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Abstract: The potential influence of environmental factors, particularly air pollutants such as ozone
(O3), on the dynamics and progression of COVID-19 remains a significant concern. This study aimed
to systematically review and analyze the current body of literature to assess the impact of short-term
ozone exposure on COVID-19 transmission dynamics and disease evolution. A rigorous systematic
review was conducted in March 2023, covering studies from January 2020 to January 2023 found
in PubMed, Web of Science, and Scopus. We followed the PRISMA guidelines and PROSPERO
criteria, focusing exclusively on the effects of short-term ozone exposure on COVID-19. The literature
search was restricted to English-language journal articles, with the inclusion and exclusion criteria
strictly adhered to. Out of 4674 identified studies, 18 fulfilled the inclusion criteria, conducted across
eight countries. The findings showed a varied association between short-term ozone exposure and
COVID-19 incidence, severity, and mortality. Some studies reported a higher association between
ozone exposure and incidence in institutional settings (OR: 1.06, 95% CI: 1.00-1.13) compared to
the general population (OR: 1.00, 95% CI: 0.98-1.03). The present research identified a positive
association between ozone exposure and both total and active COVID-19 cases as well as related
deaths (coefficient for cases: 0.214; for recoveries: 0.216; for active cases: 0.467; for deaths: 0.215).
Other studies also found positive associations between ozone levels and COVID-19 cases and deaths,
while fewer reports identified a negative association between ozone exposure and COVID-19 inci-
dence (coefficient: —0.187) and mortality (coefficient: —0.215). Conversely, some studies found no
significant association between ozone exposure and COVID-19, suggesting a complex and potentially
region-specific relationship. The relationship between short-term ozone exposure and COVID-19
dynamics is complex and multifaceted, indicating both positive and negative associations. These
variations are possibly due to demographic and regional factors. Further research is necessary to

Healthcare 2023, 11, 2670. https:/ /doi.org/10.3390 /healthcare11192670

https://www.mdpi.com/journal /healthcare


https://doi.org/10.3390/healthcare11192670
https://doi.org/10.3390/healthcare11192670
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/healthcare
https://www.mdpi.com
https://orcid.org/0000-0003-1572-1196
https://orcid.org/0000-0003-2375-2793
https://doi.org/10.3390/healthcare11192670
https://www.mdpi.com/journal/healthcare
https://www.mdpi.com/article/10.3390/healthcare11192670?type=check_update&version=2

Healthcare 2023, 11, 2670

20f16

bridge current knowledge gaps, especially considering the potential influence of short-term O3 expo-
sure on COVID-19 outcomes and the broader implications on public health policy and preventive
strategies during pandemics.

Keywords: COVID-19; SARS-CoV-2; environmental health; ozone

1. Introduction

Since the emergence of SARS-CoV-2 and its associated disease, COVID-19, in late
2019, the global scientific community worked tirelessly to understand its transmission
dynamics, pathogenesis, and various environmental factors that influence its spread [1-3].
As a pandemic that brought the world to a standstill, COVID-19 has highlighted the crucial
role of environmental health in disease progression by exacerbating or ameliorating the
impacts of the virus on susceptible populations [4,5]. Initially, it was hypothesized that
increased levels of pollutants such as fine particulate matter (PM;5), nitrogen dioxide
(NO»), and ozone (O3) could heighten susceptibility to respiratory infections, including
COVID-19, and exacerbate disease outcomes [6]. These pollutants are known to cause
inflammation and damage to the respiratory tract, potentially amplifying vulnerability to
the virus [7]. However, other hypotheses present a more nuanced view, suggesting that
elevated environmental O3 might play a protective role in reducing respiratory infections
and mortality. This dual perspective on the role of O3 warrants a detailed exploration,
which is what this review seeks to accomplish.

An important environmental factor that has received significant attention in the con-
text of respiratory diseases is ambient air pollution, specifically ozone [8]. Ozone is a
potent oxidant, and elevated concentrations in the troposphere have been associated with
various health problems, including acute and chronic respiratory diseases [9]. Epidemi-
ological studies have demonstrated a significant association between O3 exposure and
increased morbidity and mortality, particularly in patients with pre-existing respiratory
and cardiovascular diseases [10].

Given the respiratory nature of COVID-19, it is plausible to assume a potential link
between ozone exposure and the severity or progression of this viral disease [11]. Envi-
ronmental ozone could affect host resistance, thus impacting susceptibility to SARS-CoV-2
infection and the subsequent course of the disease [12]. Moreover, the relationship between
O3 and COVID-19 may be influenced by a variety of factors such as climatic conditions,
population density, social behaviors, health infrastructure, and an individual’s health
status [13]. Understanding the complex interplay between these factors and COVID-19
infection rates is essential to develop comprehensive strategies for disease prevention
and control.

Existing literature presents inconsistent findings concerning the relationship between
environmental pollution and COVID-19 outcomes [14,15]. Some studies suggest a pos-
itive correlation between ozone exposure and other air pollutants and COVID-19 case
rates, whereas others have reported a negative correlation or no correlation [16,17]. The
inconsistencies among these studies might be attributed to differences in methodology,
the pollutants studied, demographic factors, local weather and environmental conditions,
public health measures, population behavior, and the stage of the pandemic in which the
studies were conducted [18-21]. Thus, these inconsistencies underline the importance of a
systematic review to collate and critically evaluate existing evidence on this topic.

This study’s hypothesis is that short-term ozone exposure influences the dynamics
and evolution of COVID-19. The potential role of ambient O3 levels in influencing the sus-
ceptibility and outcomes of viral respiratory infections is gradually coming to the forefront.
It is assumed that elevated concentrations of ozone in the atmosphere could enhance the
vulnerability to SARS-CoV-2 infection, possibly by compromising the respiratory immune
response, thus exacerbating the clinical outcomes of infected individuals. Conversely,
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environments characterized by lower O3 concentrations may potentially mitigate the sever-
ity and transmission dynamics of the disease, possibly through lessened oxidative stress
and irritation in the respiratory tract. However, the exact mechanisms remain the subject
of ongoing research. In this systematic review, we aim to explore the existing scientific
literature to provide a more comprehensive understanding of these potential relationships
and their implications for public health strategies.

Therefore, the current study aims to systematically review and analyze existing lit-
erature concerning the effects of short-term ozone exposure, typically characterized as
exposure periods ranging from a few hours to several days, on COVID-19 transmission
dynamics and evolution. Additionally, it aims to identify gaps in the current knowledge
and provide recommendations for future research directions. Such a comprehensive review
is necessary to improve our understanding of COVID-19 in the context of air pollution,
with potential implications for public health strategies, policy-making, and preventive
measures during current or future pandemics.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted in March 2023 through an extensive search
of three electronic databases: PubMed, Web of Science, and Scopus. We included litera-
ture published from January 2020, the inception of COVID-19, until January 2023. The
search strategy used medical subject headings (MeSH) keywords such as “COVID-19”,
“SARS-CoV-2”, “Ozone”, “Air Pollution”, “Environmental Factors”, “Disease Dynamics”,
“Epidemiology”, “Respiratory Disease”, “Disease Evolution”, and “O3 Exposure”. The
strategy included the following string: “COVID-19” and “Ozone” OR “Air Pollution” OR
“Environmental Factors” OR “Disease Dynamics” OR “Epidemiology” OR “Respiratory
Disease” OR “Disease Evolution” OR “O3 Exposure”.

