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What this study adds

Findings from ecological studies suggest that exposure to ambi-
ent air pollution increases the incidence or mortality from 
COVID-19. We have previously described some of the biases of 
these studies. Herein, we modeled ecological county-level data 
of ambient concentrations of PM2.5, COVID-19, and the prev-
alence of HIV. We observed that associations between ambient 
PM2.5 and COVID-19 mortality vary substantially over time, 
and that associations with prevalent HIV are inversely related to 
ambient PM2.5. Our analyses show that ecological data can pro-
vide misleading associations and should not be used for drawing 
causal inferences between ambient air pollution and COVID-19 
outcomes.

Ecological studies of COVID-19 and air pollution: 
How useful are they?
Paul J. Villeneuvea,*, Mark S. Goldbergb–e    

Introduction
The emergence of the 2019 global pandemic caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has profoundly impacted global health. As of December 19, 
2021, official statistics show more than 274 million cases diag-
nosed worldwide and 5.4 million deaths,1 but the true impact 
is substantially higher given that underascertainment of both 
incidence and mortality data have been well documented.2–5 As 
well, the development of the postacute COVID-19 syndrome 

(“long-COVID”), which likely represents a wide spectrum of 
conditions, affects a substantial number of people for long peri-
ods of time,6 with the prevalence of persistent symptoms (>60 
days) estimated from a systematic review to be about 70%.7 
Justifiably so, there has been a rush to develop methods to screen 
and diagnose COVID-19, develop efficacious vaccines and treat-
ment regimens, and implement a battery of public health mea-
sures to reduce spread. These public health measures vary by 
jurisdiction and have oscillated over time as multiple waves of 
the pandemic have come and gone.

It is abundantly clear that this highly infectious virus, espe-
cially the new variants, such as Delta and now Omicron, is 
transmitted from person to person, with many indoor spaces 
providing a highly efficient means of transmission especially 
due to contaminated aerosols.8 Thus, public health measures 
have focused largely on limiting transmission, from wearing of 
masks, distancing protocols, to curfews and lockdowns, as well 
as vaccination campaigns. Despite the well-appreciated dynam-
ics of transmission, there has been a search for other factors that 
may increase in incidence or affect sequelae such as mortality, 
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Background: Results from ecological studies have suggested that air pollution increases the risk of developing and dying from 
COVID-19. Drawing causal inferences from the measures of association reported in ecological studies is fraught with challenges 
given biases arising from an outcome whose ascertainment is incomplete, varies by region, time, and across sociodemographic 
characteristics, and cannot account for clustering or within-area heterogeneity. Through a series of analyses, we illustrate the dan-
gers of using ecological studies to assess whether ambient air pollution increases the risk of dying from, or transmitting, COVID-19.
Methods: We performed an ecological analysis in the continental United States using county-level ambient concentrations of fine 
particulate matter (PM2.5) between 2000 and 2016 and cumulative COVID-19 mortality counts through June 2020, December 2020, 
and April 2021. To show that spurious associations can be obtained in ecological data, we modeled the association between PM2.5 
and the prevalence of human immunodeficiency virus (HIV). We fitted negative binomial models, with a logarithmic offset for coun-
ty-specific population, to these data. Natural cubic splines were used to describe the shape of the exposure-response curves.
Results: Our analyses revealed that the shape of the exposure-response curve between PM2.5 and COVID-19 changed substantially 
over time. Analyses of COVID-19 mortality through June 30, 2021, suggested a positive linear relationship. In contrast, an inverse 
pattern was observed using county-level concentrations of PM2.5 and the prevalence of HIV.
Conclusions: Our analyses indicated that ecological analyses are prone to showing spurious relationships between ambient air 
pollution and mortality from COVID-19 as well as the prevalence of HIV. We discuss the many potential biases inherent in any eco-
logical-based analysis of air pollution and COVID-19.

