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A B S T R A C T   

Background: Air pollution is speculated to increase the risks of COVID-19 spread, severity, and mortality. 
Objectives: We systematically reviewed studies investigating the relationship between air pollution and COVID-19 
cases, non-fatal severity, and mortality in North America and Europe. 
Methods: We searched PubMed, Web of Science, and Scopus for studies investigating the effects of harmful 
pollutants, including particulate matter with diameter ≤2.5 or 10 μm (PM2.5 or PM10), ozone (O3), nitrogen 
dioxide (NO2), sulfur dioxide (SO2) and carbon monoxide (CO), on COVID-19 cases, severity, and deaths in 
Europe and North America through to June 19, 2021. Articles were included if they quantitatively measured the 
relationship between exposure to air pollution and COVID-19 health outcomes. 
Results: From 2,482 articles screened, we included 116 studies reporting 355 separate pollutant-COVID-19 es
timates. Approximately half of all evaluations on incidence were positive and significant associations (52.7%); 
for mortality the corresponding figure was similar (48.1%), while for non-fatal severity this figure was lower 
(41.2%). Longer-term exposure to pollutants appeared more likely to be positively associated with COVID-19 
incidence (63.8%). PM2.5, PM10, O3, NO2, and CO were most strongly positively associated with COVID-19 
incidence, while PM2.5 and NO2 with COVID-19 deaths. All studies were observational and most exhibited 
high risk of confounding and outcome measurement bias. 
Discussion: Air pollution may be associated with worse COVID-19 outcomes. Future research is needed to better 
test the air pollution-COVID-19 hypothesis, particularly using more robust study designs and COVID-19 measures 
that are less prone to measurement error and by considering co-pollutant interactions.   

1. Introduction 

Air pollution is the greatest environmental health risk factor 
worldwide (Cohen et al., 2017). But has it also contributed to worse 
COVID-19 outcomes? Evidence that air pollution has systemic effects on 
cardiopulmonary and respiratory systems has led several researchers to 
speculate that it could increase COVID-19 incidence, severity, and 
mortality (Pozzer et al., 2020; Villeneuve and Goldberg, 2020). 

Air pollution could exacerbate COVID-19 prognosis in multiple ways. 
Both acute and long-term exposure to air pollution increase suscepti
bility to and severity of respiratory and cardiovascular diseases by 
increasing oxidative stress and inflammation (Ciencewicki and Jaspers, 
2007; Mehta et al., 2013). Particulate matter can reach the alveolar sacs 

in the lungs and travel further into the bloodstream, causing an in
flammatory response that triggers and exacerbates respiratory diseases, 
including COVID-19 (Lai et al., 2021). Furthermore, other pollutants 
such as NOX,O3, SO2 and CO create oxidative stress, lung damage, and 
endothelial dysfunction (Lai et al., 2021). In addition to weakening the 
respiratory and immune system, air pollution has been hypothesized to 
aggravate COVID-19 infection severity through the overexpression of 
the angiotensin converting enzyme 2 (ACE-2), a coronavirus receptor, 
on surfaces of the respiratory tract (Paital and Agrawal, 2020). 

In Europe and North America, air pollution is particularly harmful to 
aging and urban populations and continues to harm vulnerable groups. 
In 2016, more than 400,000 and 70,000 European deaths were attrib
utable to PM2.5 and NO2, respectively, and the urban population of the 

* Corresponding author. Via Roentgen, 1, 20136, Milan, Lombardy, Italy. 
E-mail address: ireri.hernandez@phd.unibocconi.it (I. Hernandez Carballo).  

Contents lists available at ScienceDirect 

Environmental Research 

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

https://doi.org/10.1016/j.envres.2022.114155 
Received 28 April 2022; Received in revised form 16 August 2022; Accepted 17 August 2022   

mailto:ireri.hernandez@phd.unibocconi.it
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.114155
https://doi.org/10.1016/j.envres.2022.114155
https://doi.org/10.1016/j.envres.2022.114155
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.114155&domain=pdf


Environmental Research 215 (2022) 114155

2

EU-27 and the UK continue to be exposed to pollution levels exceeding 
WHO thresholds (Khomenko et al., 2021; Sicard et al., 2021). Likewise, 
in Canada and in the U.S., three out of 10 people live in areas where 
ambient air quality standards are not met (United Nations, 2017). 
Furthermore, around 26% of the population in Europe and 23% of the U. 
S. and Canada population is 60 years or older (United Nations, 2019). 
For the elderly, long-term exposure to even low levels of air pollution 
can increase the risk of respiratory conditions (Danesh Yazdi et al., 
2021). 

It is currently unclear to what extent air pollution is exacerbating 
significant COVID-19 risks. Since 2020 hundreds of studies have inves
tigated the association between exposure to air pollution and COVID-19. 
Many of the earlier studies use limited datasets and are prone to several 
confounding factors, which warrants caution in interpreting their results 
(Contini and Costabile, 2020). While existing prior systematic reviews 
suggest that air pollution may be linked to COVID-19 outcomes (see 
Marquès and Domingo (2022) for a recent review), most studies are 
from the very early stages of the pandemic and/or include limited 

evidence from North America and Europe, places where both air 
pollution and COVID-19 outcomes are likely to be less prone to mea
surement error (Maleki et al., 2021; Copat et al., 2020; Katoto et al., 
2021). In this short time, the air pollution-COVID literature has 
increased exponentially and now covers additional pollutants, making it 
possible to ascertain potential heterogeneity of effects across PM, nitrous 
oxides, ozone, carbon monoxide and other pollutants known to be 
harmful to human health. 

Here we perform a systematic review on studies investigating the 
relationship between air pollution and COVID-19 outcomes in Europe 
and North America, disaggregating the evidence by air pollutant type 
and length of exposure, as well as COVID-19 incidence, non-fatal 
severity, and mortality. Our focus on these regions is motivated by the 
similar pollution exposures, COVID-19 responses, and institutional and 
healthcare capacity relative to the rest of the world. Furthermore, the 
evidence for these settings is likely to be more reliable given the better 
air quality monitoring and comparable COVID-19 testing rates and 
reporting of outcomes (Hasell et al., 2020). Our final sample includes 69 

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analysis) flow diagram of study selection.  
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studies covering populations in Europe, 46 in North America, and one 
which spans both. 

2. Methods 

2.1. Databases and search strategy 

We searched PubMed, Web of Science, and Scopus for studies 
investigating the relationship between air pollutants and COVID-19 
outcomes. We included published studies written in English with no 
restriction on the database inclusion start date through to June 19, 2021. 
The keywords used in the database search are composed of the concepts 
of 1) air pollution and 2) COVID-19. We included the most commonly 
measured air pollutants: particulate matter less than 10, 2.5, and 1 μm in 
diameter (PM10, PM2.5 and PM1, respectively), nitrogen oxides (NOX), 
nitrogen dioxide (NO2), ozone (O3), sulfur dioxide (SO2), and carbon 
monoxide (CO). 