This review strictly adhered to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [22] and the International Prospective Register of
Systematic Reviews (PROSPERO) criteria [23]. We employed a structured and systematic
search strategy to identify relevant scientific papers investigating the impact of short-term
ozone exposure on the dynamics and evolution of COVID-19. This systematic review was
registered on the Open Science Framework (OSF) platform [24].

The central research question aimed to determine the effects of short-term ozone
exposure on the dynamics and evolution of COVID-19. As part of our exploration, we
sought to answer several sub-questions, including the association between short-term ozone
exposure and COVID-19 susceptibility, disease severity, and mortality, and the potential for
environmental O3 levels to modulate the course of the disease and its outcomes.

2.2. Eligibility Criteria

The literature search was limited to English-language journal articles. The selection
process started with the removal of duplicate entries, followed by a comprehensive evalua-
tion of each abstract performed by two independent researchers to assess their relevance
to the research questions. The bibliographies of full-text publications were examined for
additional potentially relevant studies; a practice known as cross-referencing. Afterward, a
meticulous review of the full text was carried out for the remaining articles to ensure that
they met the inclusion criteria.

The inclusion criteria for this systematic review were: (1) studies addressing the impact
of short-term ozone exposure on the dynamics and evolution of COVID-19; (2) clinical
outcome measures including, but not limited to, COVID-19 infection rates, severity of
symptoms, mortality rates, and disease progression; and (3) detailed description of the
methods used to measure and classify short-term ozone exposure. Conversely, the exclu-
sion criteria were: (1) studies not addressing the effects of short-term ozone exposure on
COVID-19 dynamics and evolution; (2) studies lacking relevant data on clinical outcomes;
(3) articles in which the methods for measuring short-term ozone exposure were not explic-
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itly described; and (4) in vitro studies, case reports, proceedings, reviews, commentaries,
and letters to the editor.

2.3. Data Collection Process

The initial search yielded a total of 4674 studies, from which duplicates were identified
and removed. After excluding irrelevant papers based on their abstracts, two authors metic-
ulously examined the remaining full-text articles for relevance. A third author performed
a triple check to ensure thoroughness and accuracy. Ultimately, 18 articles were deemed
eligible for inclusion in the systematic review.

We used the Quality Assessment Tool for Observational Cohort and Cross-Sectional
Studies to evaluate the included articles. Each question within the tool received a score of
1 for “Yes” responses and 0 for “No” and “Other” responses. This scoring system was used
to determine the final quality score for each study. Studies with scores from 0 to 4 were
labeled as poor quality, those scoring between 5 and 9 were labeled as fair quality, and
those with a score of 10 or above were deemed high quality. To minimize bias and enhance
reliability, two researchers independently assessed the quality of the selected articles.

2.4. Risk of Bias

Publication bias was assessed by creating a funnel plot (Figure 1), where the standard
error of the log odds ratio was plotted against its corresponding log odds ratio. The
symmetry of the plot was visually examined and further assessed using Egger’s regression
test, with a p-value < 0.05 indicating significant publication bias. A sensitivity analysis was
also performed by removing one study at a time and recalculating the pooled odds ratios.
This process aimed to evaluate the robustness of the results and examine the impact of
individual studies on the overall effect size.

Funnel Plot for Publication Bias Detection
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Figure 1. Funnel plot for publication bias.
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3. Results
3.1. Study Characteristics

This systematic review included 18 studies [25-42] that investigated the influence
of environmental factors, specifically short-term ozone exposure, on the dynamics and
evolution of COVID-19, as presented in Figure 2. These studies were conducted across eight
countries—Canada, Germany, Italy, Mexico, Spain, the UK, the USA, and Turkey—indicating
a widespread international concern and interest in this line of research. All the studies were
conducted within the context of the COVID-19 pandemic, emphasizing the importance and
urgency of understanding the relationship between ozone exposure and the progression of
the virus.

)
Records excluded before
c Records identified from screening based on title and
=] ; . abstract:
= electronic databases: -
] PubMed (n = 1974) - Title not relevant to the
g Scopus (n = 1038) research question (n = 3619)
5 Web of Science (n = 1662) - Reviews, Meta-analysis,
o TOTAL (n = 4674) editorials, opinion letters, short
communications (n = 326)
TOTAL (n = 3945)
)
Records screened Duplicate records excluded:
(n=729) > (n=410)
o
=
=
@
o
‘3 v
o Reports excluded through full
Records assefsed for eligibility text read:
(n=319) - No available data (n = 72)
- Not matching inclusion criteria
(n=239)
TOTAL (n = 311)
—
v
Studies included in the review
(n=18)

Figure 2. PRISMA flow diagram.

The countries involved in the research span different continents, demonstrating a
global response towards understanding the influences of the environment on COVID-19.
In Europe, the studies were conducted in Germany [26,27], Italy [28-30], Spain [32], the
UK [33], Poland [42], and Turkey [41]. In North America, the studies were conducted
in Canada [25], Mexico [31], and across several states in the USA [34-40]. This broad
geographical spread illustrates the universal relevance of this research area.

Regarding the study designs, the majority of the studies employed a retrospective
observational design [26-29,31,33,35,36,41,42], four studies employed a time series anal-
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ysis [25,30,32,34,38], one study used a longitudinal analysis [39], and one study used a
case-crossover analysis [40]. This diversity of study designs provided a comprehensive
exploration of the research question.

An evaluation of study quality revealed that the studies were predominantly character-
ized as ‘Good’ [26,28,29,32-34,37-39], with a few studies rated as ‘Excellent’ [25,27,36,40,41]
and ‘Fair’ [30,31,42]. The excellent-quality studies were led by researchers like To et al. [25]
and Kim et al. [40], displaying robust design and rigorous statistical analysis. The good-
quality studies provided consistent and reliable findings, while the ‘Fair” studies, despite
some limitations, contributed to the overall understanding of the research question. This
distribution of ‘Excellent’, ‘Good’, and ‘Fair’ studies ensures a comprehensive and var-
ied investigation into the impact of short-term ozone exposure on COVID-19 dynamics
(Table 1).

Table 1. Study characteristics.

