
1. Introduction 
The coronavirus disease 2019 (COVID-19) first emerged 
in Wuhan, China, in December 2019 (1). As of August 
5, 2022, there have been millions of confirmed cases of 
COVID-19 and over 6 million related deaths worldwide 
(2). Patients with COVID-19 often experience acute 
respiratory distress syndrome (ADRS) or other serious 
conditions (3). It is important to identify factors that may 
increase the risk of mortality from COVID-19, including 
medical history, lifestyle factors, and environmental risk 
factors such as weather indicators and air pollutants 
(4-6). It has been hypothesized that short- and long-
term exposure to air pollution may increase COVID-19 
mortality and morbidity rates (5,7,8). Although the 
epidemiology of COVID-19 is evolving, there is 
considerable overlap between the causes of death in 
COVID-19 patients and conditions caused by and/or 
exacerbated by long-term exposure to fine particulate 
matter (PM2.5). PM2.5 contains microscopic solids or liquid 
droplets small enough to be inhaled and cause serious 

health problems. The Global Burden of Disease Study has 
identified air pollution as a risk factor for overall mortality 
and cardiovascular disease, and it is believed to have 
contributed to an estimated 5 million premature deaths 
worldwide in 2017 alone (9). According to the World 
Health Organization (WHO), air pollution is responsible 
for 7 million deaths annually worldwide. Almost half of 
them will die from ischemic heart disease or stroke caused 
by exposure to air pollution, making air pollution more 
important than other modifiable cardiovascular risk 
factors such as smoking, blood pressure, blood lipids, 
and diabetes. For these reasons, we hypothesize that 
air pollution may worsen the prognosis of COVID-19 
patients by exacerbating underlying cardiovascular or 
respiratory diseases and suppressing immune responses 
(10). The main air pollutants include particulate matter 
(PM2.5 and PM10), carbon monoxide (CO), carbon dioxide 
(CO2), and nitrogen-based substances (NOx) (11). 
Recent studies have shown a link between exposure to 
air pollution and mortality from COVID-19 (12). Some 

 © 2024 The Author(s); Published by Hamadan University of Medical Sciences. This is an open-access article distributed 

under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0), which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Air Pollution Exposure and COVID-19 Outcomes: A 
Systematic Review and Meta-analysis of Short- and Long-
term Effects
Marzieh Fattahi-Darghlou1,2 ID , Hoda Arabzadeh1, Younes Mohammadi2,3* ID

1Student Research Committee, Hamadan University of Medical Sciences, Hamadan, Iran
2Department of Epidemiology, School of Public Health, Hamadan University of Medical Sciences, Hamadan, Iran
3Modeling of Noncommunicable Diseases Research Center, Hamadan University of Medical Sciences, Hamadan, Iran

Systematic Review

AJEHE
Avicenna Journal of Environmental Health Engineering

Avicenna J Environ Health Eng. 2024;11(2):x-x. doi:10.34172/ajehe.5434

http://ajehe.umsha.ac.ir

Please cite this article as follows: Fattahi Darghlou M, Arabzadeh H, Mohammadi Y. Air pollution exposure and COVID-19 outcomes: a 
systematic review and meta-analysis of short- and long-term effects. Avicenna J Environ Health Eng. 2024;11(2):x-x. doi:10.34172/ajehe. 
5434

