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ARTICLE INFO ABSTRACT

Keywords: Background: The global severity of SARS-CoV-2 illness has been associated with various urban characteristics,

COVID-19 including exposure to ambient air pollutants. This systematic review and meta-analysis aims to synthesize

;ealtl;.outcomes findings from ecological and non-ecological studies to investigate the impact of multiple urban-related features
ortality

on a variety of COVID-19 health outcomes.

Methods: On December 5, 2022, PubMed was searched to identify all types of observational studies that examined
one or more urban exposome characteristics in relation to various COVID-19 health outcomes such as infection
severity, the need for hospitalization, ICU admission, COVID pneumonia, and mortality.

Results: A total of 38 non-ecological and 241 ecological studies were included in this review. Non-ecological
studies highlighted the significant effects of population density, urbanization, and exposure to ambient air
pollutants, particularly PMj 5. The meta-analyses revealed that a 1 pg/m? increase in PMy 5 was associated with a
higher likelihood of COVID-19 hospitalization (pooled OR 1.08 (95% CI:1.02-1.14)) and death (pooled OR 1.06
(95% CI:1.03-1.09)). Ecological studies, in addition to confirming the findings of non-ecological studies, also
indicated that higher exposure to nitrogen dioxide (NO3), ozone (O3), sulphur dioxide (SO2), and carbon mon-
oxide (CO), as well as lower ambient temperature, humidity, ultraviolet (UV) radiation, and less green and blue
space exposure, were associated with increased COVID-19 morbidity and mortality.

Conclusion: This systematic review has identified several key vulnerability features related to urban areas in the
context of the recent COVID-19 pandemic. The findings underscore the importance of improving policies related
to urban exposures and implementing measures to protect individuals from these harmful environmental
stressors.

Urban exposome
Air pollution

1. Background

The novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in December 2019, and the resulting COVID-19
pandemic has currently caused more than 6.8 million deaths world-
wide (WHO, 2023). However, certain regions have experienced a
disproportionate impact relative to their population, particularly the
United States and Europe, where a significant number of these deaths

have occurred (WHO Coronavirus, 2022). Even though the underlying
causes of this pattern are not thoroughly understood, the current evi-
dence base, in combination with lessons learned from previous epi-
demics, indicate that urban environmental factors, such as ambient air
pollutants (AAP) and meteorological conditions, may contribute to this
phenomenon (Aggarwal et al., 2021). As the global urban population
continues to grow (United Nations et al., 2018), more individuals are
exposed to these specific environmental factors, which remains a global
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public health concern.

The urban exposome refers to the set of urban outdoor environ-
mental factors to which people residing in urban areas are exposed,
including air pollutants, meteorological conditions, noise, and charac-
teristics of the built environment (Robinson et al., 2018). The high
density of the population, activities in urban areas, and the fact that
residents are often exposed to air pollution levels that exceed standards
set by the World Health Organization (WHO), predispose them to
various adverse health outcomes (Sharifi et al., 2020). Moreover, the
global impact of COVID-19 has been associated with aspects of the urban
exposome (Barouki et al., 2021). Specifically, there have been obser-
vations linking AAP concentrations to the severity of SARS-CoV-2
infection, although most of the evidence comes from ecological studies
(Ali et al., 2021). The association seems to be strongest for exposure to
particulate matter (PM), especially fine particulate matter (PMy 5), but
ambient levels of ozone (O3), nitrogen dioxide (NO3), carbon monoxide
(CO) and sulphur dioxide (SO3) also seem to play a role (Marques et al.,
2022a). Additionally, meteorological factors such as ambient tempera-
ture and relative humidity may contribute to the severity and mortality
of COVID-19, partially through their influence on AAP concentrations
and their versatile influence on virus transmission (De Angelis et al.,
2021). Finally, the pandemic induced a range of behavioural and social
changes, leading to diverse environmental and health implications
which also interacted with the severity of COVID-19 (Barouki et al.,
2021).

Numerous studies, both ecological and non-ecological, have been
conducted to determine associations between specific environmental
exposures and outcomes of SARS-CoV-2 infection. In contrast to non-
ecological studies, where individual-level exposure, confounder, and
disease information are analysed, ecological studies examine exposure
and disease information at a group level (Rothman et al., 2012). Given
that COVID-19 outcomes are primarily influenced by individual char-
acteristics, obtaining high-quality, individual-level data is critical to
accurately assess the influence of environmental risk factors on
COVID-19 outcomes. However, ecological studies are susceptible to
ecological fallacies due to their reliance on aggregated data rather than
individual data (Wu et al., 2020; Heederik et al., 2020). To investigate
the effect of potential ecological bias that may arise from the design of
these studies, it is crucial to synthesize and compare the findings of
ecological and non-ecological studies. Additionally, it is essential to
differentiate between ecological and non-ecological study designs in the
context of COVID-19 research to ensure that research findings are
correctly interpreted. Integrating insights from both approaches facili-
tates a more complete understanding of the impact of the pandemic and
supports evidence-based decision-making. Furthermore, as urban
exposome features are highly interrelated (Robinson et al., 2015), a
holistic approach that examines the impact of all urban-related features
on various COVID-19 health outcomes is needed. Therefore, the aim of
this systematic review is to integrate evidence from ecological and
non-ecological studies to evaluate the impact of multiple urban expo-
some features on a wide range of COVID-19 health outcomes. By
considering the urban exposome as a whole, our review provides a
comprehensive assessment of the relationship between urban environ-
ments and COVID-19 health outcomes.

2. Methods

On December 5th, 2022, PubMed was searched for studies that
examine associations of the urban exposome with various COVID-19
health outcomes. The full search term is detailed in Table S1. PRISMA
(Table S2) and MOOSE (Table S3) reporting requirements were met, and
a protocol of this review has been registered in the PROSPERO database
(ID: CRD42021293298).
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2.1. Eligibility criteria

The scope of this systematic review was defined using the 'Popula-
tion, Exposure, Comparison, Outcome, and Study design’ (PECOS)
framework. The selection of urban exposures included in this review was
based on an initial literature review and discussions with experts in the
field. The included urban exposures encompassed the following fea-
tures: AAP, meteorological factors, noise, traffic, walkability, urbani-
zation, population density, the built environment (including green and
blue space) and land-use. We focused on English language studies that
investigated at least one of these urban exposures in the general human
population (age >18 years) and examined one or more COVID-19 health
outcomes as the primary outcome. The COVID-19 health outcomes
explored in this review included disease severity, hospitalization,
emergency department (ED) visit, intensive care unit (ICU) admission,
intensive respiratory support (IRS), occurrence of COVID pneumonia,
and mortality related to SARS-CoV-2 infection. This systematic review
included several types of studies, including pre-prints and letters to the
editor. However, experimental and animal studies were excluded, as
were studies with COVID-19 transmission or incidence as the primary
outcome. Additionally, studies focusing on excess mortality as a proxy
for COVID-19 deaths and those conducted in nursing homes were also
excluded. Furthermore, articles that investigated specific groups of in-
dividuals, such as diabetic patients or pregnant women, were also not
included. The snowball method was employed to screen the reference
lists of relevant reviews.

2.2. Selection and data extraction

The primary reviewer (LH) conducted an initial screening based on
the title and abstract, and subsequently extracted data from the included
studies following a second full-text screening. If the full text was un-
available, the authors of the respective papers were contacted. To ensure
quality control, a random 10% of the papers underwent both initial and
second screenings by two independent reviewers (SB, JCSH), as well as
extraction of the data from all included non-ecological papers and a
random 10% of included ecological papers. Conflicts between the two
independent reviewers arose for thirteen articles based on the pre-
established inclusion criteria. These conflicts were resolved through
discussion and a third screening, resulting in the inclusion of three of
these papers in the current systematic review. From the original articles,
relevant information including the study’s title, author, year of publi-
cation, study design, study area, sample size, study period, studied
urban exposure, source of exposure data, outcome definition, source of
outcome data, and a summary of results were extracted. Furthermore,
individual covariates and statistical analyses employed in non-
ecological studies were also documented. Given the increased risk of
ecological bias associated with studies with larger units of observation,
the results of the ecological papers were classified based on the
geographical scale at which the statistical analyses were conducted.
These scales included global, country, region (such as county or prov-
ince level), city, and smaller than city. Moreover, exposure to air pol-
lutants was categorized according to the duration of exposure examined,
distinguishing between long-term exposure (>one year), medium-term
exposure (<one year, >one month), and short-term exposure (<one
month).

2.3. Risk of bias evaluation

The primary reviewer (LH) evaluated the methodological quality of
the included non-ecological studies using the National Heart, Lung, and
Blood Institute (NIH) Study Quality Assessment Tool for Observational
Cohort and Cross-sectional Studies, which consists of fourteen items
(Quality, 2014). Each question in the tool was answered as either yes
(+1), no, cannot determine (CD), not applicable (NA), or not reported
(NR). The total score for each individual study was calculated and



L. Houweling et al.

expressed as a percentage, ranging from 0% to 100%. These scores were
then categorized into four groups: poor (0-25%), fair (25-50%), good
(50-75%), and excellent (75-100%) (Maass et al., 2015). Since there is
currently no standardized quality assessment tool for ecological study
designs to evaluate potential ecological bias (Romero Starke et al.,
2021), we instead examined common forms of ecological bias and
fallacies.

2.4. Meta-analyses

The decision was made to not perform a meta-analysis of the results
of ecological studies due to the increased risk of ecological bias, which
would render the pooled estimate relatively unreliable. Following our
protocol, a random-effects meta-analysis was conducted when a mini-
mum of five non-ecological studies examining urban features exhibited
sufficient similarity in terms of outcomes and exposures. From the
eligible studies, adjusted effect estimates (odds ratio (OR)/relative risk
(RR)/hazard ratio (HR)), confidence intervals (CI), and increment units
of the air pollutants were extracted and standard errors (SE) were
calculated. Standardized effect estimates were computed to indicate the
impact on specific COVID-19 outcomes per 1 pg/m3 increase in air
pollution exposure. The formula used for calculation was: exp(In(OR)"1/
increment). In cases where the unit of concentration of NOy was re-
ported as parts per billion (ppb), a conversion factor of 1.91 pg/m> was
applied (EPA, 2021). The standardized effect estimates per 1 pg/m>
were utilized to determine the pooled effect estimates using a
random-effects model. Forest plots were used to visually represent the
associations observed in each study and the pooled effect. To assess
heterogeneity among the eligible studies, the I index was employed,
whereby an 12 value of 75% or higher indicated significant heterogeneity
(Cochrane, 2022). Finally, in order to evaluate potential publication
bias, a funnel plot analysis and Egger’s test were to be conducted if at
least ten non-ecological studies were eligible for meta-analysis. How-
ever, for this particular case, the criteria for performing these analyses
were not met (Sterne et al., 2011). All statistical analyses were per-
formed using IBM SPSS Statistics release 28.0.1.1.
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3. Results
3.1. Identification of studies

The literature search identified a total of 6852 records. After
removing duplicates (n = 138), and performing title and abstract
screening, 606 articles remained eligible for full-text review, after which
38 non-ecological and 241 ecological studies were included (Fig. 1). Due
to the substantial number of the included ecological studies, we only
present the key findings of these studies in the main text. More
comprehensive descriptions and specific examples can be found in the
text provided in S4.

3.2. Methodological quality of the included non-ecological studies

Table S5 provides the results of the methodological quality and risk
of bias assessment of the included non-ecological studies using the NIH
tool. In summary, the overall methodological quality was categorized as
either fair (n = 5), good (n = 30), or excellent (n = 3). The summary
percentage scores ranged from 35.7% to 78.6%, indicating the extent to
which the studies adhered to methodological standards and minimized
potential biases.