Study and Author Country Study Design Study Quality
1[25] To et al. Canada Time series analysis Excellent
2 [26] Bilal et al. Germany Retrospective observational Good
3 [27] Isphording et al. Germany Retrospective observational Excellent
4 [28] Dragone et al. Italy Retrospective observational Good

5 [29] Stufano et al. Italy Retrospective observational Good
6 [30] Zoran et al. Ttaly Time series analysis Fair

7 [31] Kutralam-Muniasamy et al. Mexico Retrospective observational Fair

8 [32] Linares et al. Spain Time series analysis Good

9 [33] Meo et al. UK Retrospective observational Good
10 [34] Meo et al. USA Time series analysis Good
11 [35] Persico et al. USA Retrospective observational Good
12 [36] Guijral et al. USA Retrospective observational Excellent
13 [37] Adhikari et al. USA Time series analysis Good
14 [38] Rui et al. USA Time series analysis Good
15 [39] Karimi et al. USA Longitudinal analysis Good
16 [40] Kim et al. USA Case-crossover analysis Excellent
17 [41] Akan et al. Turkey Retrospective observational Excellent
18 [42] Wisniewski et al. Poland Retrospective observational Fair

3.2. Study Design and Outcomes

This systematic review also assessed the study designs and outcomes, as shown in
Table 2. In all 18 studies, the common outcome was the daily incidence of COVID-19
cases, providing a consistent measure to assess the influence of ozone exposure and other
pollutants. Several studies further expanded their scope to include outcomes such as daily
deaths [27,30,31,33,34,37,41], total cases [26], total deaths [26], daily prevalence rates [28],
and rates of emergency admission [32]. These additional outcomes provided a broader
picture of the impacts of environmental factors on COVID-19.

In addition to ozone, many studies examined the impacts of other pollutants
such as particulate matter (PM,5 and PM;g) [26,28,29,31-34,36,41], nitrogen dioxide
(NO»y) [26,28,30-32,41], carbon monoxide (CO) [28,33,34], sulfur dioxide (SO,) [28,29,31,41],
and ammonia (NHj) [28]. These additional pollutants allowed for a comprehensive evalua-
tion of the potential synergistic effects between ozone and other common air pollutants.

Various statistical models were used across the studies, highlighting the diverse and
robust approaches applied in the analysis of the data. These ranged from generalized linear
models using restricted maximum likelihood [25,32], Spearman correlation [26,33,34,41,42],
instrumental variable for air pollution using region-specific daily variation in wind di-
rection [27], Pearson correlation [28,30], univariable mixed model with a logarithm trans-
formation [29], Poisson regression analysis [33,34], difference in differences with fixed
effects [35], generalized additive models (GAMs) and machine learning ensemble-based
dynamic emission models (EDEMs) [36], negative binomial regression models and hurdle
regression [37], spatio—temporal multivariate time series models [38], linear regression
modeling with covariates [39], and case-crossover analysis [40].
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Table 2. Study design and outcomes.

Study and Author

Other Pollutants

Study Outcome

Statistical Model

1[25] To et al.

NR

Daily incidence of cases;
reproductive number

Generalized linear models using
restricted maximum likelihood.

2 [26] Bilal et al.

PM;5; PMyp; NO;

Total cases; total deaths; prevalence of
cases; number of recovered patients

Spearman correlation; wavelet
transform coherence approach.

3 [27] Isphording et al.

PM]O

Daily incidence of cases; daily deaths

Instrumental variable for air pollution
using region-specific daily variation
in wind direction.

4 [28] Dragone et al.

PMjy5; PMyp; NO; NOo;
CO; SO,; NH3

Daily incidence of cases; daily
prevalence rate; growth factor

Pearson correlation; time series
analysis for each province separately

5 [29] Stufano et al.

PMj;5; PMyg, SO2; NO;

Daily incidence of cases

Univariable mixed model with a
logarithm transformation.

6 [30] Zoran et al.

NO;

Daily incidence of cases; total number
of cases; daily deaths

Pearson correlation

7 [31] Kutralam-Muniasamy et al.

PMj;5; PMyg; SOz; NOy;
cO

Daily incidence of cases; daily deaths

Correlation analysis (not specified)

8 [32] Linares et al.

PMjyg; NO,; Saharan dust

Daily incidence of cases; rate of
emergency admission

Generalized linear models with
Poisson link.

Spearman correlation; Poisson

9 [33] Meo et al. PM;5; CO Daily incidence of cases; daily deaths . .
regression analysis.
Spearman correlation; Poisson
10 [34] Meo et al. PM;5; CO Daily incidence of cases; daily deaths Regression Analysis; Binary
Logistic Regression.
. Daily and weekly incidence of cases; Difference in differences with
11 [35] Persico et al. PM; 5 daily deaths fixed effects.
Generalized additive models and
12 [36] Gujral et al. PM;5; PMyg Daily incidence machine learning ensemble-based
dynamic emission model.
13 [37] Adhikari et al. PM;5 Daily incidence of cases; daily deaths Negative binomial regression model
and hurdle regression.
14 [38] Rui et al. NR Daily incidence of cases Spatio-temp qral multivariate time
series models
15 [39] Karimi et al. PMys Daily deaths linear regression modeling
with covariates
16 [40] Kim et al. PM;5 Daily deaths Case-crossover analysis
17 [41] Akan et al. PMyp; NOy; PMy5; SO, Daily incidence of cases; daily deaths Spearman correlation
18 [42] Wisniewski et al. NR Daily incidence of cases Spearman correlation

NR—not reported; PM—particulate matter; CO—carbon monoxide; NO,—mnitric oxide; SO,—sulfur dioxide.

3.3. Study Results

As described in Table 3, To et al. [25] suggested that while ozone had a limited associa-

tion with the incidence of COVID-19 in the general population, it was more significantly
related to the incidence in institutional settings such as long-term care homes and hospitals.
Conversely, Bilal et al. [26] identified a positive association between ozone exposure and
both total and active COVID-19 cases as well as related deaths.

Isphording et al. [27] found no statistically significant correlation between acute ozone
exposure and COVID-19 cases or deaths, but they reported a positive effect of PM10 on
cases and deaths in individuals over 60 years old. Dragone et al. [28] found no significant
correlation between ozone and COVID-19 based on a spatial analysis, but they reported
strong correlations with other pollutants like PMj 5, PMjy, NH3, and CO. In contrast,
Stufano et al. [29] reported no evident relationship between ozone and COVID-19 cases,
noting inconsistencies depending on the specific lag period considered.

Zoran et al. [30] found a positive and statistically significant association between ozone
and total COVID-19 cases, incidence, and total deaths. Similarly, Kutralam-Muniasamy
et al. [31] found a positive association between ozone and COVID-19 cases and deaths.
However, Linares et al. [32] and Meo et al. [33,34] demonstrated more nuanced results,
suggesting regional variations in the impact of ozone and noting demographic factors that
might influence the severity of COVID-19 cases.
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Table 3. Study results.

Study and Author

Results

Interpretation

1[25] To et al.

O3 risk for hospitalized patients
(OR: 1.06 *, 95% CI: 1.00-1.13)
Oj risk for the general population
(OR: 1.00, 95% CI: 0.98-1.03)

Ozone is not significantly associated with incidence
nor reproductive number, but it is positively
associated with incidence in institutional settings
like long-term care homes, hospitals, and jails.

A one-unit increase in average weekly ozone is close
to being significant for institutional outbreaks but
not for the general population.

2 [26] Bilal et al.

O3 coefficient for cases: 0.214 *
O3 coefficient for recoveries: 0.216 *
O3 coefficient for active cases: 0.467 *
O3 coefficient for deaths: 0.215 *

PM;( and Oj are positively associated with total and
active cases. The results for PM, 5, NO,, and cases
are mixed depending on whether the outcome is
based on active or total cases. O3 and NO, are
significantly positively associated with COVID-19
deaths. PM; 5 is negatively associated with deaths.
There is no significant association between PM;g
and deaths.