Article history:
Received: xx xx. 2023
Accepted: xx x 2023
ePublished: xx x 2024 

*Corresponding author: 
Younes Mohammadi, 
Email: younesmohamadi@gmail.com

Abstract
Our objective was to determine the relationship between short-term and long-term exposure 
to air pollution and COVID-19 mortality and morbidity through a systematic review and meta-
analysis. To do so, Scopus, PubMed, and Web of Science databases were searched for original 
studies up to February 1, 2023. Observational studies reporting risk estimates for the association 
between air pollution exposure and COVID-19 outcomes were included. The methodological 
quality of the selected articles was assessed using the Newcastle-Ottawa scale (NOS). Pooled 
estimates were calculated using a random effects model. We employed the I² statistic and chi-
square test to assess heterogeneity among studies. Egger’s and Begg’s tests were used to evaluate 
potential publication bias. A total of 2823 articles were identified in the initial database search. 
After screening, 12 studies met the inclusion criteria and were included in the meta-analysis. 
The results indicated a significant association between PM10 and O3 exposure and COVID-19 
mortality, with relative risks of 1.02 (95% confidence interval: 1.01 to 1.04) and 1.09 (95% 
confidence interval: 1.04 to 1.14), respectively. Our meta-analysis suggests that exposure to O3 
and PM10 is associated with an increased risk of COVID-19 mortality. Additionally, the study 
found a significant link between exposure to NO2, PM2.5, and PM10 and increased COVID-19 
mortality, with PM2.5 showing the strongest association. These findings underscore the need for 
effective policies to mitigate the health impacts of air pollution and highlight the importance of 
integrated strategies to address the broader effects of climate change.
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studies have also investigated the relationship between 
COVID-19 mortality and long-term exposure to fine 
particles such as PM2.5, PM10, O3, NO2, and CO, reporting a 
direct relationship between them (13-15). In some studies, 
the effects of several unspecified pollutants have been 
reported (12); however, a non-significant relationship has 
been reported for pollutants in others (1,11,16). The aim 
of this meta-analysis is to investigate possible associations 
between short- and long-term exposure to air pollution 
and COVID-19 mortality and morbidity. This association 
has been previously investigated in epidemiological 
studies; however, to the best of our knowledge, this is the 
first systematic review and meta-analysis to date.

2. Materials and Methods
2.1. Eligibility Criteria (PICOS)
The eligibility criteria are as follows:
	• Population: The general population of society 

regardless of race, age, and gender.
	• Exposure: Short-term and long-term exposure to air 

pollutants.
	• Control: The control group consisted of people who 

were not exposed to air pollutants.
	• Outcome: The outcome of the study is mortality and 

morbidity from COVID-19.
	• Studies: Observational studies (retrospective or 

prospective cohort) and ecological studies were 
included in the analysis regardless of their publication 
time, publication status, and language.

2.2. Exclusion Criteria 
The exclusion criteria were as follows:
1. Clinical studies, in vitro studies, and animal studies 

were excluded. 
2. Studies not fully available in the database were 

excluded.
3. Article reporting only abstracts were also excluded.
4. Studies not reporting RR, OR, and HR with 95% CI 

were also excluded.

2.3. Information Sources and Search
The present meta-analysis was conducted in accordance 
with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines (17). 
A comprehensive literature search was conducted in 
PubMed, Scopus, and Web of Science databases up to 
February 1, 2023, utilizing a systematic combination of 
keywords related to exposure type, health outcomes, and 
population characteristics. The search strategy employed 
a combination of Medical Subject Headings (MeSH) 
terms, as follows: ((PM2.5 OR PM10 OR SO2 OR NO2 
OR O3 OR CO) AND (air pollution)) AND ((morbidity 
OR mortality OR death OR incidence OR risk)) AND 
(COVID-19). Furthermore, a thorough review of the 
reference lists of included studies was performed to 
identify any additional studies that met the predetermined 
inclusion criteria.

2.4. Study Selection
The studies were imported into document management 
software (Endnote, version X8, Thomson Scientific, 
Stamford, Connecticut, USA), and duplicates were 
removed. Two investigators (MFD and HA) independently 
screened the titles and abstracts of all the remaining 
articles that met the eligibility criteria and excluded those 
that were not eligible. Any disagreements between the 
researchers were resolved by a third reviewer (YM). Then, 
the full text of the studies was examined to determine 
their eligibility for inclusion in the meta-analysis.

2.5. Data Extraction
Data extraction was independently conducted by both 
researchers. The extracted information for eligible 
studies was collected using Stata software. The extracted 
data included the first author’s name, publication year, 
country, type of study, type of pollutant (PM2.5, MP10, 
SO2, NOX, NO2, O3, CO), type of outcome (morbidity 
and mortality), result (increase and decrease), duration 
of exposure (short-term and long-term), effect size (RR, 
HR, and OR) with 95% confidence interval, and quality 
of studies.

2.6. Methodological Quality
The quality of the studies was evaluated using the NOS 
to reduce bias (18). The NOS provides a checklist of 
important items for judging bias in studies. In the NOS, 
a set of items about the selection of study participants, 
comparability of groups, and evaluation of exposure/
outcome were assessed. 