Keywords: COVID-19; HIV; Air pollution; Ecological studies; Cross-level bias

mailto:Paul.Villeneuve@carleton.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Villeneuve et al.  •  Environmental Epidemiology (2022) 6:e195	 Environmental Epidemiology

2

including vitamin D supplementation,9 urban noise,10 warm 
weather,11 proximity to urban greenness,12 solar ultraviolet radi-
ation,11,13 and selenium deficiency.14

Given our past research in air pollution, we were drawn to a 
series of studies that reported associations between ambient air 
pollution and an increased risk of transmission of COVID-19,  
and more severe outcomes including mortality. We published 
a detailed commentary about many of the challenges of mak-
ing causal inferences between exposure to air pollution and 
incidence and mortality of COVID-1915 and recommended, 
in particular, that etiological studies of this topic use per-
sonal rather than area-wide information, but that because 
of limitations in identifying cases, these studies may also be 
unable to provide valid results. Since the publication of that 
commentary, a series of cohort studies have also been used 
to investigate associations between ambient air pollution and 
COVID-19.16–20 The recent findings by Kogevinas et al,20 which 
found no associations between air pollution and COVID-19 
transmission, are of particular interest because they establish 
infection to the virus by measuring antibodies in blood sam-
ples. This approach may help avoid possible biases in case 
ascertainment.

Despite the publication of these individual-level longitudi-
nal studies, ecological studies on this topic continue to be pub-
lished.21–32 We remain concerned especially about the use of 
ecological studies to inform on causality. As they rely on group-
level data, this allows analyses to be carried out quickly and 
cheaply, and often by using data that can be extracted read-
ily from administrative sources. It has been known for many 
decades that this study design has significant limitations for 
making inferences about causality, because it is uses grouped 
data, usually from administrative jurisdictions, rather than 
information on individuals. A key limitation of ecological stud-
ies is the inability to identify and account for heterogeneity 
within the geographical areas used as the unit of analysis.33 The 
bias may be so severe as to completely reverse the direction of 
the association, such as shown in a parallel analyses of ecolog-
ical and individual-level case-control data of radon and lung 
cancer.34 The issue of cross-level bias,35 as well as other serious 
problems associated with the ascertainment of incidence and 
mortality of COVID-19 and other methodological issues, have 
led us to repeatedly raise concerns about possible spurious find-
ings from studies of air pollution and COVID-19.36–38 Although 
many authors have acknowledged the limitation of ecological 
studies, their willingness to publish these studies suggest they 
are essentially accepting that these measures of association are 
valid and, thus, either implicitly or explicitly conveying that 
these measures represent causal associations.

As indicated earlier, ecological studies of COVID-19 are par-
ticularly problematic because of substantial underascertainment 
of health outcomes. The recent article by Kogevinas et al. found 
that 40% of individuals with COVID-19 were asymptomatic20 
suggesting that self-reported measures of COVID-19 or those 
based on hospitalization or death data introduce bias. The com-
pleteness of ascertainment is inextricably linked to social deter-
minants of health, equity, and health care capacity, and these 
same factors have been shown to be associated with ambient 
concentrations of air pollution.39 A recent American report, for 
example, found that COVID-19 infections and deaths had dis-
proportionately affected Hispanic or Latino, and Black popu-
lations.20 Complicating matters further is that ascertainment of 
outcomes of COVID-19 change over time and are dependent on 
public health policies that can vary both between and within 
jurisdictions, vaccination uptake, and effectiveness.40 Moreover, 
newer variants differ from the original ones with respect to fea-
tures of transmissibility and severity. For example, it has been 
suggested that the viral load for those with the Delta strain 
of COVID-19 is 1,000 times higher than previous variants,41 
and that SARS-CoV-2 vaccines are less effective.42 The recent 

emergence of the Omicron variant is a stark reminder how 
quickly the transmissibility features of COVID-19 can change. 
For all of the above reasons and others, we hypothesized that it 
might would only be possible to identify environmental factors 
that may affect COVID-related incidence, mortality, and other 
comorbidities at a future date—but only if the data are of suffi-
ciently high quality.15