3.3. Urban exposures influencing COVID-19 health outcomes in non-
ecological studies

A total of 38 non-ecological studies were identified examining the
relationships between urban exposome characteristics and various
COVID-19 health outcomes (Tables 1,2 and 3). The number of partici-
pants in the studies ranged from 147 (Di Ciaula et al., 2022) to 1,778,
670 (Rostila et al., 2021), indicating a wide range of sample sizes. To
visualize the direction of associations observed for the studied expo-
sures, Fig. 2 provides a graphical representation. Further details and
additional characteristics of these studies can be found in Table S6.

abstract

6,852 documents found in PubMed and screened by title and

6246 papers excluded by

AJ

_______________________ | - other outcome: 4,092

title and abstract:

- other exposure(s): 1,090
- other study design (e.g.

606 studies reviewed by full texts

experimental): 866
- duplication: 138
- letter/comment:23

v

- other population:34
- other languages:3

327 papers excluded by full
text:
- other outcome: 181

38 non-ecological papers selected for this review
241 ecological papers selected for this review

- other study design: 105
- other exposure: 33
- other population: 8

0 new papers added
following snowballing
method

38 non-ecological papers included in this review
241 ecological papers included in this review

Fig. 1. PRISMA flow diagram of the search strategy.



Table 1

Characteristics of the included non-ecological studies on the associations of ambient air pollution with COVID-19 health outcomes.

Author, reference

Study design

Sample size, study area

Time period of study

Urban exposure

COVID-19 outcome(s)

Findings

Risk of
Bias

Ciaula et al., (Di
Ciaula et al.,
2022)

Mendy et al., (1), (
Mendy et al.,
2021a)

Mendy et al., (2), (
Mendy et al.,
2021b)

Chen et al., (1), (
Chen et al., 2021)

Bowe et al., (Bowe
et al., 2021)

Elliott et al., (Elliott
et al., 2021)

Lépez-Feldman
etal., (
Lopez-Feldman
et al., 2021)

Marques et al., (
Marques et al.,
2022b)

Pegoraro et al., (
Pegoraro et al.,
2021)

Longitudinal
study

Retrospective
observational
study

Retrospective
observational
study

Multiethnic
retrospective
cohort study

Cohort study

Biobank cohort
study

Cross-sectional
study

Retrospective
observational
study

Retrospective
observational
study

147 patients admitted at the
hospital due to acute SARS-CoV2
infection with pneumonia, ten
cities in Apulia (Southern Italy)

14,783 participants, Ohio,
University of Cincinnati

1128 patients, University of
Cincinnati hospitals, USA

75,010 COVID-19 patients,
Southern California

169,102 Veterans, USA

459 COVID-19 deaths and 2626
non-COVID-19 deaths, United
Kingdom

196,273 and 71,620 patients,

Mexico City Metropolitan Area
(MCMA) and Mexico City

2112 patients admitted to
Catalan hospitals, Spain

6483 Covid-19 patients, Italy

March 2020-April
2021

13 March 2020-30
September 2020

March 13, 2020-July
5, 2020

March 1, 2020-August
31, 2020

March 2,
2020-January 31,
2021,

January 2020-21
September 2020

Until October 7th,
2020

April-June 2020

March 18th,
2020-June 30th, 2020

Individual exposure to PM;o and
NO, in the 2 weeks before
hospital admittance.

PM, 5 exposure (aggregate
annual PM, 5 exposure
estimates at the zip code of the
patients’ residential address
over the 10-year period from
2009 to 2018)

Estimated PM, 5 exposure over a
10-year period (2008-2017) at
their residential zip codes

NRAP = NOx 1 month and 1
year before infection.

Estimates of annual average
ground level PM, s in 2018 were
available at approximately 1
km? resolution.

Modelled levels of nitrogen
oxides (NOx) and PM;, PM3 5
and PM, 5 absorbance at
residential address in 2010
Long-term PM, 5 exposure
(2000-2018) and short-term
PM 5 exposure (two-week
average mean before onset of
symptoms. temperature,
population density

NO; and PM; (hourly and long-
term)

PM; daily concentration data
for the period January
2020-June 2020

Hospital discharge at home vs
in-hospital death

COVID-19 hospitalization

Hospitalization defined as
admission for a duration of
>24h

COVID-19-related
hospitalizations, intensive
respiratory support (IRS), and
ICU admissions

COVID-19 hospitalization,
mechanical ventilation

Risk of COVID-19 mortality

Confirmed COVID-19 deaths

The severity and mortality of
COVID-19

Presence/absence of
registration of Covid-19 with
pneumonia

Average NO, air concentrations in the two
weeks before hospital admission (OR: 1.029,
95% CI: 1.0008-1.059) were a significant
predictor of mortality. No significant effect
was observed for PM,.

After adjusting for covariates, a 1 pg/m>
increment in the 10-year annual average PM, 5
was associated with an 18% increase in
admission to hospital (OR: 1.18, 95% CI:
1.11-1.26).

Long-term exposure to PM, 5 was significantly
associated with higher odds of hospitalization
in COVID-19 patients with pre-existing asthma
or COPD. However, this association is not
observed for all participants (OR: 0.99, 95%
CI: 0.79-1.23).

Exposure to NRAP was associated with higher
OR of COVID-19-related ICU admission (OR:
1.07, 95% CI: 1.01-1.13), IRS (OR: 1.11, 95%
CIL: 1.04-1.19), and increased mortality risk
(HR: 1.10, 95% CI: 1.03-1.18). No significant
associations were found between freeway
NRAP and COVID-19 outcomes. The
associations remained significant after
adjusting for regional air pollutant exposures.
A 1.9 pg/m® increase in PM, 5 was associated
with a 10% (95% CI: 8%-12%) increased risk
of COVID-19 related hospitalization. Notably,
this risk was observed even at PM; 5 levels that
were below the regulatory standards.

After adjusting for other covariates, no effect
of PM, 5 was observed (OR: 0.94, 95% CI:
0.75-1.18).

PM, 5 was positively associated with COVID-
19 mortality, driven mainly by long-term
exposure but with potential effects from short-
term exposure as well. Each 1 pg/m?® increase
in PM, 5 is estimated to raise the mortality risk
by 7.4%.

PM; had significant effects on the severity
and mortality of COVID-19, with an OR of 1.67
and 2.38, respectively. A 1 pg/m® increase in
long-term PM;, exposure corresponded to a
3.06% increase in severe cases and a 2.68%
increase in deaths. NO, importance was low.
Patients with PM;, exposure falling in the
second tertile had a 30% higher likelihood of
developing pneumonia compared to patients
in the first tertile. Furthermore, for those in the
third tertile, the risk was nearly doubled
compared to the first tertile.

(continued on next page)

Low

Low

Low

Low

Low

Low

Low

Low

Low

‘I 32 Sunpmnoy 1

ISELIT ($20Z) 0k Y21DasaYy [DIUAWLOLAUT



Table 1 (continued)

Author, reference Study design Sample size, study area Time period of study Urban exposure COVID-19 outcome(s) Findings Risk of
Bias
Nobile et al., ( Longitudinal All subjects aged >30 years 1 January 2020-15 Annual average concentrations COVID-19 mortality PM, 5 and NO, showed strong associations Low
Nobile et al., study resident (n = 1,594,308), Rome, April 2021 of PM, 5 and NO,, were with COVID-19 mortality, with a HR of 1.08
2022) Italy estimated for 2019 (95% CI: 1.03-1.13) and 1.09 (95% CI:

Sheridan et al., (
Sheridan et al.,
2022)

Chen et al., (2), (
Chen et al.,
2022a)

Chen et al., (3), (
Chen et al.,
2022b)

Bozack et al., (
Bozack et al.,
2022)

Lavigne et al., (
Lavigne et al.,
2022)

Beloconi &
Vounatsou., (
Beloconi et al.,
2023)

Biobank cohort
study

Retrospective
study

Cohort study

Retrospective
study

Case-crossover
study

Retrospective
study

UK Biobank participants who
resided in England (n =
424,721), United Kingdom

All people with confirmed SARS-
CoV-2 infection, aged 20 years
and older and not residing in a
long-term care facility during
2020 (n = 151,105), Ontario,
Canada,

Approximately 75,000 patients,
Kaiser Permanente Southern
California

6542 SARS-CoV-2 PCR—positive
patients, seven New York City
hospitals

78,255 COVID-19 ED visits,
Alberta and Ontario, Canada

28,540 patients, Switzerland

March-December
2020

Year 2020 (followed
up for outcomes until
May 2021)

March 1 - August 31,
2020

March 8, 2020-August
30, 2020

1 March 2020-31
March 2021

February 2020-May
2021

Annual average air pollution,
PM, 5, PM;, and NO, at
residential address in 2010

Long-term exposure to PMj s,
NO; and ground-level O3 based
on their residence from 2015 to
2019

One-year and 1-month averaged
ambient air pollutant PMj s,
NO,, and O3 exposures before
COVID-19 diagnosis

Annual average PM, 5, NO,, and
BC concentrations at patients’
residential address.

Daily air pollution data PM; s,
NO, and O3 were assigned to
individual case of COVID-19 in
10 km x 10 km grid resolution.

PM, 5 and NO, concentrations
for each year between 2014 and
2019

COVID-19 hospitalizations and
deaths

Risk of COVID-19-related
hospital admission, intensive
care unit (ICU) admission and
death

COVID-19-related
hospitalizations, IRS, and ICU
admissions within 30 days and
mortality within 60 days after
COVID-19 diagnosis

COVID-19 mortality, ICU
admission and intubation

COVID-19 ED visits

Hospitalization, admission to
ICU, and death

1.02-1.16) per one IQR increment.

In minimally adjusted models, PM, 5 and NO, Low
were positively associated with COVID-19
hospitalizations and deaths. However, these
associations did not remain significant in fully
adjusted models. No associations were found

for PM.

For each IQR increase in PM, 5 exposure (1.70 Low
ng/m>), the OR were 1.06 (95% CI: 1.01-1.12)

for hospital admission, 1.09 (95% CI:

0.98-1.21) for ICU admission, and 1.00 (95%

CI: 0.90-1.11) for death. No significant

associations were found for NO,. In addition,

for each IQR increase in O3 (5.14 ppb), the OR

were 1.15 (95% CI: 1.06-1.23) for hospital
admission, 1.30 (95% CI: 1.12-1.50) for ICU
admission, and 1.18 (95% CI: 1.02-1.36) for

death.

For a 1-SD increase in 1-year PMy 5 (1.5 pg/ Low
m>), the ORs were 1.24 (95% CI: 1.16-1.32)
for hospitalization, 1.33 (95% CI: 1.20-1.47)
for IRS, and 1.32 (95% CI: 1.16-1.51) for ICU
admission. For a 1-month increase in NO, (SD:
3.3 ppb), the corresponding ORs were 1.12
(95% CI: 1.06-1.17) for hospitalization, 1.18
(95% CI: 1.10-1.27) for IRS, and 1.21 (95% CI:
1.11-1.33) for ICU admission. The HR for
mortality were 1.14 (95% CI: 1.02-1.27) for 1-
year PM, s and 1.07 (95% CI: 0.98-1.16) for 1-
month NO,.

Long-term exposure to PM, 5 was associated
with a higher risk of mortality (RR: 1.11, 95%
CI: 1.02-1.21 per 1-ug/m3 increase) and ICU
admission (RR: 1.13, 95% CI: 1.00-1.28 per 1-
pg/m3 increase). However, there were no
associations found between NO, or BC
exposure and COVID-19 mortality, ICU
admission, or intubation.

Cumulative ambient exposure to PM; 5 (OR: Low
1.010, 95% CI: 1.004-1.015, per 6.2 pg/m>)
and NO, (OR: 1.021, 95% CI: 1.015-1.028, per
7.7 ppb) was associated with ED visits for
COVID-19. O3 showed a positive association,
but only among hospitalized cases.