2.7. Assessment of Heterogeneity and Publication Bias
We used the I2 statistic (19) and chi-square test (20) to 
assess heterogeneity between studies. The degree of 
heterogeneity was assessed based on the I2 value, with 
values of < 50%, 50%-74%, and ≥ 75% indicating low, 
moderate, and high heterogeneity (20). To evaluate the 
publication bias, Egger’s test (21) and Begg’s test (22) 
were used, along with the trim-and-fill analysis (23). 

2.8. Statistical Analysis
The study examined the morbidity and mortality 
associated with COVID-19 and their relationship with 
various risk factors, including PM2.5, PM10, SO2, NOX, 
NO2, O3, and CO. The risk ratio (RR) was utilized to 
quantify these relationships, with all results estimated at 
a 95% confidence level. To calculate the RRs from the 
included studies, random effects models were employed 
to assess potential heterogeneity. Data analysis was 
performed using Stata software version 14 (StataCorp, 
College Station, TX, USA).

3. Results and Discussion
3.1. Study Selection and Characteristics 
Fig. 1 depicts the PRISMA flowchart for the literature 
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search and selection process. Initially, 2823 articles 
were identified from database searches conducted up to 
May 21, 2022, with 733 articles from PubMed, 279 from 
Web of Science, and 1811 from Scopus. After removing 
duplicates, 2202 articles were screened, and 12 articles 
met the inclusion criteria. No additional relevant studies 
were identified through the reference lists of the eligible 
articles (14,16,24-33).

3.2. Study Characteristics
Table 1 summarizes the characteristics of the studies 
included in the systematic review. The majority of the 
included articles were conducted in the Americas, with 
a focus on countries in North and South America. The 
publication dates of the included articles ranged from 
2020 to 2022, reflecting the rapid pace of research on 
COVID-19 during this period. The study designs were 
predominantly observational, with a preponderance of 
ecological studies that examined the associations between 
air pollutant exposure and COVID-19 mortality. Notably, 
the vast majority of studies investigated the relationship 
between air pollution exposure and COVID-19 mortality 
and morbidity, with a focus on both male and female 

populations. All included studies were published in 
English, facilitating a comprehensive synthesis of the 
existing literature.

3.3. Overall Meta-analysis Results
Fig. 2 illustrates the characteristics of the studies included 
in the meta-analysis, examining both long-term and 
short-term exposure to NO2 and its impact on COVID-19 
mortality. The results indicated no significant association 
between NO2 exposure and COVID-19 mortality, with a 
relative risk of 1.05 (95% confidence interval: 1.00 to 1.10) 
and an I² value of 89.00 (P < 0.001).

Fig. 3 presents the findings from the meta-analysis of 
10 studies investigating the effects of both long-term and 
short-term exposure to PM2.5 on COVID-19 mortality. The 
analysis revealed no statistically significant association 
between PM2.5 exposure and COVID-19 mortality, with a 
relative risk of 0.98 (95% confidence interval: 0.89 to 1.07) 
and an I² value of 99.80 (P < 0.001).

Fig. 4 showcases the results of a meta-analysis that 
investigated the relationship between both long-term and 
short-term exposure to particulate matter with a diameter 
of 10 μm or less (PM10) and COVID-19 mortality, based on 

Fig. 1. The Flowchart of the Study Selection Process
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Table 1. Characteristics of Studies Included in the Systematic Review

ID 1st Author Country Study Outcome Pollutant
Effect 
size

Result
Point 

Estimate
Lower 
Limit

Upper 
Limit

Exposure
Quality 
Score

1
Coker ES, 2020 
(14)

Italy Ecological Mortality PM2.5 RR Increase 0.09 0.06 0.12
Long-term 
exposure

******

2
Valdés Salgado 
M, 2020 (16)

Morbidity PM2.5 RR Increase 1.004 0.996 1.011
Long-term 
exposure

*******

2
Valdés Salgado 
M, 2020 (16)

Chile Ecological Morbidity PM10 RR Increase 1.003 0.999 1.008
Long-term 
exposure