For example, the search strategy on PubMed consisted of the 
following sets of keywords:  

1) ((air pollutant) OR (air pollution) OR (air pollut*) OR (air contam*) 
OR (particulate matter) OR (PM10) OR (PM2.5) OR (PM1) OR (ni
trogen oxides) OR (NOX) OR (nitrogen dioxide) OR (NO2) OR (ozone) 
OR (O3) OR (sulfur dioxide) OR (SO2) OR (carbon monoxide))  

2) AND ((COVID-19) OR (SARS-COV-2)) 

The full search strategy is available in the Supplementary Materials. 
Fig. 1 reports the PRISMA (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) (Page et al., 2021) flow diagram that led to 
the inclusion of the studies. The initial search resulted in 1,662 articles 
from PubMed, 1,670 from Web of Science, and 1,456 from Scopus. After 
removing duplicates and ineligible items such as books and videos, two 
authors independently screened the title and abstract of 2,482 articles. 
Of these, we retrieved and analyzed 466 full-text reports for eligibility, 
including those where there was uncertainty based on title and abstract 
screening. We identified four additional texts from citations of included 
studies. Disagreements about inclusion were discussed between two 
authors and resolved by a third author. A total of 116 studies met the 
inclusion and geographical criteria and are included in the review. 

2.2. Selection of articles and extraction of data 

We included studies examining the relationship between ambient air 
pollutants, such as particulates (PM2.5, PM10) or gases (NO2, NOX, O3, 
CO, SO2), and COVID-19 spread (e.g., transmission, incidence, preva
lence), non-fatal severity (e.g., hospitalization), deaths (e.g., mortality, 
morbidity, excess deaths) and related outcomes in North America and 
Europe. We included quantitative analytical studies, such as ecological, 
cross-sectional, cohort, time-series, case-control, and quasi- 
experimental studies. We excluded qualitative or purely descriptive 
studies, reviews, letters to the editor, commentaries, responses, hy
potheses, and editorials. We omitted animal studies and studies where 
the relevant gases (e.g., ozone) were administered in a clinical setting as 
part of a therapy. This review was registered with the International 
Prospective Register of Systematic Reviews (PROSPERO 
CRD42021275236). 

Two authors independently extracted the following: authors, title, 
journal, aim or the study, location, unit of analysis, study period, air 
pollution type, exposure length, data sources, details on the COVID-19 
health outcome, study design, method for data analysis, covariates, 
and main results. Summary tables of the main features and results for 
each of the 116 studies are found in the Supplementary Materials Tables 
A1- A3. 

2.3. Synthesis of studies 

We synthesized the studies by COVID-19 outcome, pollutant type, 
length of air pollution exposure measured (short-term vs long-term 
exposure), and country. We classified the measure of air pollution 
exposure as long-term if exposure is one year or longer. Due to large 
heterogeneity in the measures of COVID-19 outcomes and air pollution 
exposures, we did not perform a meta-analysis. Furthermore, given that 
many of the studies are at risk of bias, a meta-analysis may be misleading 
since it is likely to compound the errors. In general, it is difficult to 
compare result magnitudes among all studies, given the different 
outcome measures and since many do not interpret their coefficients 
beyond their value and statistical significance. However, to facilitate the 
identification of general patterns across the different sets of outcomes, 
we classified the estimates reported into positive associations, negative 
associations, non-significant associations, and mixed associations (that 
is, within the same study, the direction of the relationship is dependent 
on e.g., the model specification and/or sample). Only estimates that are 
statistically significant at the 5% level are reported as positive or 
negative and are otherwise classified as non-significant. Six studies were 
omitted because they did not indicate p-values or whether their results 
were statistically significantly different than zero (Agapito et al., 2020; 
Carteni et al., 2021; Fronza et al., 2020; Razzaq et al., 2020; Sasidharan 
et al., 2020; Zoran et al., 2020). We created summary figures graphing 
the direction of the association found by outcome, pollutant, length of 
exposure, and country. 

2.4. Risk of bias assessment 

We used the World Health Organization’s Risk of Bias (ROB) 
Assessment Instrument for Systematic Reviews Informing Global Air 
Quality Guidelines (World Health Organization, 2020) developed for the 
assessment of studies examining the relationship between air quality 
and health. We assessed the studies using the following six domains 1) 
confounding, 2) selection bias, 3) exposure assessment, 4) outcome 
measurement, 5) missing data, and 6) selective reporting. Each of these 
domains was scored either as “low”, “moderate”, or “high” risk of bias 
based on the specific guidelines provided by the WHO evaluation in
strument. Potential confounders were identified based on the ROB in
strument suggestions and further adapted to consider confounders that 
are particularly relevant to COVID-19 outcomes. For long-term studies, 
critical confounders include age, sex, individual or area-level socioeco
nomic status, and body mass index or co-morbidities. For short-term 
exposure studies, critical confounders include temperature, season
ality, long-term trends, and other pandemic-specific variables such as 
population levels of interactions and mobility, and lock-down measures. 
A separate evaluation was made for each COVID-19 outcome that a 
study investigates and independently assessed by two authors. A 
detailed explanation of the ROB assessment is included in the Supple
mentary Materials Risk of Bias Assessment section. 

3. Results 

3.1. Overview of studies 

The 116 included studies vary in research design, unit of observation, 
study period, and of length of air pollution exposure measured. Most 
studies use either an ecological or time-series design, comparing air 
pollution and COVID-19 outcomes across regions or within a region 
across time. Three studies implement quasi-experimental designs (Cole 
et al., 2020; Isphording and Pestel, 2021; Persico and Johnson, 2021). 
The unit of analysis varies from individual-level (n = 8) to sub-regional 
level (e.g., city, county, province, state). Most studies analyze COVID-19 
outcomes from the first half of 2020. 64 studies focus on long-term 
pollution exposure, 47 study short-term exposure and three investigate 
both (two do not specify the length). The studies provide evidence from 
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eight European countries including Italy (n = 35), the U.K. (n = 11), 
Spain (n = 6), Germany (n = 3), France (n = 3), Austria (n = 2), Poland 
(n = 2) and the Netherlands (n = 1), and from North America including 
Canada (n = 3), the U.S. (n = 39), and Mexico (n = 4). Seven studies 
analyze multiple countries together: six study European countries, and 
one reports results for both Europe and North America at the 
continent-level (Pozzer et al., 2020). 

We first describe the COVID-19 outcomes used to measure spread/ 
cases, followed by non-fatal severity, and deaths. 80 studies focus on 
how various air pollutants relate to the spread of COVID-19, resulting in 
184 evaluations. These studies employ measures such as incidence, 
prevalence, total cases, and other transmission dynamics based on 
officially reported cases. The papers studying incidence (n = 43) mostly 
use incidence case counts or crude incidence rates – one uses a stan
dardized incidence ratio (Huang and Brown, 2021), and another uses the 
daily number of new cases divided by the number of existing cases 
(Moshammer et al., 2021). The incidence measurement period varies 
across studies from daily to weekly to all new cases from the beginning 
of the pandemic up to a specified date. Instead, four studies define their 
COVID-19 outcome as prevalence (Bilal et al., 2020; Filippini et al., 
2020; Hendryx and Luo, 2020). However, several studies did not 
differentiate between incidence and prevalence and use the total cu
mulative number of cases as their measure of COVID-19 (n = 24). A few 
studies use other COVID-19 measures such as positivity rates (Ingram 
et al., 2021; Isaia et al., 2021), age-standardized positivity ratios (Caz
zolla Gatti et al., 2020), standardized morbidity ratios (Sahu and 
Böhning, 2021), seeding and doubling time (Collivignarelli et al., 2021), 
the reproductive numbers R0 and Rt (Chakrabarty et al., 2021; To et al., 
2021), and another measure of the outbreak rate (Messner and Payson, 
2021). We refer to these spread-related outcomes collectively as 
spread/cases. 