Thus, the present commentary is motivated by the continu-
ing publication of ecological studies of air pollution and out-
comes of COVID-19 from many jurisdictions.21–32 Using US 
county-level measures of mass concentrations of fine particulate 
matter (PM2.5) and COVID-19 mortality, similar to that used by 
Wu et al43 that spurred many of the studies mentioned above, 
the objective of the present article is to estimate the shape of the 
response function and investigate whether these functions vary 
by time. We emphasize that the goal of these analyses was not 
to replicate the results of Wu and colleagues43 but rather illus-
trate key methodological aspects of these types of analyses and 
their interpretation. In addition, as our a priori assumption is 
that ecological associations with many area-wide variables are 
spurious, we also modeled the association between ambient air 
pollution and the prevalence of human immunodeficiency virus 
(HIV). We reasoned that there should not be a causal associa-
tion for PM2.5 given that HIV is caused through sexual contact 
as well as contact with infected bodily fluids, such as blood.44 
Thus, a second objective was to determine, through a similar 
ecological design, the association between the prevalence of 
HIV and ambient concentrations of PM2.5.

Methods

Data sources

COVID-19

Cumulative numbers of deaths attributed to COVID-19, at 
the county level, were downloaded from the Johns Hopkins 
University Coronavirus Resource Center (https://coronavirus.
jhu.edu/map.html) through to June 2020, December 2020, and 
June 2021, and we conducted three separate analyses using 
cumulative COVID-19 mortality data for these three time 
periods.

Fine particulate data

Ambient concentrations of the mass of PM2.5, in µg/m3, were 
estimated at a resolution of 0.01° × 0.01° for the period 2000–
2016 using validated atmospheric chemistry and machine 
learning models.45 We used publicly available county-level con-
centrations of PM2.5 by Wu et al.,46,47 averaged across the period 
2000–2016.

HIV data

The prevalent number of HIV cases, by county, for 2018 was 
extracted from the US Centers for Disease Control website.48

Covariable data

We used the census data of each county that were obtained from 
the published datasets from the Wu et al. study.43 These data 
included county-level population and socioeconomic and demo-
graphic variables from 2009 to 2016 US CDC Compressed 
Mortality Data (https://wonder.cdc.gov/cmf-ICD10.html). 
These data also included county-level risk factor data from the 
US CDC Behavioral Risk Factor Surveillance system (https://
www.cdc.gov/brfss/). Finally, we appended to our dataset coun-
ty-level data for vaccinations for the analyses covering the latter 
period (through June 30, 2021).

https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://wonder.cdc.gov/cmf-ICD10.html
https://www.cdc.gov/brfss/
https://www.cdc.gov/brfss/
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Statistical analyses

We conducted all analyses in R49 using negative binomial regres-
sion models (function “glm.nb,” MASS library50). The outcome 
variables were the number of deaths from COVID-19 or the 
number prevalent cases of HIV, and we included an offset using 
the natural logarithm of the total population of each county.

For COVID-19 mortality, we carried out three separate 
analyses using the cumulative number of deaths until June 30, 
2020, December 31, 2020, and June 30, 2021. For each anal-
ysis, we estimated the functional forms of each variable sep-
arately using natural cubic spline functions and determined 
from visual inspection that three degrees of freedom (df) ade-
quately described the patterns for each variable. We did not use 
goodness of fit statistics to determine the “optimal” shape of 
the response curve because likelihood ratio tests cannot be used 
for smoothers having different degrees or freedom and because 
they are not nested. In addition, statistics such as the Akaike 
information criterion require the same number of observations 
between models which was not the case because of missing data 
in covariables.