Long-term exposure to PM, 5 and NO; is
associated with a higher risk of mortality
during the first major wave of the pandemic
with an OR of 1.16 (95% CI: 1.04-1.28) and
1.15 (95% CI: 1.03-1.27) respectively.
Additionally, exposure to NO; increases the

Very low

Very low

(continued on next page)
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Table 1 (continued)

Author, reference Study design Sample size, study area Time period of study Urban exposure COVID-19 outcome(s) Findings Risk of
Bias
odds of requiring ICU admission (OR: 1.17,
95% CI: 1.05-1.30).
Lietal, (Lietal., Retrospective 476 patients, Nanjing Public July 20, 2021-August Daily average concentrations of ~ COVID-19 severity (we A 1-unit increase in PM;o was associated with ~ Low
2022a) study & time Health Medical Center 17, 2021 PMi0, PM3 5. Daily average combined the severe and an 81.70% increase in the risk of severe
series temperature (°C) and daily critical categories, referred to COVID-19 (95% CI: 35.45-143.76). Similarly,
average wind speed (m/s) as “severe”) a 1-unit increase in PMj 5 was associated with
a299.08% (95% CI: 92.94-725.46) increase in
the risk of severe COVID-19. These
associations remained significant when
considering lags of 0-7 days, 0-14 days, and
0-28 days in the multipollutant models.
Kim et al., (Kim Case-Crossover 7462 deaths from COVID-19, Up to 28 February Short-term exposures to PM 5 COVID-19 deaths A 5.2 pg/m® increase in PM 5 exposure was Low
et al., 2022) study Cook County, Illinois 2021 and O3 on the day of death and associated with a 69.6% (95% CI: 34.6-113.8)
up to 21 d before death at increase in the risk of COVID-19 mortality.
location of death with COVID- Similarly, an 8.2 pg/m? increase in Os
19. exposure was associated with a 29.0% (95%
CI: 9.9-51.5) increase in the risk of COVID-19
mortality.
Hoskovec et al., ( Retrospective 55,273 COVID-19 cases (of March 6, Annual average exposure to Hospitalized, admitted to an A one IQR increase in PMj; 5 exposure was Very low
Hoskovec et al., study which 62.2% (n = 34,401) had 2020-February 28, PM; 5, O3 (ppb), and ICU, placed on a mechanical associated with a 9% increased risk of severe
2022) partially missing health 2021 temperature (degrees ventilator, or died due to COVID-19 (OR:1.09, 95% CI: 1.02-1.18).
outcomes), Denver, Colorado Fahrenheit) in the year prior to COVID-19. Long-term exposure to PM, s, along with
the COVID-19 pandemic elevated levels of ozone and temperature, was
associated with a higher risk of hospitalization
and ICU admission compared to being
asymptomatic.
Rzymski et al., ( Retrospective 4432 hospitalized patients, March 2020-July Benzo(a)pyrene (B(a)P) and COVID-19 clinical outcomes &  Exposures to PM, 5 and B(a)P above the Low
Rzymski et al., study Poland 2021 PM; o, PM; 5 during a week death established guidelines were linked to higher
2022) before their hospitalization odds of early respiratory symptoms of COVID-
19, hyperinflammatory state, the need for
oxygen therapy, and mortality. Additionally,
except for the mean 24-h PM; level,
exceeding the limits for other air pollution
parameters was associated with an increased
likelihood of oxygen saturation below 90%.
English et al., ( Retrospective 3.1 million SARS-CoV-2 February PM, 5 (individual address data COVID-19 deaths Individuals residing in the highest quintile of Low
English et al., study infections and 49,691 COVID-19 2020-February 2021 on COVID-19 deaths and long-term PM; 5 exposure had a 51% higher
2022) deaths, California, USA assigned 2000-2018 1 km-1km risk of COVID-19 mortality compared to those
gridded PM; 5) in the lowest quintile of long-term PM; 5
exposure. The estimated risk of death
associated with each 1 pg/m3 increase in PMj 5
long-term exposure was 1.041 (95% CI
1.029-1.052).
Soltan et al., (Soltan ~ Multicenter Hospitalized patients with 1 February 2020-1 Index of Multiple Deprivation ICU admission details and Air pollution deprivation was associated with Moderate

et al., 2021)

cohort study

COVID-19 (n = 3671), four
hospitals across the West
Midlands, University Hospitals of
Birmingham

September 2020

(IMD) subdomains: indoor LE,
outdoor LE

hospitalized episode outcomes
(multilobar pneumonia)

multilobar pneumonia upon presentation and
ICU admission. LE was associated with
multilobar pneumonia upon presentation (OR:
1.76, 95% CI: 1.51-2.06) and ICU admission
(OR: 1.49, 95% CI: 1.16-1.90).

HR=Hazard Ratio. OR=0dds Ratio. AHR = Average Hazard Ratio. CI=Confidence Interval. ICU=Intensive Care Unit. RR=Relative Risk. IQR=Interquartile Range. PM, 5 = fine Particulate Matter. PM;, = Particulate
Matter. NOx = Nitrogen Oxides. NO,=Nitrogen Dioxide. NRAP= Near-roadway Air Pollution Exposure. O3 = ozone. BC=Black Carbon. LE = Living Environment. ppb = parts per billion. ED = emergency department.
IRS=Intensive Respiratory Support.
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Table 2
Characteristics of the included non-ecological studies on the associations of urbanization and population density with COVID-19 health outcomes.
Author, Study design Sample size, study Time period of Urban exposure COVID-19 outcome Findings Risk of
reference area study (s) Bias
Boudou Retrospective study 47,265 laboratory- 29th February - Scale ranging from Hospitalizations, Residing in rural areas was Low
etal., ( confirmed cases, 30th November ‘city’ (1) to ‘highly ICU admissions, and found to be associated with
Boudou Republic of Ireland 2020 rural/remote areas’ deaths a higher likelihood of
et al., (6), deprivation index hospitalization (OR: 1.200,
2021) 95% CI: 1.143-1.261).
Urban living was associated
with an increased
probability of ICU
admission (OR: 1.533, 95%
CI: 1.606-1.682). Urban
residents were
approximately 1.5 times
more likely to require
critical care compared to
their rural counterparts.
Vermaetal., Retrospective study 824 patients, India, July 10 - October Living in an urban area ~ Days of hospital stay ~ Rural patients exhibited a Low
(Verma Rajasthan 26, 2020 and deaths notably lower risk of
et al., mortality (HR: 1.29, 95%
2021) CIL: 1.17-2.15) compared to
their urban counterparts.
Brainard Secondary analysis 1977 unique May 31, Residence area dataon  Date of death when Regions characterized by Low
etal, ( of patient records individual patient 2020-September air quality, rurality, applicable lower levels of rurality
Brainard records, Confined 22, 2020. access to employment exhibited a higher number
et al., area of eastern centers, population of COVID-19 fatalities.
2022) England, density, relative Relative transport
transport accessibility. accessibility and air quality
indicators did not emerge
as significant predictors.
Population density had no
independent impact on
either the number of cases
or deaths.
Hamdan Cross-sectional 300 recovered August Urban vs camp/village =~ COVID-19 People living in urban areas =~ Moderate
etal., ( study patients with 2020-December living hospitalizations had a significantly higher
Hamdan COVID-19 2020 risk of COVID-19
et al., infection, Hebron hospitalization compared
2021) city, Palestine to those living in camps/
villages, with an OR of 3.6
(95% CI: 1.82-6.95).
Mengist Retrospective study 552 laboratory- March Urban - rural COVID-19 death/ Rural residence was Moderate
etal., ( confirmed COVID- 2020-March 2021 discharge significantly associated
Mengist 19 cases with mortality (AHR: 0.18;
et al., hospitalized at 95% CI: 0.05-0.64).
2022) DMU and TGH COVID-19 patients from
treatment centers, urban residences have a
Northwest Ethiopia higher risk of death.
Sohrabi Cross-sectional 234,418 COVID-19 March Living in an urban vs Intensive care unit Living in urban areas was Low
etal., ( patients, Province 2020-March 2021 sub-urban area (ICU) admission, associated with a higher
Sohrabi of Tehran, Iran and the COVID-19 likelihood of ICU admission
et al., deaths (OR: 1.27, 95% CI:
2022) 1.240-1.305). Patients
residing in sub-urban areas
exhibited a greater
vulnerability to fatal
outcomes of COVID-19
infection (OR: 1.13, 95%
CL: 1.105-1.175).
Hamilton Retrospective study 155 patients March 13, Urban - rural (county COVID-19 outcomes  Urban individuals had Moderate
etal, ( admitted to a 2020-June 25, populations of higher floor admission
Hamilton single-centre 2020 >50,000 are classified rates, while rural
et al., tertiary academic as urban) individuals had higher rates
2022) hospital, Augusta, of escalated medical care
Georgia within 24 h. No significant
differences were found in
discharge disposition,
readmissions, hospital
length of stay, ICU length of
stay, or mortality rates
between rural and urban
individuals.
Denslow Retrospective study 3991 people March 1 - Urban - rural COVID-19 Rural patientshad 1.3 times ~ Low
etal., ( hospitalized with September 30, hospitalization and the odds of dying or being
Denslow SARS-CoV-2 2020 mortality discharged to hospice

(continued on next page)
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Author, Study design Sample size, study Time period of Urban exposure COVID-19 outcome Findings Risk of

reference area study (s) Bias
et al., infections among compared to urban
2022) 17 hospitals, North patients, according to the

Carolina crude model (95% CI:
1.1-1.6). The estimate only
slightly decreased in
adjusted models, with an
OR of 1.2 (95% CIL:
1.0-1.5).

Sansone Retrospective study 585,655 February 22, 2020, Place of residence COVID-19 Living in rural areas (OR: Low
etal, ( hospitalized - April 04, 2021 (urban, rural, and peri-  hospitalization, ICU, 1.22,95% CI: 1.18-1.26) or
Sansone individuals, Brazil urban) death peri-urban places (OR:
et al., 1.25, 95% CI: 1.11-1.40)

2022) was associated with higher
COVID-19 mortality.

Shukla et al., Cross-sectional 51,425 individuals, 30 March 2020-17 Place of residence COVID-19 deaths In urban areas, the CFR was Moderate
(Shukla study Gwalior district of May 2021 (urban, rural) 1.43% during the first wave
et al., central India and 0.80% during the
2022) second wave, compared to

0.63% and 0.66% for rural
areas.

Yemata Prospective Cohort 202 adult COVID- December Residence: urban - COVID-19 severity No significant difference in ~ Low
etal., ( Study 19 patients in the 2020-April 2021 rural severity rate was observed
Yemata South Gondar zone between individuals
et al., treatment centers, residing in urban and rural
2022) Northwest Ethiopia areas. Similarly, there was

no significant difference in
COVID-19 severity
outcomes between patients
living in urban and rural
areas (CHR: 1.34, 95% CI:
0.86-2.10; AHR: 1.92, 95%
CI: 0.86-3.46).

Rostila Total- Adults living in January 31, Neighborhood COVID-19 mortality Among migrant groups in Low
etal., ( Population-Based Stockholm, Sweden ~ 2020-May 4, 2020  population density Sweden, there was a
Rostila Cohort Study, (n = 1,778,670) grouped into 5 positive association
etal., quintiles between higher
2021) neighborhood population

density (quintiles 3-5) and
COVID-19 mortality, even

after adjusting for age and
gender (Q3: RR: 1.28, 95%
CL: 1.02-1.61; Q5: RR: 1.59,
95% CI: 1.24-2.04).

Surendra Retrospective study ~ Individual-level 2 March 2020-31 Population density COVID-19 deaths Higher subdistrict Low
etal., ( data were collected  August 2021 (deceased vs population density was
Surendra from all cases (n = recovered) significantly associated
et al., 842,646), 44 with an increased risk of
2022) subdistricts in DKI death. Residents of

Jakarta subdistricts with the
highest population density
had a higher risk of death
compared to those in the
lowest density category
(OR: 1.34, 95% CI:
1.14-1.58).

Islamoska Retrospective study 2232 individuals, February—June Population density Hospitalization with ~ Lower population density Low
etal, ( Denmark 2020 based on quartiles into: COVID-19 (<83 km?) and population
Islamoska <83 persons/km?, density between 83 and
etal., 83-310 persons/km?, 310 km? were associated
2022) >310 persons/km?. with reduced odds of

COVID-19 hospitalization
(OR: 0.36, 95% CI:
0.32-0.40 and OR: 0.37,
95% CI: 0.33-0.41,
respectively).

