.14) 1.00 (0.92, 1.09) 

COVID-19 Death PM2.5 1.27 1.00 
(0.89, 
1.11) 

0.99 (0.88, 1.11) 1.05 (0.94, 1.19) 1.01 (0.89, 1.13) 0.96 (0.85, 1.08) 

PM10 1.75 0.99 
(0.91, 
1.08) 

0.99 (0.91, 1.08) 1.01 (0.93, 1.10) 1.00 (0.91, 1.09) 1.00 (0.91, 1.09) 

NO2 9.93 1.03 
(0.90, 
1.16) 

1.03 (0.90, 1.16) 1.08 (0.94, 1.23) 1.06 (0.93, 1.21) 1.02 (0.89, 1.16)  
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participants live in care homes than the general public, and their risk of 
COVID-19 would be elevated, irrespective of their prior long-term air 
pollution exposure. Additionally, accounting for the distinct risks of an 
older cohort, we did not adjust our main analysis for occupation due to 
the advanced age of study participants. At baseline (2006–2010), 33% of 
participants were already retired and another 6% reported looking after 
their home/family or remaining at home due to illness or disability. In a 
sensitivity analysis (Table D9), we adjusted for a baseline binary 
retirement status variable (including those who reported remaining at 
home for other reasons), despite the limitation that many employed 
participants at baseline may have since retired. The results for this 
sensitivity analysis remained consistent with the main analysis. 

A limitation of this study is the temporal misalignment of annual 
average air pollution exposure (2010) and covariate data (2001–2010) 
with COVID-19 outcome data (2020). Individual covariate data was 
collected at UK Biobank baseline (2006–2010) and, furthermore, area- 
level deprivation was linked from 2001 census data, although relative 
ranking of area-level indices has been shown to be stable over decades in 
England (Kontopantelis et al., 2018). Annual average air pollution 
exposure at baseline assessment in 2010 may not represent air pollution 
exposure in 2020 and participants may have changed address, which 
cannot be verified in UK Biobank due to lack of longitudinal follow-up of 
residential address. However, in England, air pollution emissions 
remained relatively stable from 2010 to 2019 (Department for Envi-
ronment, Food and Rural Affairs, 2021). Additionally, absolute air 
pollution concentrations may change over time at UK Biobank ad-
dresses, but the spatial variability that is captured by land-use regression 
air pollution modelling has been shown to be stable over comparable 
time periods to our study (long-term concentrations over 10 years) 
(Eeftens et al., 2011; Gulliver et al., 2016). Air pollution levels were 
lower in 2020 compared to prior years due to pandemic-related 
behaviour changes, but our analysis was designed to consider the 
long-term, multi-year impact of air pollution exposure (preceding 
COVID-19) rather than short-term exposures. Other cohorts with regular 
address and covariate follow-up should be considered in future analyses. 
Additionally, analyses to examine the effects of short-term air pollution 
on exacerbation of COVID-19 symptoms are required. 

Finally, though our analysis did not show statistically significant 
increased COVID-19 severity in terms of hospitalisations and deaths, 
numbers of hospitalisations and deaths were small and, furthermore, 
severity may be measured in ways that are less severe than hospital-
isation. Indeed, severity has been measured through self-report in other 
COVID-19 studies and showed association with air pollution (Kogevinas 
et al., 2021). We suggest caution in interpretation of the association of 
PM2.5 and NO2 with COVID-19 cases, as some residual confounding by 
population density may remain. NO2 varies on a small spatial scale 
around roads and pollution sources and is strongly, positively correlated 
with population density (Lamsal et al., 2013), in turn, population den-
sity is strongly, positively correlated with COVID-19 cases (Pouwels 
et al., 2021; Wong and Li, 2020). In UK Biobank, area-level population 
density is coarsely categorized as urbanicity, hence our suggestion to 
interpret associations with COVID-19 positive test cases with caution 
due to potential residual confounding. However, overall, this analysis 
was adjusted for important confounders and COVID-19 risk factors, had 
accurate spatial resolution air pollution exposure assessment, and used 
high quality COVID-19 surveillance data linked to a large prospective 
cohort of older adults, with many sensitivity analyses to support 
interpretation. 

Given that all people are exposed to air pollution (World Health 
Organization, 2021) and that COVID-19 continues to impact many re-
gions, even small harmful effects of air pollution on COVID-19 infection, 
severity, and fatality across the global population would result in large 
total health and economic impacts, we suggest that air pollution 
reduction benefits be considered not only in the context of the current 
pandemic, but also future epidemics (e.g., the climate crisis). 

5. Conclusion 

After adjustment for individual and area-level covariates, including 
adjustments for COVID-19 tests, care home residency, and area level 
deprivation, our results showed weak associations of PM2.5 and NO2 
with COVID-19 infections, though no associations with hospitalisations 
or deaths. Our results suggest pre-existing conditions do not completely 
explain associations of air pollution with COVID-19 infection, however, 
additional studies with formal mediation analysis would strengthen this 
interpretation, providing that assumptions for formal mediation can be 
met. 
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