11 studies measure COVID-19 non-fatal severity or hospitalizations, 
for a total of 17 pollutant-outcome evaluations. The studies on non-fatal 
severity mostly employ hospitalization-related measures, which include 
number of hospitalizations, hospitalization rates, odds of hospitaliza
tion, cases in intensive care units (ICU), rate of urgent hospitalizations, 
and daily ICU admissions; one study measures non-fatal severity as the 
probability of developing COVID-19 pneumonia (Pegoraro et al., 2021). 
Finally, 70 studies investigate the relationship between air pollution and 
COVID-19 mortality-related outcomes, for a total of 154 
pollutant-outcome evaluations. These measures include total counts of 
COVID-19 deaths (daily new deaths or cumulative up to a given date), 
mortality rates, case fatality rates, and excess mortality. 

The studies analyze how COVID-19 outcomes relate to ambient 
exposure to the following air pollutants: PM2.5 (n = 82), PM10 (n = 42), 
O3 (n = 34), NO2 (n = 41), NOX (n = 4), SO2 (n = 6), CO (n = 8) and a 
more general multi-pollutant air quality index, AQI (n = 4). Nine studies 
include other pollutant measures such as ammonia (NH3), benzene, 
benzidine, acetaldehyde sulfate, aerosol optical depth (AOD), and other 
generic non-methane volatile organic compounds (NMVOC). Most 
studies evaluate more than one pollutant. 

3.2. Risk of bias (ROB) assessment 

For each study, we assessed each COVID-19 outcome separately, 
resulting in 171 evaluations. The ROB varies widely across the six 
evaluated categories. There was high risk of confounding in most eval
uations (n = 115), moderate risk in eight evaluations and low risk in 48 
of the evaluations. Most of the studies classified as high risk of con
founding fail to adjust for critical variables, such as age, sex, socioeco
nomic status, and body-mass index. Time series studies fail to account 
for confounders such as mobility, lockdown measures, and seasonality. 
Selection-bias risk was low in most evaluations (n = 134), moderate in 
24, and at high risk in 13. Air pollution exposure assessment risk was 
high in 11 assessments, moderate in six evaluations, and low in 154, as 
studies mostly employ high quality air pollution data that is measured 

by government or environmental agencies. COVID-19 outcome mea
surement risk was high in most of the evaluations (n = 148), moderate in 
14, and low in only nine, where studies use excess deaths or explicitly 
account for testing capacity. The main concerns with COVID-19 mea
surements are potential errors in the measurement of officially reported 
COVID-19 outcomes that are systematically related to air pollution 
exposure, particularly COVID-19 testing, healthcare capacity, socio
economic status, and comorbidities. We classified missing data risk of 
bias as unclear in 150 of the evaluations since most studies do not report 
whether and how much data was missing or whether it was imputed. 
Selective reporting is mostly at low risk of bias, as in 156 of the evalu
ations all effect estimates are presented for all hypotheses that the 
studies aim to test. An overview graph of the results and a detailed 
description of the risk of bias assessment is found in the Supplementary 
Materials ROB Assessment and Fig. A5. 

3.3. Direction of relationship across COVID-19 spread/cases, 
hospitalizations, and deaths 

Many studies examine more than one COVID-19 outcome and air 
pollutant, and we report on each pollutant-outcome pair as a separate 
evaluation. Fig. 2 summarizes the distribution of the 355 total evalua
tions across COVID-19 spread/cases, non-fatal severity measured as 
hospitalizations (but including one study that measures severity as risk 
of developing COVID-19 pneumonia), and deaths, coded by the direc
tion of association found with air pollution. Across all evaluations and 
outcomes, close to half report positive associations with air pollution (n 
= 177; 49.9%). Non-significant associations are found in 105 evalua
tions (29.6%), while negative and mixed associations are found in 34 
(9.6%) and 39 (11.0%) of the evaluations, respectively. We next disag
gregate the results by the COVID-19 outcomes shown in Fig. 2. 

3.3.1. Spread/cases 
The category “spread/cases” includes all outcomes related to spread 

as previously defined. 96 out of 184 evaluations (52.2%) find that 
COVID-19 spread/cases are positively associated with higher air pollu
tion. Furthermore, 41 evaluations (22.3%) find no statistically signifi
cant results, 25 find mixed results, and 22 find negative associations. 
The analyses on spread/cases are at high risk of confounding bias in 
76.7% of the outcome evaluations and low risk in 19.8% of the cases. 
Only 16 papers studying COVID-19 spread have low confounding bias, 
for a total of 31 pollutant-COVID-19 evaluations. Among these evalua
tions, 15 (48.4%) find positive air pollution-spread associations, 14 
(45.2%) find no significant associations, one finds mixed results, and one 
finds a negative association between air pollution and COVID-19 spread. 
Compared to all evaluations, those with low risk of confounding bias 
find a higher share with no significant associations (45.2% vs 22.3% in 
full sample) and almost none find mixed or negative associations. A 
slightly lower percent finds positive associations (48.4% vs 52.2% in full 
sample). This suggests that accounting for confounding bias is likely to 
decrease the number of studies that find negative or mixed associations 
and increase the number of evaluations that fail to find a significant 
relationship. 

Focusing on the 84 evaluations that measure spread/cases as inci
dence, 48 (57.1%) find that increasing levels of air pollution exposure 
are positively associated with higher incidence, 12 evaluations find non- 
statistically significant results, 10 find negative, and 14 find mixed as
sociations. For example, Fang et al. (2021) find that in the U.S., each 1 
μg/m3 (microgram per cubic meter) increase in the annual average 
concentration of PM2.5 exposure is associated with a 7.56% (95% CI: 
3.76%, 11.49%) increase in COVID-19 incidence risk, while in Italy, De 
Angelis et al. (2021) find that a 1 μg/m3 increase in annual concentra
tions of PM2.5 is associated with a 5.8% higher incidence rate. Similarly, 
among 68 evaluations that measure spread as the cumulative total 
number of cases, 36 (52.9%) find positive associations, 14 find 
non-significant associations, 10 find negative, and eight find mixed 
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results. In terms of magnitude, for example, Travaglio et al. (2021) find 
that in the United Kingdom, increases of 1 μg/m3 in the long-term 
average of PM2.5 and PM10 are associated with a 12% and 8% increase 
in COVID-19 cases, respectively. 