HR=Hazard Ratio. OR=0dds Ratio. AHR = Average Hazard Ratio. CI=Confidence Interval. ICU=Intensive Care Unit. RR=Relative Risk. IQR=Interquartile Range. ED
= emergency department. IRS=Intensive Respiratory Support.

3.3.1. Ambient air pollution

A total of 22 non-ecological studies were conducted to investigate
the impact of AAP. These studies were conducted in several countries
representing the continents of Europe, North America and Asia. Among
these studies, eleven focused on long-term exposure, seven examined

short-term exposure, and four investigated both short and long-term
exposure (Table 1) (Di Ciaula et al., 2022; Mendy et al., 2021a,
2021b; Chen et al., 2021, 2022a, 2022b; Bowe et al., 2021; Elliott et al.,
2021; Lépez-Feldman et al., 2021; Marques et al., 2022b; Pegoraro et al.,
2021; Nobile et al., 2022; Sheridan et al., 2022; Bozack et al., 2022;
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Table 3
Characteristics of the included non-ecological studies on the associations of meteorological factors with COVID-19 health outcomes.
Author, reference  Study design Sample size, study Time period of Urban exposure COVID-19 Findings Risk
area study outcome(s) of
Bias
Hachim’et al., ( Retrospective 434 COVID-19 January-June Temperature, wind speed, COVID-19 Elevated temperature, increased Low
Hachim et al., cohort study patients, Al Kuwait 2020 cloud cover, precipitation deaths and solar radiation, and lower
2021) Hospital, Dubai, UAE rate, relative humidity, organ failure humidity levels were found to be
sunshine duration, wind associated with more severe cases
direction dominant of COVID-19, including critical
illness, ICU admission, and higher
mortality rates.
Solmaz et al., ( Retrospective 1950 patients March 16 —July ~ Seasonal temperature Need for Seasonal temperature change did Low
Solmaz et al., observational hospitalized for 15, 2020 intensive not have a significant impact on
2021) study COVID-19, care the requirement for ICU
Diyarbakir Gazi admission.
Yasargil Hospital,
Turkey

ICU=Intensive Care Unit.

NON-ECOLOGICAL STUDIES (N=38)

m Positive findings = Negative findings
Null findings

20

Fig. 2. Bar chart showing the direction of the relationships between the urban
exposures studied and various COVID-19 health outcomes in non-ecological
studies. If a study showed multiple effects, all directions found are shown.
Null findings (orange) indicate that no effect was observed. AAP = ambient
air pollution.

Lavigne et al., 2022; Beloconi et al., 2023; Li et al., 2022a; Kim et al.,
2022; Hoskovec et al., 2022; Rzymski et al., 2022; English et al., 2022;
Soltan et al., 2021). Out of these studies, seventeen specifically inves-
tigated the effect of exposure to PMy s (Mendy et al., 2021a, 2021b;
Bowe et al., 2021; Elliott et al., 2021; Lopez-Feldman et al., 2021; Nobile
et al., 2022; Sheridan et al., 2022; Chen et al., 2022a, 2022b; Bozack
et al., 2022; Lavigne et al., 2022; Beloconi et al., 2023; Li et al., 2022a;
Kim et al., 2022; Hoskovec et al., 2022; Rzymski et al., 2022; English
et al., 2022), of which fifteen found significant positive associations
between either short or long-term exposure and various COVID-19
health outcomes (Mendy et al., 2021a, 2021b; Bowe et al., 2021;
Lopez-Feldman et al., 2021; Nobile et al., 2022; Chen et al., 2022a,
2022b; Bozack et al., 2022; Lavigne et al., 2022; Beloconi et al., 2023; Li
et al., 2022a; Kim et al., 2022; Hoskovec et al., 2022; Rzymski et al.,
2022; English et al., 2022). One of the studies reporting positive find-
ings, however, only found a significant association with PMy 5 in par-
ticipants with any respiratory disease (OR:1.65, 95% CI:1.16-2.35),

patients with asthma (OR:1.82, 95% CI:1.13-2.93), and patients with
chronic obstructive pulmonary disease (COPD) (OR:1.65, 95%
CI:1.05-2.60) (Mendy et al., 2021b). Another study only found signifi-
cant associations during the first wave of the pandemic, specifically
before October 2020 (Beloconi et al., 2023). Studies tended to examine
PM,5 in single pollutant models, probably due to data availability
constraints. Nevertheless, some studies did utilize multi-pollutant
modelling approaches. For example, one study of 74,915 patients from
Southern California utilized both single and multipollutant models
(Chen et al., 2022b). For a 1-year exposure, the positive associations
between PMj 5 and all examined COVID-19 health outcomes (hospital-
ization, IRS, ICU admission, and death) remained after adjusting for NO5
exposure (NOy exposures were significantly positive in single pollutant
models but became non-significant in the two-pollutant model). At the
1-month exposure level, after adjusting for NO,, the positive associa-
tions for 1-month PM; 5 exposure were significant for COVID-19 deaths,
but not for the other outcomes (NO, remained significantly positive in
both single and multi-pollutant models) (Chen et al., 2022b). Further-
more, three-pollutant models were examined, incorporating PMa 5, NOo,
and O3 exposure. In these models, statistically significant associations
were observed between 1-month PMj; 5 exposure and IRS, as well as ICU
admission and death (Chen et al., 2022b). Seven studies assessed the
effect of PM;( exposure, with four of them focusing on short-term
exposure (Di Ciaula et al., 2022; Pegoraro et al., 2021; Li et al.,
2022a; Rzymski et al., 2022), and three investigating long-term expo-
sure (Elliott et al., 2021; Marques et al., 2022b; Sheridan et al., 2022).
Four studies among these found significant positive associations of PM;
exposure with COVID-19 outcomes (Marques et al., 2022b; Pegoraro
et al.,, 2021; Li et al., 2022a; Rzymski et al., 2022). However, the three
remaining studies did not find a significant association (Di Ciaula et al.,
2022; Elliott et al., 2021; Sheridan et al., 2022). Elliott et al. used data
from the UK Biobank and examined the effects of nitrogen oxides (NOy),
PM; 5, and PM;( on COVID-19 outcomes (Elliott et al., 2021). This study
found a slight increase in the probability of COVID-19 death associated
with a 1-SD (1.90 pg/m3) increase in PM;( concentrations at the resi-
dential address, but this association was not statistically significant in
fully adjusted models (OR: 1.08, 95% CI: 0.92-1.26) (Elliott et al.,
2021).

Nine non-ecological studies examined associations of NO5 exposure
with COVID-19 outcomes. Out of these, five reported significant positive
associations (Di Ciaula et al., 2022; Nobile et al., 2022; Chen et al.,
2022b; Lavigne et al., 2022; Beloconi et al., 2023), with one specifically
indicating that this association was only present during the first wave of
the pandemic (Beloconi et al., 2023). Ciaula et al., reported that the
average NO, air concentrations in the two weeks before hospital
admission due to SARS-CoV-2 infection were a significant predictor for
mortality due to altered immune function with an OR of 1.05 (95% CI:



L. Houweling et al.

1.00-1.09) (Di Ciaula et al., 2022). Four other studies investigating the
effect of NO», did not find significant effects in their multivariable an-
alyses (Marques et al., 2022b; Sheridan et al., 2022; Chen et al., 2022a;
Bozack et al., 2022). In terms of O3 exposure, five studies were con-
ducted, and four of them found significant positive associations with
COVID-19 outcomes (Chen et al., 2022a; Lavigne et al., 2022; Kim et al.,
2022; Hoskovec et al., 2022). Notably, one study reported a significant
positive association of ozone along with increased long-term exposure to
PM; 5 and temperature on hospitalization and ICU admission compared
to being asymptomatic. (Hoskovec et al., 2022). Additionally, one study
observed an inverse association between O3 and COVID-19 hospitali-
zation and IRS, likely due to its negative correlation with NO; exposure
(Chen et al.,, 2022b). Chen et al. also conducted another study in
Southern California and found significant positive associations between
short- and long-term non-freeway near-roadway air pollution exposures
(NRAP) and COVID-related IRS, ICU admission, and death, which
remained after adjusting for regional PMys and NO5 concentrations
(Chen et al., 2021).

Black carbon (BC) exposure was examined in a single study, which
did not find a significant association with ICU admission, intubation, or
COVID-19 mortality (Bozack et al., 2022). Another study assessed the
effect of benzo(a)pyrene (B(a)P), an environmental pollutant resulting
from incomplete combustion of organic materials, and found significant
positive associations with an increased odds of oxygen saturation below
90%, the need for oxygen therapy and death (Rzymski et al., 2022).

3.3.2. Urbanization and population density

The characteristics of the studies examining urbanization and pop-
ulation density are provided in Table 2. Eleven non-ecological studies
examined the effect of urbanization, of which seven reported that urban
living was associated with a higher risk of COVID-19 hospitalization and
mortality (Boudou et al., 2021; Verma et al., 2021; Brainard et al., 2022;
Hamdan et al., 2021; Mengist et al., 2022; Sohrabi et al., 2022; Hamilton
et al., 2022). Conversely, three studies found that rural living is asso-
ciated with COVID-19 mortality (Denslow et al., 2022; Sansone et al.,
2022; Shukla et al., 2022). One study, conducted in Northwest Ethiopia,
did not find a significant difference in COVID-19 outcomes between
urban and rural areas (Yemata et al., 2022). Furthermore, four studies
examined the effect of population density (Rostila et al., 2021; Brainard
et al., 2022; Surendra et al., 2022; Islamoska et al., 2022). One study
found no significant effect of population density on COVID-19 deaths
(Brainard et al., 2022), while three other studies reported an increased
risk of death and hospitalization for residents living in regions with
higher population density (Rostila et al., 2021; Surendra et al., 2022;
Islamoska et al., 2022).

3.3.3. Meteorological factors

Four non-ecological studies investigated associations of meteoro-
logical factors with SARS-CoV-2 infection outcomes, yielding varied
findings (Li et al., 2022a; Hoskovec et al., 2022; Hachim et al., 2021;
Solmaz et al., 2021). In addition, four studies that examined the impact
of exposure to AAP adjusted their results to account for meteorological
factors such as ambient temperature and humidity, which improved the
fit of their models (Lavigne et al., 2022; Beloconi et al., 2023; Kim et al.,
2022; English et al., 2022). Table 3 presents the characteristics of the
two studies that solely focused on investigating the main effects of
meteorological factors. To avoid duplication, the two other studies that
also examined AAP exposure are included in Table 1 (Li et al., 2022a;
Hoskovec et al.,, 2022). One cohort study in Dubai including 434
COVID-19 patients found that patients admitted on days with higher
ambient temperature, increased solar radiation, and lower relative hu-
midity had a higher risk of severe and critical COVID-19 outcomes,
leading to ICU admission or death (Hachim et al., 2021). Another study
adjusted their air pollutant models for daily average wind speed and
found negative associations of wind speed with more severe COVID-19
outcomes (Li et al., 2022a). Additionally, another study reported an
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interaction effect: higher ambient temperature combined with elevated
levels of PM3 5 and O3 was associated with increased risk of hospitali-
zation and ICU admission, compared to asymptomatic cases (Hoskovec
et al., 2022). However, the final study conducted in Turkey found no
evidence of a significant association between seasonal temperature
changes and the need for ICU admission among COVID-19 patients
(Solmaz et al., 2021).