3 [27] Isphording et al.

O3—no significance

PMjg 1 ug/ m?3 increase: RR = 1.00042 *

There are significant positive effects of acute
exposure to PMy on COVID-19 cases for all
individuals and for deaths in those over 60 years old.
Similar results were observed for ozone, but the
effects were quantitatively non-significant. Among

male patients aged 60-79 years, a one pg/m
increase in PMj two to four days after the onset of
illness is associated with 0.042 additional deaths per
100,000 individuals. A one-SD increase in air
pollution corresponds to an approximately
24 percent of a standard deviation increase in the
fatality rate within this demographic.

4 [28] Dragone et al.

PMyg > 50 ug/m?3
PM, 5 > 50 ug/m3
75%< RH < 85%
4°C<AT<8°C
—0.5<NAA <05

Based on a spatial analysis, the results indicate that
PM,; 5, PMyo, NH3, and CO are strongly correlated
with COVID-19. On the other hand, NO and NO,

show weak correlations, while O3 and SO, show
almost no correlation. However, it is important to
note that none of these results reached statistical
significance based on the z score values presented in
the table.

5 [29] Stufano et al.

NR

In general, there is no evident relationship observed
between pollutants and COVID-19 cases. The
relationship between the two variables is
inconsistent, with both positive and negative
associations observed depending on the specific lag
period considered.

6 [30] Zoran et al.

O3 coefficient for cases: 0.640 *
O3 coefficient for deaths: 0.690 *

NO; is negatively and statistically significantly
associated with total cases, incidence, and total
deaths. On the other hand, O3 is positively and
statistically significantly associated with total cases,
incidence, and total deaths.

7 [31] Kutralam-Muniasamy
et al.

PM; coefficient for deaths:
—0.380 *
CO coefficient for deaths: 0.860 *
O3 coefficient for deaths: 0.490 *

PM; 5, NOy, and SO, did not exhibit significant
associations with cases or deaths. However, PMy,
displayed a negative association with both cases and
deaths. On the other hand, CO and O3 showed
positive associations with cases and deaths. These
findings suggest that higher levels of CO and O3
were linked to increased cases and deaths related to
COVID-19. The associations observed for PM;,, CO,
and O3 were statistically significant.
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Table 3. Cont.

Study and Author Results Interpretation

In all eight regions analyzed, NO, showed a positive
association with COVID-19 cases in terms of
incidence rates. Additionally, in six out of the eight
regions, NO, displayed a positive association with
hospitalizations. Similarly, PM;g exhibited a positive
O3 incidence risk association with cases in six regions and
(RR: 1.007 *, 95% CI: 1.004-1.009) hospitalizations in three regions. Furthermore, O3
demonstrated a positive association with cases in
four regions and hospitalizations in three regions.
These findings indicate that air pollutants, especially
NO,, are closely linked to both the incidence and
severity of COVID-19.

8 [32] Linares et al.

A 1 um increase in PM; 5 was found to be

significantly associated with a 1.1% increase in cases

and a 2.3% increase in deaths. Similarly, a 1-unit

O3 incidence risk (RR: 1.008 *) increase in the CO level is significantly associated
O3 death risk (RR: 1.044 *) with a 21.3% increase in cases and a 21.8% increase

in deaths. Furthermore, a 1-unit rise in O3 is
significantly associated with a 0.8% increase in cases
and a 4.4% increase in deaths.

9 [33] Meo et al.

The analysis revealed positive associations between
PM, 5 and CO with both COVID-19 cases and deaths.
Additionally, O3 was found to have a positive
association with cases, but the association with
deaths was not statistically significant. Moreover,
the results of a Poisson regression indicated that a
1 pm increase in PMj 5 resulting from wildfires led
to a 0.4% increase in the number of deaths.

O3 incidence risk (RR: 1.025 *)
10 [34] Meo et al. O3 coefficient for cases: 0.158 *
O3 coefficient for deaths: 0.034

Both PM; 5 and O3 show positive associations with
both cases of and deaths due to COVID-19.
Specifically, an 11.8 percent increase in PMj 5,
corresponding to an increase of 0.778 mg/ m3, is
associated with a 53 percent increase in cases.
Similarly, a 5 percent increase in ozone is associated
with a 10 percent increase in deaths due to
COVID-19. These findings highlight the potential
impact of air pollution, particularly PM, 5 and Os,
on the incidence and severity of COVID-19 cases.

11 [35] Persico et al. NR

An increase of one unit in PM; 5, PMy, and Oj is
correlated with a decrease of 4.51%, a decrease of
1.62%, and an increase of 4.66% in daily COVID-19
cases, respectively. These findings indicate that
higher levels of PM; 5 are associated with a decrease
in COVID-19 cases, while higher levels of O3 are
linked to an increase in cases. The effects of PMy on
cases is relatively smaller, with a slight
decrease observed.

O3 incidence risk

12 [36] Gujral et al. (OR: 4.66, 95% CT: 0.85-8.47)

A one-unit increase in the moving average of PM, 5

was associated with a 33.11% decrease in daily
COVID-19 incidence. On the other hand, a one-unit

O3 incidence risk increase in the moving average of ozone was
(OR: 10.51 *,95% CI: 7.47-13.63) associated with a 10.51% increase in incidence.
Regarding COVID-19 deaths, there was no
significant association found with either PMj 5 or
ozone (O3) based on the analysis.

13 [37] Adhikari et al.
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Table 3. Cont.

Study and Author

Results Interpretation

14 [38] Rui et al.

The density of total atmospheric ozone is negatively

R . . ..
N associated with the incidence of cases.

15 [39] Karimi et al.

The analysis did not find a significant association
between PM, 5 and COVID-19-related deaths.
O3 death risk (OR: 2.0, 95% CI: 0.10-3.60)  However, a one ppb increase in the average ozone
concentration was associated with a 2.0% decrease in
COVID-19-related deaths.

16 [40] Kim et al.

A high percentage of the population (98.9%) had
ozone (O3) levels below the maximum 8 h national
ambient air quality standard (NAAQS) of
35.7ug/ m3 or 70 parts per billion. An IQR increase
O3 death risk in 3-day O3 exposure (8.2 ug/ m?) was associated
(OR: 29.0 *,95% CI: 9.9-51.5) with a 29.0% increase in the risk of COVID-19
mortality. The associations varied depending on
demographics, race/ethnicity, and comorbid
conditions, indicating potential modifiers of the
observed associations.

17 [41] Akan et al.

As the concentration of O3 increases, there tends to
O3 coefficient for cases: —0.620 * be a decrease in the number of reported cases of the
particular condition under study.

18 [42] WiSniewski et al.

As the concentration of O3 increases, there tends to
O3 coefficient for cases: —0.299 * be a decrease in the number of reported cases of the
particular condition under study.

*—statistically significant; OR—odds ratio; CI—confidence interval; SD—standard deviation.