*******

2
Valdés Salgado 
M, 2020 (16)

Mortality PM10 RR
Non-
significant

1.009 1.007 1.011
Long-term 
exposure

*******

2
Valdés Salgado 
M, 2020 (16)

Mortality PM2.5 RR
Non-
significant

1.012 1.008 1.017
Long-term 
exposure

*******

3
Aloisi V, 2021 
(24)

Italy Ecological Mortality PM2.5 RR Increase 1.09 1.065 1.116
Long-term 
exposure

******

4
Dales R, 2021 
(25)

USA Ecological Mortality PM2.5 RR Increase 1.058 1.034 1.082
Short-term 
exposure

*******

4
Dales R, 2021 
(25)

Mortality NO2 RR Increase 1.067 1.023 1.103
Short-term 
exposure

*******

4
Dales R, 2021 
(25)

Mortality CO RR Increase 1.061 1.033 1.089
Short-term 
exposure

*******

5
De Angelis E, 
2021 (26)

Italy Ecological Mortality PM2.5 RR Increase 1.58 1.31 1.9
Long-term 
exposure

*******

5
De Angelis E, 
2021 (26)

Morbidity NO2 RR Inverse 0.95 0.89 1
Long-term 
exposure

*******

5
De Angelis E, 
2021 (26)

Mortality PM10 RR Increase 1.34 1.16 1.55
Long-term 
exposure

*******

5
De Angelis E, 
2021 (26)

Mortality NO2 RR Inverse 0.93 0.88 0.99
Long-term 
exposure

*******

6
Garcia E, 2022 
(27)

USA Ecological Mortality NO2 RR Increase 1.06 1.02 1.1
Long-term 
exposure

*******

6
Garcia E, 2022 
(27)

Mortality PM2.5 RR Increase 1.13 1.09 1.17
Long-term 
exposure

*******

6
Garcia E, 2022 
(27)

Mortality PM10 RR Increase 1.16 1.11 1.21
Long-term 
exposure

*******

6
Garcia E, 2022 
(27)

Mortality O3 RR Increase 1.09 1.04 1.14
Long-term 
exposure

*******

7
Hadei M, 2021 
(28)

Iran Ecological Mortality PM10 RR Increase 1.06 0.93 1.19
Short-term 
exposure

********

7
Hadei M, 2021 
(28)

Mortality PM2.5 RR Increase 1.06 0.99 1.13
Short-term 
exposure

********

7
Hadei M, 2021 
(28)

Mortality O3 RR Increase 1.07 0.84 1.31
Short-term 
exposure

********

7
Hadei M, 2021 
(28)

Mortality NO2 RR Increase 1.15 0.93 1.38
Short-term 
exposure

********

8
Hu H, 2021 
(29)

USA Ecological Mortality NO2 RR Increase 1.19 1.13 1.26
Long term 
exposure

*******

9
Meo SA, 2021 
(30)

USA Ecological Mortality PM2.5 OR Increase 1.068 1.059 1.077
Long-term 
exposure

*******

9
Meo SA, 2021 
(30)

Mortality CO OR Increase 1.476 1.336 1.632
Long-term 
exposure

*******

9
Meo SA, 2021 
(30)

Mortality O3 OR Increase 1.025 1.015 1.036
Long-term 
exposure

*******

10
Petroni M, 
2020 (31)

USA Ecological Mortality PM2.5 RR Increase 1.09 1.01 1.18
Long-term 
exposure

*******

11
Sanchez-Piedra 
C, 2021 (32)

Spain Ecological Mortality PM2.5 RR Increase 1.016 1.007 1.026
Long-term 
exposure

*******

11
Sanchez-Piedra 
C, 2021 (32)

Mortality NO2 RR Increase 1.066 1.058 1.075
Long-term 
exposure

*******

12
Tian F, 2021 
(33)

China
Retrospective 
cohort

Mortality PM2.5 HR Increase 1.11 1.09 1.13
Short-term 
exposure

******

12
Tian F, 2021 
(33)

Mortality PM10 HR Increase 1.1 1.08 1.13
Short-term 
exposure

******

12
Tian F, 2021 
(33)

Mortality NO2 HR Increase 1.27 1.19 1.35
Short-term 
exposure

******

12
Tian F, 2021 
(33)

Mortality O3 HR Increase 1.09 1.03 1.14
Short-term 
exposure

******

12
Tian F, 2021 
(33)

Mortality SO2 HR Increase 1.1 0.95 1.27
Short-term 
exposure

******
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data from 10 studies. The analysis identified a statistically 
significant link between PM10 exposure and COVID-19 

mortality, with a relative risk of 1.02 (95% confidence 
interval: 1.01 to 1.04) and considerable heterogeneity 