14 evaluations from four studies use prevalence to measure COVID- 
19 spread (Bilal et al., 2020; Filippini et al., 2020; Hendryx and Luo, 
2020; Dragone et al., 2021) with varying results according to pollutant. 
Five evaluations (35.7%) find a positive relationship between air 
pollution and higher prevalence, eight evaluations (57.1%) from one 
single study find no significant associations (Dragone et al., 2021), and 
one evaluation finds a negative association. Bilal et al. (2020) find that 
in Germany, daily PM2.5, PM10, and O3 are positively associated with 
active cases but that NO2 is negatively associated. For Northern Italy, 
Filippini et al. (2020) find a positive association between short-term 
satellite-measured tropospheric NO2 levels and SARS-CoV-2 preva
lence at levels beyond 130 μmol/m2, suggesting there may be 
non-linearities in the relationships. Finally, Hendryx and Luo (2020) 
find that long-term exposure to PM2.5 is positively associated with 
prevalence in the U.S., but they fail to find a significant association for 
O3. The mixed results within studies indicate potential interactions 
among pollutants. 

3.3.2. Hospitalizations/non-fatal severity 
Among 17 evaluations from 11 studies on hospitalizations/non-fatal 

severity, eight evaluations (47.1%) find mixed results. In the U.S., 
Mendy et al. (2021) find that PM2.5 is positively associated with hospi
talizations among COVID-19 patients with pre-existing respiratory dis
eases but negatively associated among those without. Instead, both Lolli 
et al. (2020) and Linares et al. (2021) find that the results depend on 
location, as they find significant positive relationships in only some 
cities/regions in their samples. Furthermore, Diaz et al. (2021) find that 
the results are either positive or null depending on whether air pollution 
is measured daily or averaged over 14 days. Seven evaluations find 
positive associations between pollutants and hospitalizations: five of 
these study PM2.5 (Cole et al., 2020; Berg et al., 2021; Bowe et al., 2021; 
Cascetta et al., 2021; Frontera et al., 2020) and one NO2 (Deguen and 
Kihal-Talantikite, 2021). Additionally, one study finds a positive asso
ciation between exposure to PM10 and developing COVID-19 pneumonia 
(Pegoraro et al., 2021). Finally, two evaluations from one study find 
non-significant relationships between NO2, SO2, and hospitalizations 

(Cole et al., 2020). The analyses on hospitalizations are at high risk of 
confounding bias in 63.6% of the outcome evaluations, and at low risk in 
36.4% of the cases. Only four papers studying hospitalizations and 
non-fatal severity had low risk of confounding bias, for a total of six 
evaluations. Of these, half (n = 3) find positive associations, two 
non-significant associations, and one finds mixed associations. 

3.3.3. Deaths 
Among 154 evaluations on COVID-19 mortality, about half (n = 74; 

48.1%) find positive associations with pollutants, 62 (40.3%) evalua
tions find non-significant associations, 12 (7.8%) find negative associ
ations, and six find mixed results. The analyses on mortality are at high 
risk of confounding bias in 56.8% of the outcome evaluations and at low 
risk in 36.5% of the cases. From the 23 papers with low confounding 
bias, there are a total of 62 evaluations. Of these, 27 (43.5%) evaluations 
find positive associations between air pollution and COVID-19 deaths, 
32 (51.6%) find no significant effects, two (3.2%) find negative results, 
and one (1.6%) finds no significant results. Relative to all evaluations on 
COVID-19 deaths, those with low confounding bias have a higher per
centage of nonsignificant results, and a lower percentage of positive, 
negative, and mixed results. We next stratify the results by type of 
mortality measures used. 

44 out of 154 evaluations on mortality use measures of mortality 
rates or ratio. Among these, about half (n = 23) find positive associa
tions with air pollutants and 19 find no significant associations. The 
magnitude of the relationship for those finding positive results varies 
across countries, pollutants, and models. For instance, in one of the most 
cited studies, Wu et al. (2020) use a negative binomial model and find 
that in the U.S., an increase of 1 μg/m3 in the 2000–2016 PM2.5 average 
(8.4 μg/m3; SD 2.5 μg/m3) is associated with an 11% (95% CI: 6%, 17%) 
increase in a county’s COVID-19 mortality rate. Also in the U.S. but 
focusing on NO2, Lipsitt et al. (2021) find that an interquartile range 
increase of 8.7 ppb in the long-term mean annual NO2 leads to an in
crease in COVID-19 mortality of 35% (95% CI: 23%, 48%), 44% (95% 
CI: 11%, 86%), and 60% (CrI: 37%, 88%), using Poisson, negative 
binomial, and spatial random effect models, respectively, highlighting 
the sensitivity of using different models. Instead in Italy, Borro et al. 
(2020) find that when short-term average PM2.5 concentration levels 
increase from 10 to 25 μg/m3 the mortality rate doubles from 4.5 to 9%. 

Other evaluations focus on total cumulative death counts (n = 41): 

Fig. 2. Direction of the relationship between air pollution and COVID-19 cases/spread, hospitalizations, and deaths. The relationship was coded separately for each 
pollutant and COVID-19 outcome pair for each study. Includes all countries and pollutants. None is defined as having found no statistically significant association. 
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21 find positive associations with pollutants, 10 find no significant as
sociations, and nine find negative associations. Instead, focusing on case 
fatality rates or ratios, six out of 19 evaluations find positive relation
ships with pollutants, 10 find no significant associations, and three find 
mixed results. For example, in a U.S. study that uses multi-pollutant 
models, an interquartile range increase (4.6 ppb) in NO2 was associ
ated with a COVID-19 case-fatality rate increase of 11.3% (95% CI: 
4.9%, 18.2%), while in contrast, PM2.5 and O3 were not significantly 
associated with deaths (Liang et al., 2020). 

3.4. Results by pollutant 

Fig. 3 graphs the direction of the relationships found among specific 
pollutants and COVID-19 spread/cases, hospitalizations, and deaths. 
Each pollutant-outcome estimate is treated as a different evaluation. 

Overall, among the top five pollutants measured ( PM2.5, PM10, O3, NO2, 
and CO) studies most frequently find that COVID-19 spread/cases rise as 
these pollutants increase. PM2.5 and NO2 are also most frequently 
associated with more deaths. Instead, for PM10 and O3 the most frequent 
result is no statistically significant relationship with COVID-19 deaths. 

PM2.5 is the most-studied pollutant, and among 55 evaluations, more 
than half (n = 33; 60.0%) find that higher levels are associated with 
increasingly higher COVID-19 spread; instead, nine evaluations find 
non-significant results, seven find mixed results, and five find negative 
relationships. For hospitalizations, five out of seven evaluations (71.4%) 
find positive associations, and for deaths 31 out of 55 (56.4%) find that 
higher levels are related to higher COVID-19 mortality. 