3.3.4. Meta-analyses

Beyond summarizing the findings of the non-ecological studies
descriptively, three random-effect meta-analyses were performed to
assess the effects of PMs 5 and NOy on COVID-19 outcomes. The corre-
sponding forest plots are shown in Fig. 3. The first meta-analysis,
pooling data from eight non-ecological studies, found that individuals
exposed to a 1 pg/m?> increase in PMj 5 are at higher risk for COVID-19
death (pooled OR:1.06(95%CI:1.03-1.09)) with moderate heterogene-
ity observed (I = 66.8%) (Elliott et al., 2021; Lépez-Feldman et al.,
2021; Nobile et al., 2022; Sheridan et al., 2022; Chen et al., 2022a,
2022b; Bozack et al., 2022; English et al., 2022). Similarly, the second
meta-analysis, pooling findings from six studies, showed that a 1 pg/m>
increase in PMj 5 was associated with COVID-19 hospitalization (pooled
OR:1.08(95%CI:1.02-1.14)), but with substantial heterogeneity among
the studies (I? = 92%) (Mendy et al., 2021a, 2021b; Bowe et al., 2021;
Sheridan et al., 2022; Chen et al., 2022a, 2022b). The third
meta-analysis, pooling results from six non-ecological studies did not
find an association between NO5 and the risk of death from SARS-CoV-2
infection (pooled OR:1.01(95%CI:0.99-1.01)) (Marques et al., 2022b;
Nobile et al., 2022; Sheridan et al., 2022; Chen et al., 2022a, 2022b;
Bozack et al., 2022). There was no evidence of heterogeneity with
respect to this finding (1% = 0%).

3.4. Urban exposures influencing COVID-19 health outcomes in
ecological studies

We identified 241 ecological studies examining associations between
urban exposome characteristics and various COVID-19 health outcomes.
The characteristics and findings of these studies can be found in
Table S7, while Fig. 4 provides a visual representation of the direction of
the observed associations.

3.4.1. External exposome-wide association study (ExWAS)

One ExWAS was conducted in the United States, investigating the
potential associations between 337 external exposome factors and
COVID-19 mortality (Hu et al., 2021). Among these factors, four urban
exposures were identified as particularly influential in their impact on
COVID-19 deaths. These included exposure to NO», exposure to benzi-
dine, a measure of vacant land indicating the percentage of addresses
not occupied in the previous quarter but currently in use, and a measure
of the food environment representing the county-level percentage of
students eligible for free or reduced-price lunch in 2015 (Hu et al,,
2021). These findings were used to highlight the importance of these
specific urban-related factors in influencing the risk of COVID-19
mortality.

3.4.2. Ambient air pollution

Exposure to AAP was investigated by 107 ecological studies
(Aggarwal et al., 2021), (Pozzer et al., 2020; Barnett-Itzhaki et al., 2021;
Coccia, 2021; Lembo et al., 2021; Ngepah, 2021; Meo et al., 2021a,
2021b; Naqvi et al., 2021a; Bouba et al., 2021; Fernandez et al., 2021;
Pana et al., 2021; Kianfar et al., 2022; Stojkoski et al., 2022; Tchicaya
etal., 2021; Samillan et al., 2021; Linares et al., 2021a; Beig et al., 2020;
Pacheco et al., 2020; Haque et al., 2022; Garcia et al., 2022; Prinz et al.,
2022; Semczuk-Kaczmarek et al., 2022; Ghanim, 2022; Aloisi et al.,
2022; Liang et al., 2020; Bray et al., 2020; Cazzolla Gatti et al., 2020;
Khan, 2022; Zhou et al., 2021; Ilardi et al., 2021a; Sanchez-Piedra et al.,
2021; Paez-Osuna et al., 2022; Berg et al., 2021; Liu et al., 2020a;
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Fig. 3. Forest plots for the studies showing the effect of A: PM, 5 on COVID-19 deaths, B: PM, 5 on COVID-19 hospitalizations, C: NO3 on COVID-19 deaths. All effect
estimates, including the pooled effects, are presented per 1 pg/m?® increment in air pollution exposure.

Pansini et al., 2020; Bianconi et al., 2020; Dettori et al., 2021; Hutter
et al., 2020; Dales et al., 2021; Isphording et al., 2021; Ho et al., 2021;
Persico et al., 2021; Deguen et al., 2021), (Sciannameo et al., 2022;
Mathieu et al., 2022; Li et al., 2022b; Sahu et al., 2022; Anand et al.,
2021; Ibarra-Espinosa et al., 2022; Meo et al., 2022; Shao et al., 2022;
Norouzi et al., 2022; Mangla et al., 2021; Ismail et al., 2022; Khursheed
et al., 2021; Fareed et al., 2020; Kolluru et al., 2022; Zoran et al., 2022c;
Barcellos et al., 2021; Singh, 2021; Khorsandi et al., 2021; Meo et al.,
2021d; Gupta et al., 2021; Hou et al., 2021; Meo et al., 2020a; Zheng
et al., 2021; Chaudhary et al., 2022; Ribeiro et al., 2022; Santos et al.,
2022; Karimi et al., 2022; Serio et al., 2022; Beig et al., 2022; Ma et al.,
2020; Adhikari et al., 2020; Halos et al., 2022; Yue et al., 2021; Naudé
et al., 2022; Loomba et al., 2021; Aykac et al., 2022; Borna et al., 2022;
Adin et al., 2022; Boluwade et al., 2022; Bossak et al., 2022; Chakra-
borty et al., 2022; Czwojdzinska et al., 2021; Filippini et al., 2021; Koch
et al., 2022; Kutralam-Muniasamy et al., 2021; Lee et al., 2022; Leiriao
et al., 2022; Levi et al., 2021; Linares et al., 2021b; Marian et al., 2022;
Marques et al., 2021; Marwah et al., 2022; Meo et al., 2021e; Miller
et al., 2022; Moshammer et al., 2021; Naqvi et al., 2021b; Ogen, 2020;
Renard et al., 2022; Rodriguez-Villamizar et al., 2021; Rohrer et al.,
2020; Sannigrahi et al., 2022; Sethi et al., 2022; Valdés Salgado et al.,
2021; Villeneuve et al., 2022). Among these studies, 87 reported a
positive relationship between one or more air pollutants and various
COVID-19 health outcomes, although the strength of association varied
across the studies. The only global study indicated that long-term
exposure to PMy 5 contributed to approximately 15%(95%CI:7-33%)

11

of the total COVID-19 mortality worldwide (Pozzer et al., 2020). How-
ever, thirteen analyses operating at the country-level reported a com-
bination of positive and null findings. Six of these studies, examining
between seventeen and 196 countries, reported a positive correlation
with PM; 5 and COVID-19 mortality (Barnett-Itzhaki et al., 2021; Coccia,
2021; Lembo et al., 2021; Ngepah, 2021; Meo et al., 2021a; Fernandez
et al., 2021). On the other hand, five other studies encompassing twelve
countries to all countries worldwide, did not find an effect of PMs 5
exposure (Naqvi et al., 2021a; Bouba et al., 2021; Pana et al., 2021;
Kianfar et al., 2022; Stojkoski et al., 2022). Besides PMy 5, positive
correlations and/or associations were observed at the country level for
medium- and long-term exposure to NOy, NOx, SO2, PM;, CO, O3, NH3,
non-methane volatile organic compounds (NMVOCs) and greenhouse
gas elements (Barnett-Itzhaki et al., 2021; Lembo et al., 2021; Meo et al.,
2021a; Naqvi et al., 2021a; Haque et al., 2022). However, for long-term
O3 and CO, negative associations with COVID-19 mortality were found
(Haque et al., 2022). The findings of 73 regional-scale studies were more
consistent, with 61 studies reporting positive associations between
various COVID-19 health outcomes and one or more pollutants, with
PM; 5, PM; and NO, being the most commonly studied pollutants (n =
58) (Hu et al., 2021; Naqvi et al.,, 2021a), (Tchicaya et al., 2021;
Samillan et al., 2021; Linares et al., 2021a; Beig et al., 2020; Pacheco
et al., 2020), (Garcia et al., 2022; Prinz et al., 2022; Semczuk-Kaczmarek
et al., 2022; Ghanim, 2022; Meo et al., 2021b; Aloisi et al., 2022; Liang
et al., 2020; Bray et al., 2020; Cazzolla Gatti et al., 2020; Khan, 2022;
Zhou et al., 2021; Ilardi et al.,, 2021a; Sanchez-Piedra et al., 2021;



L. Houweling et al.
ECOLOGICAL STUDIES (N=241)

® Positive findings ® Negative findings

Null findings
100
75
50
25 II I
0 -lll-_
S SO @ LS
CTE T LSRN KN °
& T F P R QS
Y VLo S o @ < N\ e <O
2 QLS @ QTR <&
RN IFFTELSTSTS 0
TR Y &S TS S
= R G € 0
Aa N ¥
RS S
S &
& &
N

Fig. 4. Bar chart showing the direction of the relationships between the urban
exposures studied (n > 3) and various COVID-19 health outcomes in ecological
studies. If a study showed multiple effects, all directions found are shown. Null
findings (orange) indicate that no effect was observed. AAP = ambient air
pollution. UV=Ultraviolet.

Paez-Osuna et al., 2022; Berg et al., 2021; Liu et al., 2020a; Pansini et al.,
2020; Bianconi et al., 2020; Dettori et al., 2021; Hutter et al., 2020;
Dales et al., 2021; Isphording et al., 2021; Ho et al., 2021; Persico et al.,
2021; Deguen et al., 2021; Correa-Agudelo et al., 2021; Coker et al.,
2020; Perone, 2021; Sarmadi et al., 2021; Travaglio et al., 2021; Meo
et al., 2021c; Cascetta et al., 2021; Naqvi et al., 2022; Zoran et al.,
2022a; Amoroso et al., 2022; Mathys et al., 2023; Zoran et al., 2022b;
Culqui et al., 2022; Banuelos Gimeno et al., 2022; Culqui et al., 2022;
Adin et al., 2022; Boluwade et al., 2022; Bossak et al., 2022; Chakra-
borty et al., 2022; Koch et al., 2022; Lee et al., 2022; Leiriao et al., 2022;
Linares et al., 2021b; Marian et al., 2022; Marwah et al., 2022; Naqvi
et al., 2021b; Renard et al., 2022; Sannigrahi et al., 2022; Villeneuve
et al., 2022). Additionally, out of the 33 city-level studies, 28 found
positive associations for short, medium, and long-term exposure to one
or more pollutants (Aggarwal et al., 2021; Barnett-Itzhaki et al., 2021;
Linares et al., 2021a; Ibarra-Espinosa et al., 2022; Meo et al., 2020a,
2021d, 2022; Shao et al., 2022; Norouzi et al., 2022; Mangla et al., 2021;
Ismail et al., 2022; Khursheed et al., 2021; Fareed et al., 2020; Kolluru
et al., 2022; Zoran et al., 2022c; Barcellos et al., 2021; Singh, 2021;
Khorsandi et al., 2021; Gupta et al., 2021; Hou et al., 2021; Zheng et al.,
2021; Chaudhary et al., 2022; Ribeiro et al., 2022; Santos et al., 2022;
Karimi et al., 2022; Serio et al., 2022; Beig et al., 2022; Hadei et al.,
2021; Levi et al., 2021). However, some of these studies also reported
negative associations with Oz (Kolluru et al., 2022; Zoran et al., 2022c;
Karimi et al., 2022), SO5 (Shao et al., 2022), PMy 5 and PM;o (Khursheed
et al., 2021; Ma et al., 2020), NOy and CO (Khursheed et al., 2021;
Karimi et al., 2022) and NH3 (Khursheed et al., 2021). Three studies
conducted at the neighborhood level presented conflicting findings,
with limited evidence of a short term effect of AAP (Adhikari et al.,
2020), but more positive associations were observed for long term
exposure (Aykac et al., 2022; Borna et al., 2022).