In studies by Persico et al. [35], Gujral et al. [36], and Adhikari et al. [37], positive
associations between ozone levels and both cases and deaths from COVID-19 were found.
In contrast, Rui et al. [38] reported that the total atmospheric ozone density was nega-
tively associated with the incidence of cases, and Karimi et al. [39] found a decrease in
COVID-19-related deaths when the average ozone concentration was increased, as pre-
sented in Figure 3.

Furthermore, Kim et al. [40] highlighted a demographic dimension to these effects, not-
ing variations based on race/ethnicity and comorbid conditions. Lastly, Akan et al. [41] and
Wisniewski et al. [42] reported a decrease in the number of reported cases with increased O3
concentrations, as seen in Figure 4. Therefore, the relationship between short-term ozone
exposure and COVID-19 dynamics is complex, demonstrating both positive and negative
associations with the incidence and severity of the disease. These variations are likely due
to demographic and regional factors.
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Figure 3. Oj relationship with COVID-19 across the analyzed studies [25,32-34,36,37,39,40].
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Figure 4. Coefficients of O3 exposure and COVID-19 [26,30,31,35,41,42].

4. Discussion
4.1. Literature Findings
The impact of environmental factors on the dynamics and evolution of COVID-19,

particularly the role of ozone exposure, has been extensively studied, yet the findings
remain inconclusive. A systematic review of the current research presents a nuanced
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picture, emphasizing the complexity of the interaction between ozone levels and COVID-19
transmission, hospitalization, and mortality rates.

The body of literature reviewed here reveals a complex and multifaceted relationship
between Oj3 levels and COVID-19 incidence and outcomes, with studies reporting a range
of findings—from positive associations to negligible or even negative correlations. It
is essential to delve deeper into this complexity to potentially unravel the underlying
mechanisms that govern these observed relationships. The positive association between O3
levels and COVID-19 cases or deaths, as reported in studies by To et al. [25], Bilal et al. [26],
Meo et al. [33,34], and Kim et al. [40], might hint at an underlying biological mechanism
wherein elevated O3 levels could affect respiratory health or immune responses adversely,
thus making individuals more susceptible to the virus. This theory might align with known
detrimental health effects of ozone exposure, particularly in the respiratory system.

However, this narrative is contrasted by other studies, such as those by Isphording
et al. [27], Dragone et al. [28], and Stufano et al. [29], which suggest an inconsistent or
negligible association between O3 levels and COVID-19 outcomes, indicating that other
confounding factors might be at play. It might also be worth exploring if different method-
ologies or regional variations could be contributing to these diverse findings. Interestingly,
the studies by Akan et al. [41] and Wisniewski et al. [42] propose a potential protective
role of higher O3 concentrations, which seems counterintuitive, but opens avenues for
exploring novel perspectives or mechanisms in O3-COVID-19 dynamics. Given these
conflicting narratives, it appears that a one-size-fits-all conclusion regarding the role of O3
in the spread and severity of COVID-19 may not be feasible at this stage.

Compared to other pollutants, the role of ozone in influencing COVID-19 outcomes
appears less certain. While some studies showed that PM; 5, PM;g, and NO, were signifi-
cantly associated with COVID-19 cases and deaths [26,28,31,32,35,37,39], the findings on
ozone were mixed. Controversially, other authors found that increased environmental O
would reduce the infectivity and even mortality of COVID-19 [41,42]. A possible reason for
these conflicting results might be the variation in methodological approaches, geographic
locations, and population characteristics across different studies.

Several reasons might explain these inconsistent findings across studies. These could
include differences in study design, study settings (geographical and seasonal variability),
population characteristics, variations in measuring and categorizing air pollution exposure,
as well as controlling for confounding factors such as weather conditions, population
density, mobility, and healthcare accessibility, among others. Moreover, the biological
mechanisms linking ozone exposure and COVID-19 outcomes are yet to be clearly elu-
cidated. Ozone is a powerful oxidant known for its deleterious health effects, including
pulmonary inflammation and impaired immune function, which might render individuals
more susceptible to respiratory viruses such as SARS-CoV-2. However, more research is
needed to establish this relationship conclusively.

In many regions, elevated levels of ozone are primarily a consequence of vehicular
emissions. These heightened ozone levels have been historically associated with an increase
in respiratory ailments including, but not limited to, asthma. This backdrop makes the
potential inverse correlation between high surface ozone levels and COVID-19 fatalities
particularly intriguing, hinting at a possible protective effect that warrants further inves-
tigation. It is important to note that ozone is not just a component of the atmosphere; it
also finds applications in municipal and healthcare settings owing to its potent sanitizing
properties. In municipal contexts, it serves as a critical agent in water purification systems,
helping in maintaining hygiene and preventing the spread of water-borne diseases. In
healthcare environments, ozone is used as a sterilizing agent, aiding in maintaining sterile
conditions and potentially reducing the risk of healthcare-associated infections.

Furthermore, recent laboratory experiments have hinted at another promising facet of
ozone: its potential capability to neutralize the SARS-CoV-2 virus [43]. This finding could
pave the way for innovative strategies in managing the spread of COVID-19, possibly in-
cluding the development of ozone-based sanitization protocols to reduce viral transmission
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in community and healthcare settings. Given the varied roles of ozone, both as a potential
risk factor in respiratory health and a tool in sanitization practices, a comprehensive under-
standing of its multifaceted interaction with COVID-19 dynamics becomes crucial. Future
research should aim to dissect these complex relationships further, exploring both the risks
and benefits associated with ozone exposure in the context of the COVID-19 pandemic.

Different literature sources indicated an inverse crude correlation between the average
ozone concentration in large Chinese cities between January and March 2020 and confirmed
cases of COVID-19 [44]. Furthermore, a global study reported a negative link between
COVID-19 transmission rates and ozone levels, but the exposure was long-term compared
to the short-term exposure evaluated in the current systematic review [45].

Other research has uncovered a noteworthy association between short-term exposure
to traffic-related air pollution (TRAP), specifically PM; 5, NO,, and CO, and extended
recovery periods in COVID-19 patients [46]. This aligns with prior studies linking COVID-
19 incidence and severity to these air pollutants [47]. For instance, exposure to PM; 5 in
the recent past appeared to heighten the risk of delayed recovery, potentially due to the
particles’ propensity to enter the body through the respiratory tract and accumulate over
time. This theory was supported by an earlier Dutch study, which identified PM, 5 as a risk
factor for COVID-19 development [48].

An interesting theory proposed by some researchers is that particulate matter might
also facilitate the transmission of the virus [49]. Notably, there were traces of the COVID-19
virus found in certain types of environmental matter. Traffic and fuel emissions, known
producers of NO;, could have chronic impacts on human cardiovascular and respiratory
systems, and one study found a significant correlation between NO, and COVID-19 health
and mortality indicators.

In addition to ozone, other studies observed a positive association between COVID-19
incidence and NO; levels, with an increase in the latter correlating with a nearly 7% rise
in daily diagnosed cases [26]. However, the regional distribution of COVID-19 coincided
substantially with areas of high pollutant concentrations. Despite this, some studies showed
no correlation between NO; and an increase in COVID-19 cases, pointing to the need for
further investigation into the relationship between TRAP and COVID-19 risk [50].