The evidence for PM10 is less consistent than that of PM2.5, particu
larly for deaths. A total of 18 out of 39 (46.2%) evaluations find that 
PM10 leads to more spread/cases, while 10 find non-significant associ

Fig. 3. Direction of the relationship between air 
pollution and COVID-19 cases/spread, hospitaliza
tions, and deaths split by pollutant. The relationship 
was coded separately for each pollutant and COVID- 
19 outcome pair for each study. Pollutants included: 
particulate matter less than 10 and 2.5 μm in diam
eter (PM10 and PM2.5 respectively); ozone (O3); ni
trogen dioxide (NO2), nitrogen oxides (NOX), sulfur 
dioxide (SO2), carbon monoxide (CO) and a more 
general multiple-pollutant air quality index, AQI. The 
category “other” includes other measures of air 
pollution such as ammonia (NH3), benzene, benzi
dine, acetaldehyde SO4, aerosol optical depth (AOD), 
and other non-methane volatile organic compounds 
(NMVOC).   
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ations. Instead, among 20 evaluations on COVID-19 deaths, 11 (55.0%) 
find no statistically significant results, while seven (35.0%) find that 
higher levels of PM10 lead to more deaths. Among three evaluations of 
PM10 and hospitalizations, one finds a positive association (Pegoraro 
et al., 2021) and two find mixed results (Linares et al., 2021; Diaz et al., 
2021). 

The results for O3 are similar to those of PM10. Out of the 32 eval
uations between O3 and COVID-19 spread/cases, 46.9% (n = 15) find 
positive associations, nine find non-significant associations, and only 
two find negative associations. For COVID-19 deaths, 11 out of 21 
evaluations (52.4%) find no significant association and eight (38.1%) 
find that higher O3 levels lead to more COVID-19 deaths. Only one 
evaluation analyzes hospitalizations, finding that O3 is positively asso
ciated with the rate of urgent hospitalizations in some regions of Spain 
but not in others (Linares et al., 2021). 

Across all pollutants, NO2 is the one with the highest percentage of 
evaluations finding a positive relationship with spread/cases and 
deaths: 20 out of 31 evaluations (64.5%) find that increasing levels of 
NO2 lead to higher spread/cases, while 20 out of 32 evaluations (62.5%) 
on deaths find a positive relationship. Instead, seven out of 31 evalua
tions (22.6%) find a negative relationship between NO2 and spread/ 
cases, and for deaths this is only two out of 32 (6.3%). 

Many studies evaluate more than one pollutant, but only some 
consider interactions among the pollutants in their models. Notably, 
Liang et al. (2020) use co-pollutant models and find that an increase of 
4.6 parts per billion of NO2 is associated with case-fatality and mortality 
rate increases of 11.3% (95% CI 4.9%–18.2%) and 16.2% (95% CI 8.7%– 
24.0%), respectively; similarly an increase in PM2.5 of 2.6 mg/m3 is 
associated with a 14.9% (95% CI 0.0%–31.9%) increase in the 
COVID-19 mortality rate, adjusting for co-pollutants. 

3.5. Results by length of exposure 

Fig. 4 displays the direction of the association between pollutants 
and COVID-19 outcomes, stratified by length of exposure to air pollu
tion. We classify the measure of air pollution exposure as long-term if is 
one year or longer. In this section, we omit two studies whose measure of 
the length of air pollution exposure was unclear. Additionally, three 
studies examine both long-term and short-term exposure and we code 
each relationship separately. 

Long-term exposure to air pollution is more frequently positively 
associated with increased COVID-19 cases and deaths compared to 
short-term exposure. Specifically, for COVID-19 spread/cases 63.8% (51 
out of 80) of the evaluations studying long-term exposure to pollutants 
find positive associations, compared with 44.3% (43 out of 97) of the 
evaluations on short-term exposure. For deaths the gap is smaller, with 
54.0% (47 out of 87) of the evaluations finding positive associations 
with long-term exposure to air pollution, compared to 46.3% (25 out of 
54) of the evaluations studying short-term exposure. There are fewer 
evaluations on hospitalizations, and five out of eight find positive as
sociations with air pollution in the long-term exposure studies, while 
two out of nine find positive associations in the short-term exposure 
studies. 

Conversely, short-term exposure to air pollution is more frequently 
found to be negatively associated with COVID-19 spread/cases and 
deaths (in 18.6% and 18.5% of the evaluations, respectively) compared 
with the results for long-term exposure to air pollutants, in which only 
5.0% and 2.3% of evaluations find that higher levels of pollutants are 
associated with less spread/cases and deaths, respectively. 

3.6. Results of individual-level studies 

A total of eight studies use individual-level data. Seven investigate 
the relationship between long-term exposure to air pollution and 
COVID-19 outcomes and one analyzes both long- and short-term air 
pollution exposure. Most of the studies come from the UK (n = 4) and 

these use UK Biobank data, while two studies come from the U.S, one 
from Mexico, and one from Italy. Nine evaluations from three studies 
focus on the relationship between pollutants and COVID-19 spread: 
among these, five find that pollution is positively associated with 
COVID-19 spread and four find no significant relationships. From three 
evaluations on hospitalizations, two find that pollution is positively 
associated with risk of hospitalization and one finds mixed results: a 
positive association for patients with pre-existing conditions and nega
tive associations with patients without pre-existing conditions. Finally, 
for COVID-19 deaths, among 10 evaluations from three studies, six 
evaluations do not find evidence that air pollution is associated with 
COVID-19 deaths, three find positive associations, and one finds a 
negative association. Overall, for each of the main outcomes (COVID-19 
spread, hospitalizations, and deaths) there are only three separate 
studies mostly coming from the UK and using the same datasets, calling 
for a need for more evidence using individual-level data and for studies 
investigating the consequences of short-term exposure to air pollution, 
since only one study focused on this. 

3.7. Country-specific results 

Fig. 5 shows the results of the direction of the relationships by 
country for cases/spread, hospitalizations, and deaths. 

3.7.1. Europe 
Austria (n = 2). 
In two studies from Vienna, results vary by the length of air pollution 

exposure and pollutant. Hutter et al. (2020) report that levels of average 
2019 PM10 and NO2 above the upper quartile (30 and 20 μg/m3, 
respectively) are significantly associated with higher risk of a COVID-19 
diagnosis (hazard ratios of 1.44 and 1.16), while only NO2 is found to 
increase deaths. Instead, Moshammer et al. (2021) find that a short-term 
increase in 1 μg/m3 of NO2 leads to a 3.2% incidence increase, but find 
no significant association between PM10 and cases, nor for either 
pollutant and COVID-19 deaths. 

France (n = 3). 
Three studies in France find positive associations between pollution, 

hospitalizations, and deaths. Two related studies on the cities of Lyon, 
Marseille, and Paris during March and April of 2020 use Artificial Neural 
Networks (ANNs) experiments and machine learning techniques and 
find that short-term exposure to PM2.5, PM10, and NO2 beyond certain 
thresholds is positively associated with COVID-19 deaths (Magazzino 
et al., 2020; Mele et al., 2021). Furthermore, Deguen and 
Kihal-Talantikite (2021) use nation-wide data and find that 2014–2018 
average NO2 is positively associated with hospitalizations, cases in 
intensive care units, and deaths, particularly for those regions in the 
highest tercile of housing overcrowding. 