3.4.3. Urbanization and population density

The effect of urbanization and population density was investigated in
60 studies, either as a main effect, but mainly accounted for in, for
example, AAP models (Ngepah, 2021; Bouba et al., 2021), (Pana et al.,
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2021; Kianfar et al., 2022; Stojkoski et al., 2022), (Samillan et al., 2021;
Bray et al., 2020; Ilardi et al., 2021a; Pansini et al., 2020; Dettori et al.,
2021; Deguen et al., 2021; Perone, 2021; Amoroso et al., 2022; Li et al.,
2022b; Sahu et al., 2022), (Yue et al., 2021; Naudé et al., 2022; Loomba
et al., 2021), (Borna et al., 2022; McLaughlin et al., 2021), (Tzampoglou
et al., 2020; Cifuentes-Faura, 2021; Gerli et al., 2020; Hashim et al.,
2020; Yang et al., 2021; Asem et al., 2021; Leffler et al., 2020; Siddiqui
et al., 2021; Torres-Ibarra et al., 2022; Papadopoulos et al., 2022;
Tragaki et al., 2022; Faramarzi et al., 2022; Kumru et al., 2022; Sobczak
et al., 2022; Chang et al., 2022a; Khan et al., 2022; Okoli et al., 2022;
Klement et al., 2022; Feng, 2022; James et al., 2022; Basellini et al.,
2022; Antonio-Villa et al., 2022; Bhadra et al., 2021; Pekmezaris et al.,
2021; Fielding-Miller et al., 2020; Lee et al., 2021; Contreras-Manzano
et al., 2020; Mizumoto et al., 2020; Rideout et al., 2021; Viezzer et al.,
2021; Ramirez-Aldana et al., 2021; Imai et al., 2021; Mejdoubi et al.,
2021; Kodera et al., 2020; Simoes et al., 2021; Amate-Fortes et al., 2022;
Riley et al., 2022; (Carozzi et al., 2022) (Marques et al., 2021)). One
global-scale study, found that population density correlated weakly with
COVID-19 death rates (Tzampoglou et al., 2020). Among the 25 studies
conducted at the national level, five reported positive associations, two
showed negative associations, and seventeen found no significant effect
(Ngepah, 2021; Bouba et al., 2021; Pana et al., 2021; Kianfar et al.,
2022; Stojkoski et al., 2022; Naudé et al., 2022; Cifuentes-Faura, 2021;
Gerli et al., 2020; Hashim et al., 2020; Yang et al., 2021; Asem et al.,
2021; Leffler et al., 2020; Siddiqui et al., 2021; Torres-Ibarra et al., 2022;
Papadopoulos et al., 2022; Tragaki et al., 2022; Faramarzi et al., 2022;
Kumru et al., 2022; Sobczak et al., 2022; Chang et al., 2022a; Khan et al.,
2022; Okoli et al., 2022; Klement et al., 2022; James et al., 2022; Feng
et al., 2022). On a regional scale, 55 studies were conducted, and 40 of
them reported positive associations, although the degree and direction
of the associations varied across different locations (Bray et al., 2020;
Ilardi et al., 2021a; Pansini et al., 2020; Sahu et al., 2022; Yue et al.,
2021; McLaughlin et al., 2021), (Basellini et al., 2022; Antonio-Villa
et al., 2022; Bhadra et al., 2021; Pekmezaris et al., 2021; Fielding-Miller
et al., 2020; Lee et al., 2021; Contreras-Manzano et al., 2020; Mizumoto
et al., 2020; Rideout et al., 2021; Viezzer et al., 2021; Ramirez-Aldana
et al., 2021; Imai et al., 2021; Mejdoubi et al., 2021; Kodera et al., 2020;
Simoes et al., 2021; Amate-Fortes et al., 2022; Riley et al., 2022; Fon-
seca-Rodriguez et al., 2021; Ziyadidegan et al., 2022; Suligowski et al.,
2023; Chang et al., 2022b; Frisina Doetter et al., 2022; Itzhak et al.,
2022; Li et al., 2022c; Lamichhane et al., 2022; Roviello et al., 2022;
Aouissi et al., 2022; Blair et al., 2022; Nasiri et al., 2022; Semati et al.,
2022; Nightingale et al., 2021; Haider et al., 2022; Schnake-Mahl et al.,
2022; Tlardi et al., 2021b). When examining urbanicity on a regional
scale, eight studies found that rural areas had significantly higher
mortality rates compared to urban areas (Rifat et al., 2021; Hamidi et al.,
2020; Kaufman et al., 2020; Huang et al., 2021; Anzalone et al., 2022;
Pascoal et al., 2022; Grome et al., 2022; Iyanda et al., 2022). At the
neighborhood level, three studies examined the impact of population
density. Two of these studies reported positive associations/correlations
(Borna et al., 2022; Feng, 2022), while one study found no significant
effect (Jannot et al., 2021).

3.4.4. Meteorological factors

Various meteorological factors and their associations with COVID-19
outcomes were investigated in a total of 87 ecological studies (Bouba
et al., 2021; Fernandez et al., 2021; Pana et al., 2021; Kianfar et al.,
2022; Stojkoski et al., 2022; Tchicaya et al., 2021; Samillan et al., 2021;
Linares et al., 2021a; Beig et al., 2020; Pacheco et al., 2020; Perone,
2021), (Zoran et al., 2022a, 2022b; Amoroso et al., 2022; Mathys et al.,
2023; Culqui et al., 2022; Banuelos Gimeno et al., 2022; Culqui et al.,
2022), (Sciannameo et al., 2022; Shao et al., 2022), (Mangla et al., 2021;
Ismail et al., 2022; Khursheed et al., 2021; Fareed et al., 2020; Kolluru
et al., 2022; Zoran et al., 2022c; Barcellos et al., 2021; Singh, 2021;
Khorsandi et al., 2021), (Ma et al., 2020; Adhikari et al., 2020; Halos
et al., 2022; Yue et al., 2021; Naudé et al., 2022; Loomba et al., 2021;
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Tzampoglou et al., 2020), (Yang et al., 2021; Asem et al., 2021; Leffler
et al., 2020; Siddiqui et al., 2021; Chang et al., 2022a), (Imai et al., 2021;
Mejdoubi et al., 2021; Kodera et al., 2020; Simoes et al., 2021; Ama-
te-Fortes et al., 2022; Riley et al., 2022; Malki et al., 2020), (Feng et al.,
2022; Tloanusi et al., 2021; Alemu, 2020; Sobral et al., 2020; Meo et al.,
2020b; Meo et al., 2020c; Basray et al., 2021; Vahedian et al., 2022;
Olinto et al., 2022; Faruk et al., 2022a; Saddik et al., 2022; Moham-
madpour et al., 2022; Sabarathinam et al., 2022; Karim et al., 2022;
Hamd et al., 2022; Rahman et al., 2021; Thazhathedath Hariharan et al.,
2021; Zilberlicht et al., 2021; Hassan et al., 2020; Rehman et al., 2020;
Ogaugwu et al., 2020; Li et al., 2020; Cacho et al., 2020; Cherrie et al.,
2021; Quilodran et al., 2021; Thangariyal et al., 2020; Bochenek et al.,
2022; Isaia et al., 2021; Mejdoubi et al., 2020; Zhu et al., 2021; Cai et al.,
2020; Huang et al., 2020; Dagi et al., 2022; Trajanoska et al., 2022; Song
et al., 2022; Liang et al., 2022; Nicolaou et al., 2022; Tapia-Munoz et al.,
2022; Zhang et al., 2022). Among these studies, ambient temperature
was examined in 76 studies, with 44 of them reporting a correlation
between increasing temperatures and less severe COVID-19 outcomes.
Similarly, the effect of relative humidity on COVID-19 outcomes was
evaluated in 31 studies, which provided evidence of an inverse rela-
tionship (Zoran et al., 2022a, 2022b, 2022c; Amoroso et al., 2022;
Mathys et al., 2023; Culqui et al., 2022; Banuelos Gimeno et al., 2022;
Culqui et al., 2022; Mangla et al., 2021; Ismail et al., 2022; Khursheed
et al., 2021; Fareed et al., 2020; Kolluru et al., 2022; Barcellos et al.,
2021; Ma et al., 2020; Halos et al., 2022; Asem et al., 2021; Simoes et al.,
2021; Riley et al., 2022; Malki et al., 2020; Meo et al., 2020b, 2020c;
Basray et al., 2021; Vahedian et al., 2022; Olinto et al., 2022; Faruk
et al., 2022a; Saddik et al., 2022; Mohammadpour et al., 2022; Sabar-
athinam et al., 2022; Karim et al., 2022; Hamd et al., 2022). However,
positive and null effects were also reported in some studies. Absolute
humidity was studied by ten studies, with two reporting positive asso-
ciations (Culqui et al., 2022; Kodera et al., 2020), three reporting inverse
relationships (Mathys et al., 2023; Culqui et al., 2022; Vahedian et al.,
2022), and five not finding any significant effect (Shao et al., 2022;
Adhikari et al., 2020; Zhu et al., 2021; Cai et al., 2020; Huang et al.,
2020). Twelve studies found that higher sunshine duration was associ-
ated with less severe COVID-19 outcomes (Zoran et al., 2022a, 2022b,
2022c; Barcellos et al., 2021; Siddiqui et al., 2021; Simoes et al., 2021;
Cacho et al., 2020; Cherrie et al., 2021; Quilodran et al., 2021; Than-
gariyal et al., 2020; Bochenek et al., 2022; Isaia et al., 2021), while five
studies did not find a significant effect (Halos et al., 2022; Naudé et al.,
2022; Loomba et al., 2021; Mejdoubi et al., 2020; Huang et al., 2020).
Wind speed was investigated in sixteen studies, with three reporting
positive associations (Zoran et al., 2022a; Mathys et al., 2023; Faruk
et al.,, 2022a), eight reporting negative associations (Sanchez-Piedra
et al., 2021; Zoran et al., 2022b, 2022c; Sciannameo et al., 2022; Faruk
et al., 2022a; Saddik et al., 2022; Mohammadpour et al., 2022; Sabar-
athinam et al., 2022), and five showing weak associations or no effect
(Kolluru et al., 2022; Halos et al., 2022; Bochenek et al., 2022; Huang
et al., 2020; Dagi et al., 2022). The effect of precipitation was examined
in seven studies, with one study reporting a positive association (San-
chez-Piedra et al., 2021), two studies finding negative associations
(Mathys et al., 2023; Faruk et al., 2022a), and four studies reporting no
significant effect (Kianfar et al., 2022; Loomba et al., 2021; Huang et al.,
2020; Dagi et al., 2022). Finally, the findings from six studies examining
air pressure, sky clearness, altitude, and dew point were mixed (Mathys
et al., 2023; Zoran et al., 2022b, 2022c; Faruk et al., 2022a; Hamd et al.,
2022; Nicolaou et al., 2022).

3.4.5. Built environment characteristics

The influence of green space on COVID-19 outcomes was explored in
twelve ecological studies conducted at a regional scale (Samillan et al.,
2021; Dettori et al., 2021; Falco et al., 2023; Li et al., 2022b; Lee et al.,
2021; Viezzer et al., 2021; Suligowski et al., 2023; Roviello et al., 2021,
2022; Russette et al., 2021; Sikarwar et al., 2022; Yang et al., 2022), one
study at a national scale (Meo et al., 2021a) and one study at a city scale
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(Peng et al., 2022). Except for one regional scale study that reported no
relationship (Dettori et al., 2021), all other studies reported that green
space was protective against COVID-19 severity. Additionally, three
studies examined the effect of blue space such as sea exposure on a
regional scale, all of them finding protective effects (Cascetta et al.,
2021; Suligowski et al., 2023; Roviello et al., 2022). The effect of air
transport was investigated in three studies, with one study indicating
that counties with or near airports had a higher risk of COVID-19-related
death (Correa-Agudelo et al., 2021), while the other two studies did not
find a significant effect (Kianfar et al., 2022; Stojkoski et al., 2022).
Another study revealed that areas with high residential, commercial,
and administrative density had a higher number of COVID-19 patients,
whereas areas with a high density of industries had fewer patients
(Nasiri et al., 2022). The results of another study show that neighbor-
hoods with more pedestrian-friendly streets, a mix of homes and
workplaces, and limited car access tend to have fewer COVID-19 hos-
pitalizations and deaths (Wali et al., 2021). Lastly, noise was examined
in one study showing that higher noise levels were associated with
COVID-19 hospitalization and ICU admission (Diaz et al., 2021).