Fig. 2. Meta-analysis of Long-term and Short-term Exposure to NO2 and Mortality of COVID-19

Fig. 3. Meta-analysis of Long-term and Short-term Exposure to PM2.5 and Mortality of COVID-19
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(I² = 92.40, P < 0.001).
Fig. 5 displays the outcomes of our meta-analysis, 

which explored the correlation between both long-term 
and short-term exposure to ozone (O3) and COVID-19 
mortality, based on data from 10 studies. The analysis 
identified a statistically significant link between PM10 
exposure and COVID-19 mortality, with a relative risk 
of 1.09 (95% confidence interval: 1.04 to 1.14). The 
heterogeneity measure (I²) was 0.0, with a P value of 
0.870, indicating no significant variability among the 
studies included.

3.4. Publication Bias and Quality Assessment
The results of both Begg’s test (P = 0.53) and Egger’s test 
(P = 0.69) did not indicate significant publication bias 
for the association between long-term and short-term 
exposure to PM2.5 and COVID-19 mortality, as shown 
in Fig. 6. Similarly, Begg’s test (P = 0.62) and Egger’s test 
(P = 0.21) did not reveal significant publication bias for the 
relationship between long-term and short-term exposure 
to PM10 and COVID-19 mortality, as illustrated in Fig. 6. 
For ozone (O3) exposure, Begg’s test (P = 0.32) and Egger’s 
test (P = 0.15) indicated no significant publication bias 
in the context of long-term and short-term exposure 
and COVID-19 mortality, as depicted in Fig. 6. Lastly, 
the results of Begg’s test (P = 0.26) and Egger’s test 
(P = 0.65) did not show significant publication bias for the 
association between long-term and short-term exposure 
to NO2 and COVID-19 mortality, as illustrated in Fig. 6. 
Three of the studies had a low quality and 9 studies had 
high quality (Table 1).

This comprehensive meta-analysis demonstrated a 

significant relationship between both short and long-
term exposure to major air pollutants, including nitrogen 
dioxide (NO2), fine particulate matter (PM2.5), and coarse 
particulate matter (PM10), and an increased risk of mortality 
among COVID-19 patients. Of the pollutants examined, 
PM2.5 exhibited the most pronounced association with 
elevated relative risk of COVID-19 mortality. Specifically, 
the small diameter of PM2.5 enables deposition deeper 
into the tracheobronchial and alveolar regions of the 
respiratory tract, which leads to heightened oxidative 
stress and inflammation in the small airways and alveoli 
(34). Furthermore, the substantial surface area of PM2.5 
relative to its mass significantly enhances its capacity to 
adsorb and transport toxic organic compounds, metals, 
nitrates, and sulfates into lung tissue (35). Meanwhile, 
PM10 particles predominantly deposit in the extrathoracic 
and upper tracheobronchial regions, with lower fractional 
deposition deeper in the lungs, limiting long-term impacts 
on pulmonary health (36). The inflammatory effects in 
the upper airways contribute to the observed increase in 
admissions for respiratory infections such as pneumonia. 
However, PM10 demonstrates weaker associations with 
mortality and chronic lower respiratory diseases relative 
to the pronounced impacts of PM2.5 exposures over 
months to years (37). The findings of the study by Sarvi 
et al, which was conducted to predict the number of PM2.5 
exceedance days in Tehran, Iran, from October 2010 
to December 2015, showed that PM2.5 as an important 
indicator of air pollution can lead to lung and respiratory 
problems in people (38). In addition to particle size, the 
chemical composition of particulate matter importantly 
determines pathophysiological responses. For instance, 