Germany (n = 3). 
10 out of 21 evaluations in Germany find that air pollutants are 

positively associated with higher COVID-19 spread/cases and deaths. In 
one of the few quasi-experimental studies, Isphording and Pestel (2021) 
find that PM10 significantly increases both COVID-19 deaths and cases, 
but find no significant effect of O3 in a period with relatively low ozone 
levels. Instead, Bilal et al. (2020) use Spearman correlations to find that 
O3 is the only pollutant that is consistently associated with higher 
COVID-19 spread/cases and deaths. Finally, Huang and Brown (2021) 
find that a 1 μg/m3 rise in long-term exposure to NO2 increases the 
COVID-19 incidence rate by 5.58% (95% CI: 3.35%, 7.86%), while SO2 
is positively associated with incidence in one out of two models. How
ever, they find no association for other pollutants (PM2.5, PM10, benzene, 
arsenic, cadmium and nickel). 

Italy (n =35). 
Italy is the most-studied European country and most evaluations find 

positive relationships between air pollutants and COVID-19 cases/ 
spread (38 out of 60; 63.3%); instead 15.0% and 16.7% find null and 
mixed results, respectively. The results differ according to length of air 
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pollution exposure. Among the evaluations on long-term exposure, 
85.7% (24 out of 28) find positive associations with spread/cases, while 
41.9% of short-term exposure studies find positive associations (13 out 
of 31). Fiasca et al. (2020) investigate both short- and long-term expo
sure to air pollution and find that a 1 μg/m3 increase in PM2.5 and NO2 
rises incidence rates by 1.56 and 1.24 × 104 people, respectively, 
considering average 2016–2020 pollution, and 2.79 and 1.24 × 104 

people when measuring pollution during March–May 2020. 
Among the 23 evaluations on deaths, 16 (69.6%) find positive as

sociations with pollutants, five find no associations, and one finds a 
negative association. Using excess mortality, one of the most accurate 
COVID-19 measures, Coker et al. (2020) find that a 1 μg/m3 increase in 
PM2.5 is associated with a 9% (95% confidence interval: 6–12%) in
crease in COVID-19 related mortality. 

For hospitalizations, three out of five evaluations find positive as
sociations. Frontera et al. (2020) and Cascetta et al. (2021) find positive 
associations between hospitalizations and short- and long-term exposure 
to PM2.5, respectively. For PM10, Pegoraro et al. (2021) use 
individual-level patient data and report that higher exposure the month 
before COVID-19 diagnosis increased the likelihood of developing 

COVID-19 pneumonia. Finally, Lolli et al. (2020) find mixed positive 
and null associations for PM10 and NO2 and hospitalizations, depending 
on the city studied. 

All but one study are at high risk of confounding bias. The exception 
is Cazzolla Gatti et al. (2020) who consider critical confounders such as 
the number of smokers in each region, income levels, the regional levels 
of obesity, as well as the number of hospital beds and COVID-19 tests 
performed. They use a machine learning model to find that air quality 
and PM2.5 are among the most important predictors of COVID-19 posi
tivity and mortality rates. Furthermore, the Italian evidence may be 
overrepresented by five similar papers from one author finding that 
PM10 and O3 are positively associated with COVID-19 cases (Coccia, 
2020a, 2020b, 2020c, 2021a, 2021b). 

Netherlands (n = 1). 
For the Netherlands, Cole et al. (2020) find that long-term exposure 

to PM2.5 leads to higher COVID-19 cases, hospitalizations, and deaths; 
similarly, increases in NO2 lead to more COVID-19 cases and deaths. 
They find no association between SO2 and COVID-19 outcomes. 

Poland (n = 2). 
One study in the city of Warsaw uses Spearman rank correlation tests 

Fig. 4. Direction of the relationship between air 
pollution and COVID-19 cases/spread, hospitaliza
tions, and deaths split by length or air pollution 
exposure measured. The relationship was coded 
separately for each pollutant and COVID-19 outcome 
pair for each study. We classify the measure of air 
pollution exposure as long-term if is one year or 
longer. Two studies investigated both short-term and 
long-term exposure and their findings are reported 
separately for each short- and long-term evaluation. 
Two studies where the length of pollution measure is 
unclear (14 evaluations) are omitted.   

I. Hernandez Carballo et al.                                                                                                                                                                                                                  



Environmental Research 215 (2022) 114155

9

Fig. 5. Direction of the relationship between air pollution and COVID-19 cases/spread, hospitalizations, and deaths split by country. The relationship was coded 
separately for each pollutant and COVID-19 outcome pair for each study. 
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and finds that daily ground-level O3 is negatively associated with the 
number of COVID-19 cases during April to June 2020 (Wísniewski et al., 
2021). Instead, a nationwide study finds that average PM2.5 during 
2019–2020 is positively associated with COVID-19 cases and excess 
deaths (Kowalski et al., 2021). 

Spain (n = 6). 
In Spain, six out of the 16 evaluations on spread/cases find positive 

associations, five find no associations and four find mixed results. The 
results vary widely across and within studies according to pollutants, 
region studied, and measures used. Only Zaldo-Aubanell et al. (2021) 
find a negative association between NO2 and COVID-19 incidence, but 
alongside a positive association with PM10. Five evaluations on hospi
talizations from two studies find mixed results according to region and 
model used (Linares et al., 2021; Diaz et al., 2021). For COVID-19 
deaths, three out of four evaluations find that higher air pollution is 
associated with increasing COVID-19 mortality (Zaldo-Aubanell et al., 
2021; Saez et al., 2020). 

United Kingdom (n = 12). 
In the UK, most evaluations find positive associations with COVID-19 

spread and no associations with deaths. Seven out of 13 evaluations find 
that COVID-19 spread/cases are positively associated with air pollution. 
Instead, for COVID-19 deaths the results are mostly null: 13 out of 19 
evaluations find no significant associations and five find positive asso
ciations. Only one evaluation finds a negative association between O3 
and COVID-19 deaths, but in this same study a positive association is 
found between NOX and deaths (Travaglio et al., 2021). 

3.7.2. North America 
Canada (n = 3). 
To et al. (2021) find that O3 is positively associated with COVID-19 

incidence but only in institutional settings (e.g., long-term care homes, 
hospitals, correctional facilities) and find no significant associations 
with the reproductive number Rt. Additionally, Stieb et al. (2020) find 
no significant associations between long-term exposure to PM2.5 na
tionally but find positive associations in the city of Toronto (Stieb et al., 
2021). 

Mexico (n = 4). 
Six of the 11 evaluations on COVID-19 spread/cases find positive 

associations with air pollution while four find no significant results. For 
deaths, four out of 10 evaluations find positive relationships and five 
find no associations. In Mexico City, Kutralam-Muniasamy et al. (2020) 
find negative associations between COVID-19 cases and deaths and 
PM10, positive associations with CO and O3, and nonsignificant associ
ations with PM2.5. Consistent with this, López-Feldman et al. (2021) use 
individual-level data in Mexico City and report that short-term exposure 
to PM2.5 is not significantly associated with COVID-19 deaths but find 
positive associations for long-term exposure. Instead, in the city of 
Victoria PM2.5, PM10, and CO have positive associations with COVID-19 
cases (Tello-Leal and Macias-Hernandez, 2021). Finally, a study in the 
state of Nuevo Leon finds that PM10 is positively related to COVID-19 
cases and deaths but that PM2.5 is not significantly associated with any 
outcome (Kutralam-Muniasamy et al., 2021). 