4.2. Study Limitations

The studies reviewed here have limitations which could influence their results. Many
of these studies are observational and cross-sectional, meaning that they can only suggest
an association rather than prove a cause-and-effect relationship. Also, measurements of
pollutants are usually made in outdoor air and may not accurately reflect personal exposure,
as individuals spend a large proportion of their time indoors.

The present systematic review had several limitations that must be acknowledged.
Primarily, the diversity of the variables considered in the different studies incorporated
into this review could have introduced some heterogeneity into the findings. For instance,
while all the studies assessed the impact of short-term ozone exposure on COVID-19, many
also included other pollutants like particulate matter, nitrogen dioxide, carbon monoxide,
sulfur dioxide, and ammonia, which could potentially have interacted with ozone in ways
not accounted for in our analysis, making it challenging to isolate the direct effects of ozone
exposure. Moreover, the studies included in this review used diverse study designs and
statistical models, which further contributes to the heterogeneity of the results.

Our review did not deeply explore the nuanced interplay between comorbidities
or risk factors and O3 exposure. Understanding these interactions could have offered
additional insights into the varying impacts of O3 exposure on different population subsets.
While our systematic review intended to provide a broader picture of O3’s impact on
COVID-19, the absence of this detailed analysis is a limitation. Another notable limitation
was the absence of a meta-analysis, which might have given a more quantitative and
conclusive insight into the relationship between O3 exposure and COVID-19 dynamics.
Instead, our approach was primarily qualitative, aggregating and synthesizing results from
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different studies. This approach, while comprehensive, might not provide the same depth
of analysis that a meta-analysis would offer.

Lastly, the studies compiled in our review covered diverse regions, methodologies,
and additional pollutants alongside O3. This diversity might have introduced hetero-
geneity, making it challenging to delineate the specific and direct effects of short-term O3
exposure on COVID-19. The concurrent evaluation of other pollutants like particulate
matter, nitrogen dioxide, carbon monoxide, sulfur dioxide, and ammonia in some studies
might influence the outcomes, as their interaction with ozone was not fully addressed in
our synthesis.

5. Conclusions

In conclusion, there is a growing body of evidence suggesting a possible link between
short-term environmental pollutants and COVID-19 outcomes. While there is some evi-
dence suggesting that short-term high O3 levels might be associated with increased rates of
COVID-19 cases, hospitalizations, or deaths, the specific role of ozone remains uncertain,
as other studies have described contradictory findings. Future research should compare
short-term and long-term exposure to ozone and focus on conducting well-designed lon-
gitudinal studies to establish causality. It is also recommended to further explore the
biological mechanisms underlying the potential effects of ozone on COVID-19. Given the
pressing nature of the COVID-19 pandemic and widespread exposure to environmental
pollutants, understanding these interactions may have significant implications for public
health interventions and policy making.

Author Contributions: Conceptualization, I.-M.P. and L.M.B.; methodology, I.-M.P. and L.M.B.;
software, A.N., S.R.R. and M.-M.M.; validation, M.A. and S.M.D.L.; formal analysis, M.A. and
S.M.D.L; investigation, A.-O.T. and A.H.; resources, A.-O.T. and A .H.; data curation, RM.F. and N.B,;
writing—original draft preparation, I.-M.P.; writing—review and editing, A.N., S.R.R. and M.-M.M,;
visualization, RM.E. and N.B.; supervision, A.A. and E.D.P,; project administration, A.A. and E.D.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Rao, H.Y;; Jayabaskaran, C. The emergence of a novel coronavirus (SARS-CoV-2) disease and their neuroinvasive propensity may
affect in COVID-19 patients. J. Med. Virol. 2020, 92, 786-790. [CrossRef]

2. Harrison, A.G,; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis. Trends Immunol. 2020, 41, 1100-1115.
[CrossRef]

3.  Barac, S.; Onofrei, R.R.; Neagoe, P.V.; Popescu, A.IL; Pantea, S.; Rata, A.L. An Observational Study on Patients with Acute Limb
Ischemia and SARS-CoV-2 Infection: Early and Late Results in Limb Salvage Rate. J. Clin. Med. 2021, 10, 5083. [CrossRef]

4. Facciola, A.; Lagana, P.; Caruso, G. The COVID-19 pandemic and its implications on the environment. Environ. Res. 2021, 201,
111648. [CrossRef] [PubMed]

5. Wang, Y; Xue, Q. The implications of COVID-19 in the ambient environment and psychological conditions. Nano Impact. 2021, 21,
100295. [CrossRef] [PubMed]

6. Copat, C,; Cristaldi, A.; Fiore, M.; Grasso, A.; Zuccarello, P.; Signorelli, S.S.; Conti, G.O.; Ferrante, M. The role of air pollution (PM
and NO,) in COVID-19 spread and lethality: A systematic review. Environ. Res. 2020, 191, 110129. [CrossRef] [PubMed]

7. Norouzi, N.; Asadi, Z. Air pollution impact on the Covid-19 mortality in Iran considering the comorbidity (obesity, diabetes, and
hypertension) correlations. Environ. Res. 2022, 204 Pt A, 112020. [CrossRef]

8.  Cortes-Ramirez, J.; Wilches-Vega, ].D.; Paris-Pineda, O.M.; Rod, J.E.; Ayurzana, L.; Sly, P.D. Environmental risk factors associated
with respiratory diseases in children with socioeconomic disadvantage. Heliyon 2021, 7, e06820. [CrossRef]

9. Zhang, ].J.; Wei, Y.; Fang, Z. Ozone Pollution: A Major Health Hazard Worldwide. Front. Immunol. 2019, 10, 2518. [CrossRef]


https://doi.org/10.1002/jmv.25918
https://doi.org/10.1016/j.it.2020.10.004
https://doi.org/10.3390/jcm10215083
https://doi.org/10.1016/j.envres.2021.111648
https://www.ncbi.nlm.nih.gov/pubmed/34242676
https://doi.org/10.1016/j.impact.2021.100295
https://www.ncbi.nlm.nih.gov/pubmed/33458449
https://doi.org/10.1016/j.envres.2020.110129
https://www.ncbi.nlm.nih.gov/pubmed/32853663
https://doi.org/10.1016/j.envres.2021.112020
https://doi.org/10.1016/j.heliyon.2021.e06820
https://doi.org/10.3389/fimmu.2019.02518

Healthcare 2023, 11, 2670 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lim, C.C.; Hayes, R.B.; Ahn, ].; Shao, Y,; Silverman, D.T.; Jones, R.R.; Garcia, C.; Bell, M.L.; Thurston, G.D. Long-Term Exposure to
Ozone and Cause-Specific Mortality Risk in the United States. Am. J. Respir. Crit. Care Med. 2019, 200, 1022-1031. [CrossRef]
Woodby, B.; Arnold, M.M.; Valacchi, G. SARS-CoV-2 infection, COVID-19 pathogenesis, and exposure to air pollution: What is
the connection? Ann. N. Y. Acad. Sci. 2021, 1486, 15-38. [CrossRef]