4. Discussion
4.1. Summary of results

This systematic review aimed to assess the impact of various urban
factors on different health outcomes related to COVID-19, distinguishing
between non-ecological and ecological studies. The findings of 38 non-
ecological studies revealed that individuals residing in more urbanized
areas, regions with higher population density, or those exposed to higher
levels of air pollutants, specifically PMy 5, are more prone to experi-
encing more severe COVID-19 outcomes. However, the examination of
meteorological factors as a main effect was less extensive (n = 4),
leading to the inability to establish a clear relationship at the individual
level. Furthermore, the analysis of 241 ecological studies indicated that
COVID-19 patients living in more urbanized areas, areas with higher
population density, elevated levels of air pollutants (especially PMj s,
PM;, and NOy), reduced UV exposure, and limited access to green and
blue spaces face an increased risk of developing severe and critical
COVID-19. A comparison between the findings of non-ecological and
ecological studies demonstrated a general consistency in the overall
direction of the relationships for the impact of urbanization/population
density and PM; 5 exposure. However, due to the considerably smaller
number of non-ecological studies available, it is challenging to make a
comprehensive comparison for all urban exposures.

4.2. Exploration of findings

The risk of suffering from more severe COVID-19 outcomes is, in
part, related to the risk of SARS-CoV-2 transmission. Modeling this
transmission relies on several factors, with urban exposures also playing
an important role. In densely populated urban areas, close-distance
contact is more likely, thereby increasing the risk of viral trans-
mission. In addition, urban environments are characterized by a higher
rate of potential sources of infection, such as crowded public trans-
portation and busy streets, both of which can promote rapid spread of
the virus (Saadat et al., 2020). These increased interpersonal in-
teractions and urban-specific routes of transmission underscore the
importance of also accounting for the effect of urbanization. Besides,
airborne transmission of the virus is also possible, and studies indicate
that concentrations of ambient air pollutants (AAP), particularly PM 5
and PM;, can affect the stability and infectivity of the virus, potentially
increasing the chances of viral transmission (Groulx et al., 2018; Al
Huraimel et al., 2020). Meteorological factors also play a role because of
their impact on SARS-CoV-2 transmission, as well as their correlation
with air pollution concentrations (Faruk et al., 2022b; Guo et al., 2021).
However, the impact of urban exposures is complicated due to the
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implementation of mitigation measures such as social distancing, which
have led to subsequent decreases in air pollution, which also varied
across countries (Barouki et al., 2021; Venter et al., 2021). Moreover,
different SARS-CoV-2 strains were dominant during the pandemic,
which also showed marked variation in transmissibility, morbidity and
mortality, altering the impact of the studied urban exposures (Tracking,
2023). Furthermore, the administration of COVID-19 vaccinations in the
late 2020s has also been considered influential by reducing the risk of
severe disease (Li et al., 2021). However, relatively few studies within
this systematic review accounted for these factors. The limited number
of studies that did consider these features suggested that the effects of
urban exposures on COVID-19 outcomes varied between periods of
absence and presence of COVID-19 vaccination (Arbel et al., 2022; Song
et al., 2022; D’Amico et al., 2022), as well as between the different
waves of the pandemic (Beloconi et al., 2023; Shukla et al., 2022;
Banuelos Gimeno et al., 2022; Mathieu et al., 2022; Kolluru et al., 2022;
Taylor et al., 2022; Suligowski et al., 2023; Schnake-Mahl et al., 2022).
Studies found a stronger effect of urban exposures during the first wave
of the pandemic, when public health services were not fully in effect.
However, the studies that took COVID-19 vaccination into account
found varying effects, indicating that no clear difference could be
observed between the periods before and after the rollout of vaccination.

Beyond considering the previously mentioned concerns regarding
the investigation of urban exposures on various COVID-19 health out-
comes, this review identified several notable effects. One notable finding
is the positive association between air pollution, particularly PMj; 5, and
COVID-19 outcomes, as supported by the results of meta-analyses. A
potential mechanism underlying this is that exposure to AAP may
weaken and disrupt the immune response leading to respiratory prob-
lems and lung dysfunction, as well as increased respiratory symptoms,
infections and mortality (Jiang et al., 2016). Air pollution has also been
shown to impair the host’s immune response to invading pathogens in
the respiratory tract and by inhibiting the expression of key inflamma-
tory mediators (Marques et al., 2022a; Adaji et al., 2019). The effects
found for ambient temperature and humidity were contradictory, indi-
cating possible non-linear associations, with several studies reporting
U-shaped relationships. This observation aligns with previous findings
on the effect of these meteorological factors on SARS-CoV-2 trans-
mission (Zhai et al., 2023; Nottmeyer et al., 2022), and is also considered
in the effect on influenza virus mortality (Deyle et al., 2016). However,
most of the ecological studies included in this review showed an inverse
relationship between ambient temperature and humidity and COVID-19
outcomes. This may be attributed to the observation that breathing in
colder air allows for increased growth of the SARS-CoV-2 virus in the
upper respiratory tract, which is strongly correlated with adverse health
outcomes in COVID-19 patients (Liu et al., 2020b; Kang et al., 2021). A
smaller number of ecological studies also suggested a protective effect of
sunshine duration and exposure to green and blue space. Accordingly,
UVA and UVB radiation may be beneficial in reducing the severity of
COVID-19 infection through mediators such as vitamin D and nitric
oxide (NO) production in the skin (Gorman et al., 2020; Whittemore,
2020). Moreover, exposure to nature can influence various immuno-
logical parameters, including increased activity of natural killer (NK)
cells, which may modify the risk of developing severe COVID-19
(Andersen et al., 2021). However, it should be noted that there is a
negative correlation between green/blue space and other urban expo-
sures such as air pollution, which could potentially explain the observed
effects. The vast majority of the included studies do not adequately ac-
count for other urban exposures, making it challenging to determine the
independent effect of green and blue spaces. One city-level study that
considered these factors, found that the effect of residential green space
was more prevalent in regions with lower population density and eco-
nomic levels, with air pollutants, mainly NO,, mediating part of the
relationship (Peng et al., 2022).
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4.3. Risk of bias of included studies

The quality of the 38 included non-ecological studies ranged from
fair (n = 5), good (n = 30) to excellent (n = 3), indicating an overall
moderate to low risk of bias in these studies. However, it is important to
note that the conclusions drawn from the 241 ecological studies pre-
sented in this systematic review, are limited by the high risk of
ecological bias. This bias could arise from potential exposure misclas-
sification due to within-area variation, and individuals moving within
an area, as well as outcome misclassification resulting from the use of
publicly available aggregated COVID-19 data at the area-level. More-
over, these studies inadequately adjusted their results for individual-
level covariates further contributing to the risk of ecological fallacy
(Wu et al., 2020). As a result, it is not possible to draw definitive
cause-effect conclusions at the individual level based on this type of
research. To address the risk of ecological bias in future studies, there is
a need for standardized quality assessment tools explicitly designed for
this purpose. Efforts should be made to explicitly acknowledge and ac-
count for this risk when interpreting the results of ecological studies
(Romero Starke et al.,, 2021). One of the main challenges in under-
standing the effect of urban exposome factors with regard to both
non-ecological and ecological study designs, is the lack of taking into
consideration the viral dose exposure. The current analyses have pre-
dominantly used the urban exposome as a main effect in their risk model
where in practice it is modelling an interaction between SARS-CoV-2
exposure and COVID-19 severity. This interaction is further described
and visualised in Fig. S8. Given that the SARS-CoV-2 dose has been
variable in time and space, estimates of both ecological and
non-ecological studies could be severely biased (Heederik et al., 2020).

4.4. Strengths, limitations and recommendations

This systematic review has taken a unique approach by dis-
tinguishing between ecological and non-ecological studies when
analyzing the effects of multiple urban environmental features on
various COVID-19 health outcomes. To our best knowledge, this is the
first review to make such a distinction and investigate the collective
impact of the urban exposome on COVID-19 health outcomes. To pro-
vide a comprehensive understanding, we included a wide range of urban
characteristics, aiming to capture the vulnerability of individuals
residing in urban areas. This review also included a wide range of
COVID-19 health outcomes, including hospitalization, ICU admission,
risk of pneumonia, and mortality. Moreover, we conducted three meta-
analyses to pool the results from non-ecological studies focusing on the
effect of PMy s and NO, exposure on COVID-19 hospitalization and
death. To ensure reliability and reproducibility of the results, three in-
dependent reviewers performed screenings and data extraction,
enhancing the robustness of our findings. However, there are some
limitations to our conducted meta-analyses. The small number of
eligible studies prevented us from conducting sensitivity analyses and
assessing publication bias. Additionally, considerable heterogeneity was
observed among studies in the meta-analysis on the effect of PM; 5 and
COVID-19 hospitalizations. Another limitation of this review is that
some urban exposures, such as meteorological factors and green/blue
spaces, were not adequately studied in non-ecological research, making
it challenging to compare their findings to ecological studies and draw
conclusions at the individual level. Consequently, more non-ecological
studies examining associations between multiple correlated urban ex-
posures and diverse COVID-19 health outcomes are needed. Finally, we
recommend further investigation into the impact of urban environ-
mental risk factors on the recovery after the acute SARS-CoV-2 infection.
Individuals who experienced a more severe infection appear to be at a
higher risk of developing long-term symptoms, known as long COVID
(Crook et al., 2021). Given the increasing concerns about long COVID as
a significant health problem (Venkatesan, 2021), more research using
non-ecological study designs that address the aforementioned concerns
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is essential.

5. Conclusion

The findings of current systematic review and meta-analysis suggest
that a variety of urban exposome characteristics significantly influenced
the severity of the COVID-19 pandemic by impacting various COVID-19
health outcomes. Urbanization and increased ambient air pollution
emerged as major contributors, with exposure to PMs 5 having the most
prominent effect. Our findings emphasize the need for further research
to explore associations between multiple, correlated urban exposures
and diverse COVID-19 health outcomes taking into consideration indi-
vidual health characteristics and incorporate virus dose more accurately
into their risk models. Understanding the factors that may increase the
risk of death from COVID-19 is crucial so that policy makers and urban
planners can design and implement effective policies to protect the
increasingly large population residing in urban environments.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Anke-Hilse Maitland-Van der Zee reports financial support was pro-
vided by Partners in the Precision Medicine for more Oxygen (P402)
consortium. George S. Downward reports financial support was pro-
vided by Partners in the Precision Medicine for more Oxygen (P402)
consortium. Lizan D. Bloemsma reports financial support was provided
by Partners in the Precision Medicine for more Oxygen (P402) con-
sortium. Prof. Dr. Anke-Hilse Maitland-Van der Zee received the
following grants (money paid to institution): ZonMW grant Long Covid -
Stichting TAAI research grant CF - EUROSTARS research grant COP-
Detect - Unrestricted research grant Boehringer Ingelheim - Vertex
Innovation Award (unrestricted research grant) - Dutch Lung Founda-
tion grant - Stichting Astma Bestrijding grant - Innovative Medicine
Initiative (IMI) 3 TR research grant

George S. Downward recieved the following grants (money paid to
institution): Eindhoven, Wageningen, Utrecht, UMC Utrecht Alliance
(EWUU) Interdisciplinary Teaching Grant National Institutes of Health
(NIH) grant on “Relative and Absolute Risk for site-Specific Cancer
Mortality attributed to Household Air Pollution” NUFFIC Capacity
Building Education Grant

Data availability

No data was used for the research described in the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2023.117351.

References

Adaji, E.E., et al., 2019. Understanding the effect of indoor air pollution on pneumonia in
children under 5 in low- and middle-income countries: a systematic review of
evidence. Environ. Sci. Pollut. Res. Int. 26 (4), 3208-3225.

Adhikari, A., Yin, J., 2020. Short-term effects of ambient ozone, PM(2.5,) and
meteorological factors on COVID-19 confirmed cases and deaths in queens, New
York. Int. J. Environ. Res. Publ. Health 17 (11).