United States (n =39). 
For spread/cases, among a total of 46 evaluations, 19 find positive 

associations, 10 find no significant associations, and 12 find negative 
associations. Only three evaluations analyze hospitalizations. Instead, 
30 out of 70 evaluations find positive associations between air pollution 
and COVID-19 deaths, another 29 find no significant associations, and 
eight find negative relationships. 

The direction of the associations varies with the length of air pollu
tion exposure, with no clear consensus for short-term exposure to air 
pollution, and more consistently positive and null associations for long- 
term exposure. Out of 26 evaluations for COVID-19 spread/cases and 
short-term exposure to air pollution, the outcomes are split across pos
itive and negative associations: 10 find positive associations while 11 
find negative associations. Instead, for long-term exposure to air pollu

tion, eight out of 14 evaluations find a positive association with COVID- 
19 cases, four find no significant association and one study finds a 
negative association: Ingram et al. (2021) report that NOX was nega
tively associated with the COVID-19 positivity rate but also find positive 
associations with PM2.5 and non-significant associations with O3. 

A similar pattern as in COVID-19 spread/cases emerges when 
focusing on COVID-19 deaths. Of 22 evaluations on short-term exposure 
to air pollution and deaths, eight find positive correlations, seven find 
negative associations, and six find no significant associations. Instead, 
for evaluations on long-term exposure to pollution, 20 out of 36 
(55.56%) find a positive relationship with COVID-19 deaths, while 13 
find no statistically significant association. Only Hu et al. (2021) find a 
negative association between long-term exposure to benzidine and 
COVID-19 deaths, but a positive association between PM2.5 and deaths 
and no significant association with other pollutants (PM2.5, PM10, O3, 
CO, SO2). Regarding hospitalizations, only long-term exposure to air 
pollution is assessed, and the three existing evaluations find that air 
pollution is positively associated with increased hospitalizations (Mendy 
et al., 2021; Berg et al., 2021; Bowe et al., 2021). 

The only quasi-experimental study in North America and the U.S. 
comes from Persico and Johnson (2021), who use a difference in dif
ferences analysis to provide causal evidence. The authors use 
county-level data and variation in air pollution caused by rollbacks in 
environmental regulation enforcement and find that an 11.8% increase 
in pollution is associated with a 53% and 10% in increase in COVID-19 
cases and deaths, respectively. 

Multi-country (n = 7). 
Among the 10 evaluations on COVID-19 spread/cases, six find a 

positive association with pollutants, two find a negative association, and 
one finds no significant association. Furthermore, Zerefos et al. (2020) 
find a positive association between PM2.5 and COVID-19 cases in 
March–April but not in May–June. For COVID-19 deaths, among 10 
evaluations, five find positive associations with air pollution, three find 
non-significant results, and two find mixed results. At the continent 
level, Pozzer et al. (2020) find that in Europe 19% (CI: 8%, 41%) of 
COVID-19 mortality is due to PM2.5 anthropogenic emissions and that 
this figure is 17% (CI: 6%, 39%) in North America. Instead, focusing on 
23 European countries, Rodríguez-Pose and Burlina (2021) report that 
PM2.5 is not significantly associated with COVID-19 excess mortality 
rates. Mixed results are found by Li et al. (2020) in Germany, Italy, and 
Spain: whether NO2 and AOD are statistically significant depends on the 
model, covariates and country under investigation. 

4. Discussion 

In this systematic review, we present the evidence on the relation
ship between air pollution and COVID-19 cases, deaths, and hospitali
zations for Europe and North America. Most of the studies come from the 
U.S. and Italy. Studies focus on both short- and long-term exposure to air 
pollution of mostly PM2.5, PM10, O3, and NO2. More than half of the 
evaluations (52.2%) find that COVID-19 spread/cases increase with 
higher air pollution, 22.3% find no statistically significant results and 
12.0% find negative associations between air pollution and spread/ 
cases. For COVID-19 deaths, 48.1% of the evaluations find positive as
sociations, 40.3% find no associations, and 7.8% find negative associa
tions. The evidence for hospitalizations points to mostly mixed (47.1%) 
and positive associations (41.2%), although there are relatively fewer 
evaluations on this outcome. 

Among the top five pollutants studied, our analysis finds that PM2.5, 
PM10, O3, NO2, and CO are most frequently positively associated with 
COVID-19 spread/cases. For deaths, the evidence is less consistent: 
PM2.5 and NO2 are most frequently associated with more deaths but for 
PM10 and O3 the results are mostly null. Evaluations of CO find the same 
number of positive and non-significant relationships with deaths. We 
cannot make clear conclusions about the other pollutants such as SO2 
and NOX, since the number of evaluations is small. Many studies focus 
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on PM2.5, given that it is likely to penetrate deep into the respiratory and 
cardiovascular system, creating inflammation and leading to various 
health repercussions. 

To summarize, we find that the largest share of evaluations reports a 
link between higher levels of air pollution and COVID-19 incidence/ 
spread and mortality. There are relatively fewer studies on non-fatal 
COVID-19 hospitalizations/severity and the existing evidence on this 
is mostly mixed. The impact of short-term exposure to air pollution on 
COVID-19 remains the most inconclusive and risks of confounding bias 
and COVID-19 measurement bias is the main issue with most of the 
existing studies. Future research should focus on study designs that 
control for confounding factors, for example through quasi- 
experimental and natural experiments, and use measures of COVID-19 
that are less likely to be measured with systematic errors, such as 
excess mortality. 

Differences in results across studies depend mainly on the length of 
air pollution exposure measured, the COVID-19 outcome studied, and 
differences in adjustments for risk of bias. More studies find negative or 
mixed relationships when studying short-term exposure or COVID-19 
spread. It is important to consider that the evidence on short-term air 
pollution exposure is in general at high risk of confounding bias. One of 
the biggest concerns in measuring the relationship between short-term 
air pollution and COVID-19 outcomes is reverse causality and adjust
ment for omitted variables, such as mobility, lockdowns, and weather 
patterns during the pandemic. Indeed, the timing of lockdowns may be 
one of the reasons why some studies find negative associations in time- 
series studies of the effect of short-term exposure to pollution (Gujral 
and Sinha, 2021). Furthermore, many studies report a positively sig
nificant relationship in some of their models, but after accounting for 
covariates this relationship disappears, suggesting there is confounding 
or omitted variable bias. When focusing only on the studies with low risk 
of confounding bias, we find that there are significantly fewer evalua
tions reporting negative or mixed associations, but also slightly fewer 
evaluations reporting positive evaluations, with more evaluations 
failing to find a significant relationship. However, the number of studies 
that are at low risk of confounding bias is relatively low to make more 
general conclusions and other biases such as COVID-19 outcome mea
surement error should also be considered when interpreting these re
sults. Across countries, the main differences in results stem from the 
factors mentioned above and the number of available studies. Further
more, there may be interactions among pollutants, as some studies find 
positive results for some pollutants, and negative or null results for other 
pollutants within the same sample. 