Vo, T.; Paudel, K.; Choudhary, L; Patial, S.; Saini, Y. Ozone exposure upregulates the expression of host susceptibility protein
TMPRSS2 to SARS-CoV-2. Sci. Rep. 2022, 12, 1357; Preprint in: bioRxiv 2020. [CrossRef] [PubMed]

Pansini, R.; Fornacca, D. Early Spread of COVID-19 in the Air-Polluted Regions of Eight Severely Affected Countries. Atmosphere
2021, 12, 795. [CrossRef]

Ogen, Y. Assessing nitrogen dioxide (NO;) levels as a contributing factor to coronavirus (COVID-19) fatality. Sci. Total Environ.
2020, 726, 138605. [CrossRef]

Domingo, J.L.; Rovira, J. Effects of air pollutants on the transmission and severity of respiratory viral infections. Environ. Res.
2020, 187, 109650. [CrossRef]

Cole, M.A.; Ozgen, C.; Strobl, E. Air Pollution Exposure and COVID-19; IZA Discussion Papers 13367; Institute of Labor Economics
(IZA): Bonn, Germany, 2020.

Zhu, Y.; Xie, J.; Huang, F,; Cao, L. Association between short-term exposure to air pollution and COVID-19 infection: Evidence
from China. Sci. Total Environ. 2020, 727, 138704. [CrossRef] [PubMed]

Brandt, E.B.; Mersha, T.B. Environmental Determinants of Coronavirus Disease 2019 (COVID-19). Curr. Allergy Asthma Rep. 2021,
21, 15. [CrossRef] [PubMed]

Uta, M,; Neamtu, R.; Bernad, E.; Mocanu, A.G.; Gluhovschi, A.; Popescu, A.; Dahma, G.; Dumitru, C.; Stelea, L.; Citu, C.; et al.
The Influence of Nutritional Supplementation for Iron Deficiency Anemia on Pregnancies Associated with SARS-CoV-2 Infection.
Nutrients 2022, 14, 836. [CrossRef]

Manolescu, D.; Timar, B.; Bratosin, E; Rosca, O.; Citu, C.; Oancea, C. Predictors for COVID-19 Complete Remission with HRCT
Pattern Evolution: A Monocentric, Prospective Study. Diagnostics 2022, 12, 1397. [CrossRef]

Citu, LM,; Citu, C.; Margan, M.-M.; Craina, M.; Neamtu, R.; Gorun, O.M.; Burlea, B.; Bratosin, F.; Rosca, O.; Grigoras, M.L.; et al.
Calcium, Magnesium, and Zinc Supplementation during Pregnancy: The Additive Value of Micronutrients on Maternal Immune
Response after SARS-CoV-2 Infection. Nutrients 2022, 14, 1445. [CrossRef]

Moher, D. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLoS Med. 2009, 6,
€1000097. [CrossRef] [PubMed]

Schiavo, J.H. PROSPERO: An International Register of Systematic Review Protocols. Med. Ref. Serv. Q. 2019, 38, 171-180.
[CrossRef]

Foster, E.D.; Deardorff, A. Open Science Framework (OSF). . Med. Libr. Assoc. 2017, 105, 203. [CrossRef]

To, T.; Zhang, K.; Maguire, B.; Terebessy, E.; Fong, I.; Parikh, S.; Zhu, J.; Su, Y. UV, ozone, and COVID-19 transmission in Ontario,
Canada using generalised linear models. Environ. Res. 2021, 194, 110645. [CrossRef]

Bilal; Bashir, M.E,; Benghoul, M.; Numan, U.; Shakoor, A.; Komal, B.; Bashir, M.; Tan, D. Environmental pollution and COVID-19
outbreak: Insights from Germany. Air Qual. Atmos. Health 2020, 13, 1385-1394. [CrossRef]

Isphording, I.E.; Pestel, N. Pandemic meets pollution: Poor air quality increases deaths by COVID-19. J. Environ. Econ. Manag.
2021, 108, 102448. [CrossRef]

Dragone, R.; Licciardi, G.; Grasso, G.; Del Gaudio, C.; Chanussot, ]. Analysis of the Chemical and Physical Environmental Aspects
that Promoted the Spread of SARS-CoV-2 in the Lombard Area. Int. |. Environ. Res. Public Health. 2021, 18, 1226. [CrossRef]
[PubMed]

Stufano, A.; Lisco, S.; Bartolomeo, N.; Marsico, A.; Lucchese, G.; Jahantigh, H.; Soleo, L.; Moretti, M.; Trerotoli, P.; De Palma, G.;
et al. COVID-19 outbreak in Lombardy, Italy: An analysis on the short-term relationship between air pollution, climatic factors
and the susceptibility to SARS-CoV-2 infection. Environ. Res. 2021, 198, 111197. [CrossRef] [PubMed]

Zoran, M.A; Savastru, R.S.; Savastru, D.M.; Tautan, M.N. Assessing the relationship between ground levels of ozone (O3) and
nitrogen dioxide (NO;) with coronavirus (COVID-19) in Milan, Italy. Sci. Total Environ. 2020, 740, 140005. [CrossRef]
Kutralam-Muniasamy, G.; Pérez-Guevara, F; Roy, P.D.; Elizalde-Martinez, I.; Shruti, V.C. Impacts of the COVID-19 lockdown on
air quality and its association with human mortality trends in megapolis Mexico City. Air Qual. Atmos. Health. 2021, 14, 553-562.
[CrossRef]

Linares, C.; Culqui, D.; Belda, F.; Lopez-Bueno, J.A.; Luna, Y.; Sanchez-Martinez, G.; Hervella, B.; Diaz, ]. Impact of environmental
factors and Sahara dust intrusions on incidence and severity of COVID-19 disease in Spain. Effect in the first and second pandemic
waves. Environ. Sci. Pollut. Res. Int. 2021, 28, 51948-51960. [CrossRef] [PubMed]

Meo, S.A.; Adnan Abukhalaf, A.; Sami, W.; Hoang, T.D. Effect of environmental pollution PM2.5, carbon monoxide, and ozone on
the incidence and mortality due to SARS-CoV-2 infection in London, United Kingdom. J. King Saud. Univ. Sci. 2021, 33, 101373.
[CrossRef] [PubMed]

Meo, S.A.; Abukhalaf, A.A.; Alomar, A.A.; Alessa, O.M.; Sami, W.; Klonoff, D.C. Effect of environmental pollutants PM-2.5, carbon
monoxide, and ozone on the incidence and mortality of SARS-COV-2 infection in ten wildfire affected counties in California. Sci.
Total Environ. 2021, 757, 143948. [CrossRef] [PubMed]