We constructed an adjusted model by entering PM2.5 as the 
sole variable, and then added each covariable consecutively in 
the following order: smoking rate; population density; percent 
older population; hospital beds; median household income; per-
cent of the population under the poverty line; percent of the pop-
ulation who were Black; mean summer temperature, mean body 
mass index; percent of the population who owned their own 
home; and percentages of the population who were Hispanic, 
Asian, and White. For the analyses of COVID-19 mortality until 
June 30, 2021, we also included a smoothing term for fully vac-
cinated individuals. For the analyses of HIV, we used the same 
covariables as above, but the outcome was county-specific prev-
alence of HIV for 2018. We show marginal predicted effects 
(in numbers of deaths) for PM2.5 and other covariables using 
Lüdecke’s R package sjPlot.51

Results

COVID-19 and PM2.5

We obtained data for 3,224 counties that included all American 
states as well as Puerto Rico. Because of missing values on var-
ious covariables, the fully adjusted models comprised about 
1,990 counties. Included in these missing data were 128 coun-
ties with missing concentrations of PM2.5 in some counties in 
Alaska, Hawaii, South Dakota, Virginia, and Puerto Rico. The 
range of PM2.5 was between 2.1 and 15.8 µg/m3.

The total number of counties with no recorded deaths were 
as follows: end of June 2020, 1,103; end of December 2020, 
159; and end of April 2021, 120. The supplement shows the 
response functions for each of the covariables for cumulative 
mortality from COVID-19 until the end of April 2021.

As well, we show at the end of the supplement diagnostic 
plots for the full model. The pattern of residuals by predicted 
values is not uniformly distributed suggesting that the model 
assumptions do not hold well. We interpret this as due to differ-
ence in the structure of counties and the inherent heterogeneity 
within counties.

Figure  1 shows the fitted marginal response functions for 
PM2.5 for the three periods of time adjusted for all covariables, 
and that accounts for the total population of each county using 
an offset on a logarithmic scale.

For the first two periods of time, nonlinear associations were 
found, exhibiting a sinusoidal pattern (Wu et al. previously 
published risk estimates based on a linear assumption), but the 
latter period showed a response consistent with a linear trend. 
Had we assumed linear functions for PM2.5, the estimated rate 
ratios for a unit increase of PM2.5 were: June 2020, 1.09; end of 
December 2020, 1.02; and end of April 2021, 1.04. The results 

from Wu et al43 for the period until middle of June showed an 
11% increase per unit increase of PM2.5.

HIV prevalence, voting practices, and PM2.5

The exposure-response function between HIV prevalence in 2018 
and PM2.5 was modeled using data from 2,001 counties. This pat-
tern was nonlinear and reduced rates of HIV were observed in 
counties with higher ambient concentrations of PM2.5 (Figure 2).

Additional findings from sensitivity analysis are provided in 
the accompanying efile; http://links.lww.com/EE/A176.

Discussion
Our ecological analyses of COVID-19 mortality data at the 
US county-level showed that the functional form of the expo-
sure-response function between ambient concentrations of 
PM2.5 and COVID-19 mortality was variable over time, and 
was only consistent with a linear association with outcomes 
through the end of June 2021. Regardless of the shape of the 
exposure-response curves (i.e., linear or nonlinear) observed in 
our models, the limitations of ecological data preclude drawing 
any causal inferences. Indeed, we found an inverse association 
between the prevalence of HIV and PM2.5. This example illus-
trates that using ecological data can generate spurious results, 
and in our view, this danger is exacerbated with an emerging 
disease like COVID-19 that is poorly ascertained.

In all the other previously published ecological studies of 
COVID-19 and air pollution, it was assumed that the associ-
ation was linear. Our analyses using smoothers that showed 
highly nonlinear associations indicate that this assumption 
needs to be verified. Despite finding an increasing and almost 
monotonic relationship for the latter period this should not be 
interpreted as a causal association.15 Indeed, adding in another 6 
months of data as Delta, and now Omicron, would profoundly 
alter the observed number of deaths and likely the shape of the 
ecological exposure-reponse curve. This is particularly relevant 
given the changes in the key variants and emerging ones, vac-
cinations of populations using different vaccines with different 
levels of effectiveness that change with time,52 breakthrough 
infections, and the like.