Air pollution has been proposed to affect COVID-19 outcomes 
through several mechanisms. Some studies suggest that exposure to 
pollutants could lead to oxidative stress and a more stressed respiratory 
tract, which increases the likelihood of COVID-19 infection, hospitali
zation or death. The results from the studies in this review suggest that 
long-term exposure to air pollution weakens the respiratory system and 
increases susceptibility to COVID-19. 

Another early proposed mechanism, particularly during the begin
ning of the pandemic, was through airborne transmission of COVID-19 
via its attachment to pollution particles. However, this interpretation 
has not been supported by successive studies (Belosi et al., 2021; Ish
matov, 2022). Furthermore, in our review we find limited evidence for 
this interpretation, as found by the less clear relationship between 
short-term contemporaneous exposure to air pollutants and COVID-19. 
These results suggest that there is limited evidence that COVID-19 is 
carried by air pollution particles. 

While the evidence for North America and Europe is important, a 
major limitation of this review is the limited regional scope and the fact 
that most of the countries are high-income countries (except for 
Mexico). In low- and middle-income countries, COVID-19 and the 
impact of air pollution are likely to be significantly more catastrophic, 
given fewer resources, less healthcare capacity, and higher exposure to 
outdoor air pollution. Nevertheless, the results for the relationship 

between air pollution and COVID-19 outcomes in North America and 
Europe can still inform the association and policy decisions in other 
parts of the world. 

Another limitation of this review is that we do not carry out a meta- 
analysis due to the heterogeneity in the measurement of COVID-19 
outcomes, even within spread/cases, hospitalizations, and deaths. Due 
to the large risk of confounding and other biases found in the studies, a 
meta-analysis may be misleading, as it will simply compound the errors. 
Furthermore, given that there is inconsistency in the direction of the 
effect for some of the outcomes, it may be misleading to quote an 
average value for the effect (Higgins et al., 2021). Nonetheless, an 
attempt was made to synthesize the studies according to the direction of 
the relationship between pollutants and COVID-19. Future analyses 
should seek to quantify and present the associations in a meta-analysis. 

In this analysis, we are not able to analyze how lockdowns or quar
antine measures and the subsequent changes in air pollution interacted 
with the COVID-19 outcomes to moderate the results. There were 
various levels of lockdown measures implemented during the pandemic, 
and these lockdown measures likely led to different air pollution 
changes and COVID-19 outcomes. The studies we include are carried out 
throughout various stages of the pandemic, and some studies account for 
differences in air pollution during lockdowns by focusing on measuring 
pollution only before the lockdown (Rovetta and Castaldo, 2020; Setti 
et al., 2020; Stufano et al., 2021). As discussed by Gujral and Sinha 
(2021), it is important to consider lockdown restrictions, as this could 
explain why some studies find a negative relationship between air 
pollution and COVID-19 spread (Bashir et al., 2020; Rui et al., 2021). 
Lockdowns cause large instantaneous drops in pollutants which may not 
be immediately followed by COVID-19 health outcomes due to the the 
dynamics of the virus. However, some studies find that PM is correlated 
with cases both before and after lockdowns (Delnevo et al., 2020; Kot
siou et al., 2021), and other studies find mixed results during the 
different stages of the lockdown period and by pollutant (Kutra
lam-Muniasamy et al., 2020). Other studies control for the lockdown 
stage but do not report different results, while some do not control for 
lockdown measures. We acknowledge that we cannot generalize beyond 
this and suggest that future research study how lockdown dynamics and 
quarantine measures affect the relationship between air pollution and 
COVID-19, as there may be potential non-linear relationships between 
the level of air pollution and COVID-19 outcomes. 

Our study allows us to disaggregate the evidence of the effects on 
COVID-19 by outcome, pollutant, length of air pollution exposure, and 
country. This is important, as different institutional and contextual 
settings are likely to moderate the effects of pollutants on COVID-19 
outcomes. We complement existing systematic reviews and focus on 
the evidence in Europe and North America, where there is more com
parable air pollution exposure, institutional and healthcare capacity, 
and COVID-19 response relative to the rest of the world. Furthermore, 
the higher quality of data on both air pollution and COVID-19 outcomes 
in these regions relative to the rest of the world allows for more reliable 
results. 

The included studies are subject to limitations. Many of the studies 
used correlation analyses such as Pearson’s or Spearman’s coefficients, 
which do not allow for the addition of covariates to account for con
founding. Those using multivariate models are usually ecological. While 
the ecological study design is the most easily accessible given the data 
available, this study design is prone to ecological bias and has several 
limitations (Wu et al., 2020). Only three studies applied 
quasi-experimental designs, which aim to estimate causal relationships 
and are likely to account for confounding factors more robustly. In 
addition to employing more quasi-experimental designs, future evidence 
should include more individual-level data, and control for critical 
confounders. 

Another challenge most studies face is that data on COVID-19 cases 
and deaths is prone to measurement error that is likely to vary across 
regions and time. Testing capacity and death classification are likely to 
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be related to the timeframe of the pandemic, resources and air pollution 
exposure. Even confirmed COVID-19 death counts are likely under
estimated as they depend on testing for classification. Excess mortality is 
likely to be a better measure of the pandemic burden and future studies 
should focus on this, although methods for this calculation differ (Bar
nard et al., 2021). 

Studying country-specific results is important since there may be a 
need for specific policies that reduce air pollution. Indeed, rollbacks in 
environmental protections during COVID-19 have been causally found 
to be related to higher COVID-19 cases and mortality (Persico and 
Johnson, 2021). In Europe, most of the evidence focuses on Italy, 
highlighting regions that were chronically exposed to air pollution and 
hit particularly hard by COVID-19 in the early stages of the pandemic. 
However, there are very few Italian studies that are at a low risk of 
confounding bias and no studies that aim to estimate causal results. 
Furthermore, the evidence would benefit from more studies outside of 
Italy, and particularly from Eastern Europe, where daily limits of air 
pollution are most widely exceeded (Sicard et al., 2021). 

Research investigating the impacts of long-term exposure to air 
pollution typically measures average air pollution exposure across one 
or more years and links it to later health outcomes. To directly link the 
relationship between past exposure and later outcomes, studies assume 
that the population studied remained in the same geographical area, or 
that people moved at random. Studies would benefit from addressing or 
making this limitation clear. Furthermore, the effect of acute exposure to 
air pollution is likely to depend on the cumulative or long-term exposure 
to air pollution; future studies should aim to study these interactions. 
Since air pollution is often a localized problem, measuring exposure 
across large geographical areas, such as a state, may lead to large 
measurement errors. Furthermore, many studies investigate several 
pollutants but these are often studied in separate models; incorporating 
multi-pollutant models, for example as in Liang et al. (2020), is a key 
priority for future research. 

Reducing air pollution is a way to reduce harmful health effects 
responsible for millions of global premature deaths each year. Further
more, we find that mitigating air pollution is likely to alleviate COVID- 
19 severity and deaths and to reduce the harms of any future potential 
respiratory pandemics. Immediate action is needed to implement pol
icies that reduce air pollution, particularly for the most vulnerable 
populations that are more likely to be affected by air pollution and its 
deadly health consequences. 
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