Persico, C.L.; Johnson, K.R. The effects of increased pollution on COVID-19 cases and deaths. ]. Environ. Econ. Manag. 2021, 107,
102431. [CrossRef]


https://doi.org/10.1164/rccm.201806-1161OC
https://doi.org/10.1111/nyas.14512
https://doi.org/10.1038/s41598-022-04906-8
https://www.ncbi.nlm.nih.gov/pubmed/35079032
https://doi.org/10.3390/atmos12060795
https://doi.org/10.1016/j.scitotenv.2020.138605
https://doi.org/10.1016/j.envres.2020.109650
https://doi.org/10.1016/j.scitotenv.2020.138704
https://www.ncbi.nlm.nih.gov/pubmed/32315904
https://doi.org/10.1007/s11882-021-00993-1
https://www.ncbi.nlm.nih.gov/pubmed/33666783
https://doi.org/10.3390/nu14040836
https://doi.org/10.3390/diagnostics12061397
https://doi.org/10.3390/nu14071445
https://doi.org/10.1371/journal.pmed.1000097
https://www.ncbi.nlm.nih.gov/pubmed/19621072
https://doi.org/10.1080/02763869.2019.1588072
https://doi.org/10.5195/jmla.2017.88
https://doi.org/10.1016/j.envres.2020.110645
https://doi.org/10.1007/s11869-020-00893-9
https://doi.org/10.1016/j.jeem.2021.102448
https://doi.org/10.3390/ijerph18031226
https://www.ncbi.nlm.nih.gov/pubmed/33573007
https://doi.org/10.1016/j.envres.2021.111197
https://www.ncbi.nlm.nih.gov/pubmed/33930404
https://doi.org/10.1016/j.scitotenv.2020.140005
https://doi.org/10.1007/s11869-020-00960-1
https://doi.org/10.1007/s11356-021-14228-3
https://www.ncbi.nlm.nih.gov/pubmed/33993402
https://doi.org/10.1016/j.jksus.2021.101373
https://www.ncbi.nlm.nih.gov/pubmed/33867776
https://doi.org/10.1016/j.scitotenv.2020.143948
https://www.ncbi.nlm.nih.gov/pubmed/33321340
https://doi.org/10.1016/j.jeem.2021.102431

Healthcare 2023, 11, 2670 16 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gujral, H.; Sinha, A. Association between exposure to airborne pollutants and COVID-19 in Los Angeles, United States with
ensemble-based dynamic emission model. Environ. Res. 2021, 194, 110704. [CrossRef]

Adhikari, A.; Yin, J. Lag Effects of Ozone, PM2.5, and Meteorological Factors on COVID-19 New Cases at the Disease Epicenter in
Queens, New York. Atmosphere 2021, 12, 357. [CrossRef]

Rui, R; Tian, M.; Tang, M.L.; Ho, G.T.; Wu, C.H. Analysis of the Spread of COVID-19 in the USA with a Spatio-Temporal
Multivariate Time Series Model. Int. |. Environ. Res. Public Health. 2021, 18, 774. [CrossRef]

Karimi, S.M.; Majbouri, M.; DuPré, N.; White, K.B.; Little, B.B.; McKinney, W.P. Weather and COVID-19 Deaths During the
Stay-at-Home Order in the United States. J. Occup. Environ. Med. 2021, 63, 462-468. [CrossRef]

Kim, H.; Samet, ] M.; Bell, M.L. Association between Short-Term Exposure to Air Pollution and COVID-19 Mortality: A Population-
Based Case-Crossover Study Using Individual-Level Mortality Registry Confirmed by Medical Examiners. Environ. Health
Perspect. 2022, 130, 117006. [CrossRef]

Akan, A.P. Transmission of COVID-19 pandemic (Turkey) associated with short-term exposure of air quality and climatological
parameters. Environ. Sci. Pollut. Res. 2022, 29, 41695-41712. [CrossRef]

Wisniewski, O.; Kozak, W.; Wisniewski, M. The ground-level ozone concentration is inversely correlated with the number of
COVID-19 cases in Warsaw, Poland. Air Qual. Atmos. Health. 2021, 14, 1169-1173. [CrossRef] [PubMed]

Dubuis, M.-E.; Dumont-Leblond, N.; Laliberté, C.; Veillette, M.; Turgeon, N.; Jean, J.; Duchaine, C. Ozone efficacy for the control
of airborne viruses: Bacteriophage and norovirus models. PLoS ONE 2020, 15, e0231164. [CrossRef] [PubMed]

Yao, Y,; Pan, J.; Liu, Z.; Meng, X.; Wang, W.; Kan, H.; Wang, W. No association of COVID-19 transmission with temperature or,
U.V. radiation in Chinese cities. Eur. Respir. J. 2020, 55, 2000517. [CrossRef] [PubMed]

Xu, R.; Rahmandad, H.; Gupta, M.; DiGennaro, C.; Ghaffarzadegan, N.; Amini, H.; Jalali, M.S. Weather, air pollution, and
SARS-CoV-2 transmission: A global analysis. Lancet Planet. Health. 2021, 5, e671-e680. [CrossRef] [PubMed]

Liu, Z,; Liang, Q.; Liao, H.; Yang, W.; Lu, C. Effects of short-term and long-term exposure to ambient air pollution and temperature
on long recovery duration in COVID-19 patients. Environ. Res. 2023, 216 Pt 4, 114781. [CrossRef]

Marques, M.; Domingo, J.L. Positive association between outdoor air pollution and the incidence and severity of COVID-19. A
review of the recent scientific evidences. Environ. Res. 2022, 203, 111930. [CrossRef]

Andrée, B.P]. Incidence of COVID-19 and connections with air pollution exposure: Evidence from the Netherlands. MedRxiv
2020. [CrossRef]

Moelling, K.; Broecker, F. Air Microbiome and Pollution: Composition and Potential Effects on Human Health, Including SARS
Coronavirus Infection. J. Environ. Public Health. 2020, 2020, 1646943. [CrossRef]

Azuma, K,; Kagi, N.; Kim, H.; Hayashi, M. Impact of climate and ambient air pollution on the epidemic growth during COVID-19
outbreak in Japan. Environ. Res. 2020, 190, 110042. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.envres.2020.110704
https://doi.org/10.3390/atmos12030357
https://doi.org/10.3390/ijerph18020774
https://doi.org/10.1097/JOM.0000000000002160
https://doi.org/10.1289/EHP10836
https://doi.org/10.1007/s11356-021-18403-4
https://doi.org/10.1007/s11869-021-01009-7
https://www.ncbi.nlm.nih.gov/pubmed/33850571
https://doi.org/10.1371/journal.pone.0231164
https://www.ncbi.nlm.nih.gov/pubmed/32275685
https://doi.org/10.1183/13993003.00517-2020
https://www.ncbi.nlm.nih.gov/pubmed/32269084
https://doi.org/10.1016/S2542-5196(21)00202-3
https://www.ncbi.nlm.nih.gov/pubmed/34627471
https://doi.org/10.1016/j.envres.2022.114781
https://doi.org/10.1016/j.envres.2021.111930
https://doi.org/10.1101/2020.04.27.20081562
https://doi.org/10.1155/2020/1646943
https://doi.org/10.1016/j.envres.2020.110042

	Introduction 
	Materials and Methods 
	Protocol and Registration 
	Eligibility Criteria 
	Data Collection Process 
	Risk of Bias 

	Results 
	Study Characteristics 
	Study Design and Outcomes 
	Study Results 

	Discussion 
	Literature Findings 
	Study Limitations 

	Conclusions 
	References