Bradford Hill, in his seminal 1965 article,53 highlighted the 
value of biological plausibility when assessing causal associations. 
A key component in this assessment is the possibility of exposure, 
and for COVID-19, it is now recognized that the virus is spread 
through aerosol transmission.8,54 As well, past studies reported 
associations between ambient air pollution and increased inci-
dence of respiratory viral infections, transmissibility of viruses, 
and hospital visits.55 It has also been suggested that air pollution 
facilitates the transport of viral particles56–58 and other plausible 
pathways whereby air pollution can worsen case severity, includ-
ing effects on the immune system59 and inflammation. We have 
also highlighted in our previous editorial that exposure to air pol-
lution increases the incidence of a number of health conditions, 
and individuals with these underlying comorbidities may have 
worsened prognosis following diagnosis of COVID-19.

Despite these hypothetical mechanisms, it would appear 
transmission of SARS-COV-2 rarely occurs in outdoor settings. 
Specifically, a study in Wuhan, China, showed that detailed 
contact tracing found that among the 7,324 COVID-19 cases 
only one outbreak, consisting of two cases, could be linked 
to transmission in an outdoor environment.60 Elsewhere, the 
Health Protection Surveillance Centre in the Republic of Ireland 
reported that only 262 of the 232,164 cases of COVID through 
March 24, 2021, were linked to outdoor transmission.61 Further 
support of indoor transmission comes from the now famous 
case of a Church choir in Skagit County, Washington,62 as well 
as studies showing that concentrations of viral particles in 
ambient air was very low.63 A systematic review found that the 

http://links.lww.com/EE/A176
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odds of contracting COVID-19 was close to 19 times higher for 
indoor versus outdoor transmission.64 Previous studies that have 
assessed links between outdoor air pollution and COVID have 
not collected information on the source or location of infection 
of study participants.

Limitations of the data and analysis

Other limitations of the ecological data we modeled include 
missing data, where we found that many counties had consid-
erable missing data in some covariables, and we dealt with this 
problem by simply excluding those counties with missing data.

We did not find that the negative binomial models fit the 
data well even after adjusting for many covariables. In fact, we 
adjusted for several possible “risk factors,” particularly social 
determinants of health, that are likely related to both air pol-
lution and COVID-19, including income, race, access to health 
care, and adherence to public health recommendations, such 
as physical distancing and wearing face masks. More impor-
tantly, however, unlike individual studies in which causal dia-
grams, such as directed acyclic graphs, can be used to create a 
theoretical model, we know of no way in an ecological anal-
ysis to determine a plausible causal model. This is due to the 
nature of causality as it is defined in epidemiology: “… a cause 
of a specific disease event as an antecedent event, condition, or 
characteristic that was necessary for the occurrence of the dis-
ease at the moment it occurred, given that other conditions are 
fixed.”65 A causal diagram could be defined from first principles 
but its application in an ecological study becomes problematic 
if one considers the presence of cross-level bias that cannot be 
accounted for as well as that counter-factual arguments cannot 
be applied as they are based on risk in individuals and not in 
heterogeneous groups.

Regardless of this lack of a theoretical model and the issue of 
missing data, Wakefield33 showed that drawing causal inferences 
in ecological data are impossible unless there is no within-area 
heterogeneity. Briefly, he described that the within-area distribu-
tions of exposure, covariables, and outcome can be described by 
three frequencies, and he showed that the marginal prevalence 
of these risk variables, as available in ecological analyses, can-
not be used to characterize their joint distribution unless the 
confounder and exposure of interest are independent. Wakefield 
noted that without individual-level data, this assumption cannot 

be assessed. Thus, accurately defining sets of covariables to esti-
mate causal associations to block backdoor paths cannot be 
made from ecological data, and thus causal inference methods 
are inappropriate.