Fig. 4. Meta-analysis of Long-term and Short-term Exposure to PM10 and Mortality of COVID-19
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Fig. 5. Meta-analysis of Long-term and Short-term Exposure to O3 and Mortality of COVID-19

Fig. 6. Funnel Plot of Included Studies Assessing Long-term and Short-term Exposure to Air Pollution and Mortality of COVID-19
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particulate matter rich in metals can damage proteins 
and lipid membranes in the lung lining through oxidative 
stress pathways (39). Nitrate-rich particles also heighten 
oxidant capacity while sulfate-laden particles promote 
rapid shifts in pH within lung cells. Across urban areas 
globally, combustion byproducts constitute a substantial 
fraction of fine and ultrafine particulate matter, 
enhancing harm (40). Meanwhile, as a strong oxidant, 
NO2 can directly damage lung tissue through oxidative 
stress mechanisms, underlying the observed mortality 
risks associated with short- and long-term exposure. 
Specifically, increased free radical generation elicited by 
NO2 leads to lipid peroxidation and cleavage of DNA 
and proteins critical for normal tissue homeostasis and 
cellular metabolism (41). 

The mechanisms responsible for the synergistic effects 
of air pollutants and COVID-19 on mortality encompass 
both direct and indirect pathways. Irritant particles and 
gases cause injury and inflammation which impairs 
innate immune defenses in the respiratory tract (42). 
This allows greater viral propagation and increased 
risk of secondary bacterial infections, major sources of 
morbidity. Particulates and oxidant gases also attack 
and degrade surfactant lipids and proteins essential for 
stabilizing alveoli, which are the primary sites of severe 
COVID-19 infection. This surfactant dysfunction reduces 
lung compliance and gas exchange and heightens damage 
from inflammatory cell activation (43). Furthermore, 
pollutants upregulate ACE-2 receptors, which SARS-
CoV-2 utilizes to gain entry into lung cells and vascular 
endothelium (44). While research elucidating the influence 
of specific air contaminants on ACE-2 expression is still 
emerging, existing evidence in both human and animal 
models indicates that particulate matter, its constituents, 
and gaseous pollutants modulate ACE-2 levels through 
activation of oxidative stress-responsive transcription 
factors (45). Hence, communities chronically exposed to 
appreciable air pollution likely harbor increased ACE-2 
levels, thereby setting the stage for more severe COVID-19 
infection (46). 

At the population level, areas with high air contamination 
typically shoulder greater respiratory disease burdens, 
including higher rates of asthma, chronic obstructive 
pulmonary disease (COPD), pulmonary fibrosis, and lung 
cancer (47). By exacerbating these pre-existing conditions 
through repeated exposure to irritants, air pollutants 
render residents more susceptible to critical COVID-19 
progression marked by hospitalization, ventilator support 
requirements, admission to intensive care units, and 
mortality (48). Those suffering from chronic respiratory 
diseases often present long-term architectural distortion 
or destruction of the lung coupled with impeded 
clearance. On this vulnerable substrate, the additive 
insults of SARS-CoV-2 infection frequently result in life-
threatening ARDS as well as secondary lung injuries like 
pneumothorax (49). Indeed, extensive literature predating 
the COVID-19 pandemic clearly demonstrates major links 

between exposure to all the key air pollutants, particulate 
matter (PM2.5, PM10), NO2, and ozone, and increased 
incidence as well as exacerbation of chronic lower 
respiratory diseases (50). Long-term exposure to PM2.5 
and NO2 strongly correlates with COPD incidence, while 
even short-term elevations in particulate matter pollution 
increase hospital admissions for diverse respiratory 
illnesses (51). This includes increased emergency room 
visits and hospitalizations for pneumonia, asthma attacks, 
and COPD exacerbations requiring steroids or oxygen 
therapy, and worsened pulmonary function among the 
elderly (52). The associations between particulate matter 
pollution and detrimental pediatric respiratory health 
effects have also been clearly established through natural 
experiments and longitudinal cohort studies. Beyond 
pulmonary conditions, cardiovascular endpoints like 
ischemic heart disease demonstrate similar associations 
with long-term exposure to PM2.5 in particular. The 
collective evidence underscores the negative impact of air 
pollution across populations (53).