Our concerns about the use of ecological studies have been 
expressed by other authors.66 Ecological studies are easy to carry 
out, but the issue of severe bias should be taken seriously before 

Figure 1.  Adjusted exposure-response curves for county-level measures of PM2.5 and cumulative COVID-19 mortality (solid lines) and 95% CIs (shaded areas) 
using natural cubic spline models with 3 df, for three different time periods. Models were adjusted, using natural cubic spline functions, for county-level mea-
sures of smoking, population density, older population, hospital beds, median household income, poverty, summer temperature, mean body mass index, and 
percentage of population that is White, Hispanic, Asian, White, and Black. For the June 2021 analysis, the model included the county-level proportion of fully 
vaccinated persons. Note the different scales for the y axes in the different plots. A, Cumulative deaths until end of June 2020; B, Cumulative deaths until end 
of December 2020; and C, Cumulative deaths until end of June 2021.

Figure 2.  Adjusted exposure-response curves for PM2.5 and the prevalence 
of HIV in 2018 (solid lines) and 95% CIs (shaded areas) using natural cubic 
spline models with 3 df, for three different time periods Adjusted, using natu-
ral cubic spline functions, for county-level measures of smoking, population 
density, older population, hospital beds, median household income, poverty, 
summer temperature, mean body mass index, percentage of population that 
is White, Hispanic, Asian, White, Black, and proportion of fully vaccinated 
persons added to model.
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an investigation is initiated. Given the issues that we outlined 
in our review of COVID-19 and air pollution,15 we reiterate, 
especially considering the possibility of nonsensical associations 
being generated, that studies of COVID-19 and any risk factor 
may be premature because of the serious biases inherent in the 
ecological data. The issues with data quality include under-as-
certainment of incidence and mortality that are dependent on 
jurisdiction, not accounting for nonindependence of outcomes, 
inability to account for clustering in the data (after all, human-
to-human transmission is a clustered process), using grouped 
data that cannot account for heterogeneity or confounding lead-
ing to cross-level bias, lack of highly spatially resolved air pollu-
tion measures, and not accounting for regional variations in the 
timing of outbreaks’ temporal changes in at-risk populations.

In addition, clustering of cases occurring in a neighborhood 
can bias both point estimates of risk as well as the associ-
ated standard errors. Indeed, many social determinants of 
health that lead to strong spatial and temporal correlations 
are linked to the spread of COVID-19, including crowded liv-
ing especially in lower income areas, race, community access 
to health care, employment (e.g., working multiple jobs), the 
occupational environment (e.g., meat packing plants), and in 
nursing homes where large clusters of cases have occurred. 
It is our view that these factors all contribute to spreading 
infections, and this is the point of view taken by all sensi-
ble public health measures that include physical distancing, 
isolation, contact tracing, wearing masks, improving indoor 
ventilation, and the like. As shown in the studies quoted above 
on transmission in outdoor air, and implicit in public health 
guidelines, outdoor air pollution is not a contributing factor 
and, thus, the positive associations from ecological studies are 
spurious.

Although additional ecological studies of air pollution con-
tinue to be published, new investigations are making use of other 
study designs, as well as using individual-level data. It is not our 
intent to provide a detailed critique of these studies within this 
article. Well-designed cohort studies can provide insights about 
whether air pollution impacts the transmission and severity of 
COVID-19. Indeed, the recent study by Kogevinas et al20 has 
made important advances through the use of antibody measures, 
which avoid some of the possible biases in case ascertainment. 
Their study also had several other strengths including analyses 
of outcomes before vaccines became available, and a small geo-
graphical area with good surveillance data.67 The lack of infor-
mation on sources of infection, as in all previous studies, remains 
a glaring limitation. Along with these challenges the virus contin-
ues to mutate, and there are substantial complexities in modeling 
the impacts of vaccination for a risk factor (air pollution) that 
may be weakly associated with COVID-19 outcomes. This ulti-
mately leads us to conclude that we are unlikely to definitively 
determine whether air pollution, or other environmental expo-
sures, are causally related to COVID-19 outcomes.
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