Hence, individuals with chronic lung diseases often 
endure accelerated declines in pulmonary function and 
diminished immunity, which can increase the risk of 
severe COVID-19 and mortality when the air quality 
is poor (54). Through meta-analysis, Li et al reported 
that COPD patients are five times more likely to have 
severe COVID-19 infection relative to those without 
the condition. The risk is three times higher in patients 
with asthma (55). Even mild-to-moderate COPD, the 
most common form, has been linked with doubled 
mortality odds. Though further research is still needed, 
initial reports also indicate increased COVID-19 case 
fatality among US counties with elevated particulate 
matter pollution, even after adjusting for differences in 
socioeconomic status and access to healthcare resources 
between regions (56). Demographic and geographic 
factors may account for some of the variability in relative 
risk estimates across the studies analyzed in the meta-
analysis. Older males with pre-existing cardiorespiratory 
conditions are at higher baseline risk for adverse 
COVID-19 outcomes independent of air pollution; hence, 
they may be disproportionately vulnerable to synergistic 
effects with pollutants (57). Regional differences in the 
composition and concentration of the pollutants also 
modulate health impacts as described earlier. However, 
the consistency in overall core findings from this meta-
analysis emphasizes that air pollution exposure remains a 
significant predictor of worsened COVID-19 severity and 
mortality, even after adjustment for critical confounding 
variables like age and comorbidities across cohorts (58). 
The implications of this meta-analysis are multi-fold. First, 
it highlights the need for continued research elucidating 
the interplay between specific pollutant sources and 
mixtures present in particular locations, weather patterns 
dispersing/concentrating ambient contamination, and 
genetic factors affecting individual susceptibilities, all 
of which govern real-world exposures and COVID-19 
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risks. This can guide targeted risk communication and 
preventative interventions for those facing the highest 
level of threat. Second, these findings underscore the 
urgent necessity of implementing air pollution control 
policies and environmental public health measures 
worldwide to mitigate the synergetic effects of pollution 
and respiratory diseases. As countries continue reopening 
their economies, pollution levels return to traditional 
norms after transient declines during peak COVID-19 
lockdowns in 2020. However, model estimates indicate 
that just a small sustained reduction in fossil fuel-derived 
PM2.5 in urban regions would appreciably decrease future 
COVID-19 death toll in addition to lowering background 
morbidity and mortality from non-communicable 
diseases. 

Strategies such as transitioning energy production 
towards renewable and low-emission sources, 
enhancing industrial and vehicular emission standards, 
promoting alternative green transportation through 
improved infrastructure for walking, cycling, and public 
transit, increasing low-emission zones, implementing 
car restriction policies in polluted city centers, and 
augmenting urban greenspaces can effectively mitigate 
exposures and protect vulnerable populations from the 
synergistic effects of pollution and respiratory infections. 
For developing nations that still lack extensive air 
monitoring systems, rapidly deployable low-cost sensor 
networks hold promise for gathering local data to guide 
interventions. Critically, international awareness of the 
interconnected threats of air pollution and pandemic 
respiratory diseases must inform the development of 
integrated health, energy, and climate policies targeting 
sustainable development and pollution reduction. The 
environmental determinants of communicable and non-
communicable diseases worldwide are inexorably linked. 
Therefore, promoting climate change mitigation through 
decarbonization offers vital co-benefits for immediate 
public health alongside long-term ecological stability. The 
devastating impacts of the COVID-19 pandemic and the 
specter of future viral threats compel reconsideration of 
humanity’s relationship with nature.

4. Conclusion
This systematic review and meta-analysis provides 
compelling evidence for a significant association between 
exposure to air pollutants, specifically NO2, PM2.5, and 
PM10, and COVID-19 mortality. The findings indicate 
that both long-term and short-term exposure to these 
pollutants increase the risk of death from COVID-19, 
with the strongest association observed for PM2.5. 
Furthermore, the study highlights that without the 
implementation of appropriate policies, the adverse 
effects of air pollution, a global challenge, could exacerbate 
health problems. Therefore, it is crucial to design and 
implement strategies to manage and mitigate the risks 
associated with air pollution across various dimensions. 
Adopting integrated approaches is essential, as climate 

change contributes to the deterioration of numerous 
natural and human systems.
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