Adin, A., et al., 2022. Identifying extreme COVID-19 mortality risks in English small
areas: a disease cluster approach. Stoch. Environ. Res. Risk Assess. 2995-3010. ©
The Author(s) 2022.: Germany.

Aggarwal, S., et al., 2021. Association between ambient air pollutants and
meteorological factors with SARS-CoV-2 transmission and mortality in India: an
exploratory study. Environ. Health 20 (1), 120.

Al Huraimel, K., et al., 2020. SARS-CoV-2 in the environment: modes of transmission,
early detection and potential role of pollution. Sci. Total Environ. 744, 140946.

Alemu, Y., 2020. Predictors associated with COVID-19 deaths in Ethiopia. Risk Manag.
Healthc. Pol. 13, 2769-2772.

15

Environmental Research 240 (2024) 117351

Ali, N,, et al., 2021. Exposure to air pollution and COVID-19 severity: a review of current
insights, management, and challenges. Integrated Environ. Assess. Manag. 17 (6),
1114-1122.

Aloisi, V., et al., 2022. The effect of known and unknown confounders on the relationship
between air pollution and Covid-19 mortality in Italy: a sensitivity analysis of an
ecological study based on the E-value. Environ. Res. 207, 112131.

Amate-Fortes, I., Guarnido-Rueda, A., 2022. Inequality, public health, and COVID-19: an
analysis of the Spanish case by municipalities. Eur. J. Health Econ. 1-12.

Amoroso, N., et al., 2022. Satellite data and machine learning reveal a significant
correlation between NO(2) and COVID-19 mortality. Environ. Res. 204 (Pt A),
111970.

Anand, P., et al., 2021. Neurologic findings among inpatients with COVID-19 at a safety-
net US hospital. Neurol Clin Pract 11 (2), e83-e91.

Andersen, L., Corazon, S.S.S., Stigsdotter, U.K.K., 2021. Nature exposure and its effects
on immune system functioning: a systematic review. Int. J. Environ. Res. Publ.
Health 18 (4).

Antonio-Villa, N.E., et al., 2022. Comprehensive evaluation of the impact of
sociodemographic inequalities on adverse outcomes and excess mortality during the
coronavirus disease 2019 (COVID-19) pandemic in Mexico city. Clin. Infect. Dis. 74
(5), 785-792.

Anzalone, A.J., et al., 2022. Higher hospitalization and mortality rates among SARS-CoV-
2-infected persons in rural America. J. Rural Health 39 (1), 39-54.

Aouissi, H.A., et al., 2022. Bayesian modeling of COVID-19 to classify the infection and
death rates in a specific duration: the case of Algerian provinces. Int. J. Environ. Res.
Publ. Health 19 (15).

Arbel, Y., Kerner, A., Kerner, M., 2022. The median age of a city’s residents and
population density influence COVID 19 mortality growth rates: policy implications.
Isr. J. Health Pol. Res. 11 (1), 33.

Asem, N., et al., 2021. Pattern and determinants of COVID-19 infection and mortality
across countries: an ecological study. Heliyon 7 (7), e07504.

Aykac, N., Etiler, N., 2022. COVID-19 mortality in Istanbul in association with air
pollution and socioeconomic status: an ecological study. Environ. Sci. Pollut. Res.
Int. 29 (9), 13700-13708.

Banuelos Gimeno, J., et al., 2022. Air pollution and meteorological variables’ effects on
COVID-19 first and second waves in Spain. Int. J. Environ. Sci. Technol. 1-14.

Barcellos, D.D.S., Fernandes, G.M.K., de Souza, F.T., 2021. Data based model for
predicting COVID-19 morbidity and mortality in metropolis. Sci. Rep. 11 (1), 24491.

Barnett-Itzhaki, Z., Levi, A., 2021. Effects of chronic exposure to ambient air pollutants
on COVID-19 morbidity and mortality - a lesson from OECD countries. Environ. Res.
195, 110723.

Barouki, R., et al., 2021. The COVID-19 pandemic and global environmental change:
emerging research needs. Environ. Int. 146, 106272.

Basellini, U., Camarda, C.G., 2022. Explaining regional differences in mortality during
the first wave of Covid-19 in Italy. Popul. Stud. 76 (1), 99-118.

Basray, R., et al., 2021. Impact of environmental factors on COVID-19 cases and
mortalities in major cities of Pakistan. J Biosaf Biosecur 3 (1), 10-16.

Beig, G., et al., 2020. COVID-19 and environmental -weather markers: unfolding baseline
levels and veracity of linkages in tropical India. Environ. Res. 191, 110121.

Beig, G., et al., 2022. Process-based diagnostics of extreme pollution trail using
numerical modelling during fatal second COVID-19 wave in the Indian capital.
Chemosphere 298, 134271.

Beloconi, A., Vounatsou, P., 2023. Long-term air pollution exposure and COVID-19 case-
severity: an analysis of individual-level data from Switzerland. Environ. Res. 216 (Pt
1), 114481.

Berg, K., Romer Present, P., Richardson, K., 2021. Long-term air pollution and other risk
factors associated with COVID-19 at the census tract level in Colorado. Environ.
Pollut. 287, 117584.

Bhadra, A., Mukherjee, A., Sarkar, K., 2021. Impact of population density on Covid-19
infected and mortality rate in India. Model Earth Syst Environ 7 (1), 623-629.

Bianconi, V., et al., 2020. Particulate matter pollution and the COVID-19 outbreak:
results from Italian regions and provinces. Arch. Med. Sci. 16 (5), 985-992.

Blair, A, et al., 2022. Social inequalities in COVID-19 mortality by area and individual-
level characteristics in Canada, January to July/August 2020: results from two
national data integrations. Can. Comm. Dis. Rep. 48 (1), 27-38.

Bochenek, B., et al., 2022. Weather as a potential cause of regional differences in the
dynamics of COVID-19 transmission in Poland: implications for epidemic
forecasting. Pol. Arch. Intern. Med. 132 (1).

Boluwade, A., A M, Ruheili, A., 2022. Modeling the contribution of Nitrogen Dioxide,
Vertical pressure velocity and PM2.5 to COVID-19 fatalities. Stoch. Environ. Res.
Risk Assess. 36 (10), 3487-3498.

Borna, M., et al., 2022. A correlational analysis of COVID-19 incidence and mortality and
urban determinants of vitamin D status across the London boroughs. Sci. Rep. 12 (1),
11741.

Bossak, B.H., Andritsch, S., 2022. COVID-19 and air pollution: a spatial analysis of
particulate matter concentration and pandemic-associated mortality in the us. Int. J.
Environ. Res. Publ. Health 19 (1).

Bouba, Y., et al., 2021. The determinants of the low COVID-19 transmission and
mortality rates in africa: a cross-country analysis. Front. Public Health 9, 751197.

Boudou, M., et al., 2021. Modelling COVID-19 severity in the Republic of Ireland using
patient co-morbidities, socioeconomic profile and geographic location, February to
November 2020. Sci. Rep. 11 (1), 18474.

Bowe, B., et al., 2021. Ambient fine particulate matter air pollution and the risk of
hospitalization among COVID-19 positive individuals: cohort study. Environ. Int.
154, 106564.


https://doi.org/10.1016/j.envres.2023.117351
https://doi.org/10.1016/j.envres.2023.117351
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref1
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref1
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref1
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref2
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref2
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref2
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref3
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref3
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref3
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref4
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref4
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref4
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref5
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref5
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref6
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref6
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref7
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref7
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref7
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref8
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref8
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref8
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref9
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref9
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref10
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref10
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref10
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref11
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref11
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref12
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref12
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref12
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref13
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref13
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref13
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref13
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref14
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref14
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref15
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref15
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref15
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref16
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref16
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref16
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref17
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref17
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref18
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref18
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref18
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref19
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref19
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref20
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref20
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref21
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref21
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref21
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref22
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref22
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref23
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref23
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref24
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref24
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref25
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref25
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref26
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref26
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref26
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref27
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref27
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref27
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref28
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref28
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref28
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref29
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref29
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref30
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref30
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref31
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref31
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref31
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref32
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref32
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref32
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref33
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref33
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref33
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref34
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref34
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref34
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref35
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref35
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref35
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref36
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref36
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref37
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref37
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref37
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref38
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref38
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref38

L. Houweling et al.

Bozack, A., et al., 2022. Long-term air pollution exposure and COVID-19 mortality: a
patient-level analysis from New York city. Am. J. Respir. Crit. Care Med. 205 (6),
651-662.

Brainard, J., et al., 2022. Spatial risk factors for pillar 1 COVID-19 excess cases and
mortality in rural eastern england, UK. Risk Anal. 42 (7), 1571-1584.

Bray, L., Gibson, A., White, J., 2020. Coronavirus disease 2019 mortality: a multivariate
ecological analysis in relation to ethnicity, population density, obesity, deprivation
and pollution. Publ. Health 185, 261-263.

Cacho, P.M.,, et al., 2020. Can climatic factors explain the differences in COVID-19
incidence and severity across the Spanish regions?: an ecological study. Environ.
Health 19 (1), 106.

Cai, Y., et al., 2020. The effects of "Fangcang, Huoshenshan, and Leishenshan" hospitals
and environmental factors on the mortality of COVID-19. PeerJ 8, e9578.

Carozzi, F., Provenzano, S., Roth, S., 2022. Urban Density and COVID-19: Understanding
the US Experience. Ann Reg Sci, pp. 1-32.

Cascetta, E., Henke, 1., Di Francesco, L., 2021. The effects of air pollution, sea exposure
and altitude on COVID-19 hospitalization rates in Italy. Int. J. Environ. Res. Publ.
Health 18 (2).

Cazzolla Gatti, R., et al., 2020. Machine learning reveals that prolonged exposure to air
pollution is associated with SARS-CoV-2 mortality and infectivity in Italy. Environ.
Pollut. 267, 115471.

Chakraborty, S., et al., 2022. A spatiotemporal analytical outlook of the exposure to air
pollution and COVID-19 mortality in the USA. J. Agric. Biol. Environ. Stat. 27 (3),
419-439.

Chang, D., et al., 2022a. The determinants of COVID-19 morbidity and mortality across
countries. Sci. Rep. 12 (1), 5888.

Chang, M.H., Moonesinghe, R., Truman, B.I., 2022b. COVID-19 hospitalization by race
and ethnicity: association with chronic conditions among medicare beneficiaries,
january 1-september 30, 2020. J Racial Ethn Health Disparities 9 (1), 325-334.

Chaudhary, V., et al., 2022. Assessing temporal correlation in environmental risk factors
to design efficient area-specific COVID-19 regulations: Delhi based case study. Sci.
Rep., 12949, 2022. The Author(s). England.

Chen, Z., et al., 2021. Near-roadway air pollution associated with COVID-19 severity and
mortality - multiethnic cohort study in Southern California. Environ. Int. 157,
106862.

Chen, C., et al., 2022a. Association between long-term exposure to ambient air pollution
and COVID-19 severity: a prospective cohort study. CMAJ (Can. Med. Assoc. J.) 194
(20), E693-e700.

Chen, Z., et al., 2022b. Ambient air pollutant exposures and COVID-19 severity and
mortality in a cohort of patients with COVID-19 in southern California. Am. J.
Respir. Crit. Care Med. 206 (4), 440-448.

Cherrie, M., et al., 2021. Ultraviolet A radiation and COVID-19 deaths in the USA with
replication studies in England and Italy. Br. J. Dermatol. 185 (2), 363-370.

Cifuentes-Faura, J., 2021. COVID-19 mortality rate and its incidence in Latin America:
dependence on demographic and economic variables. Int. J. Environ. Res. Publ.
Health 18 (13).

Coccia, M., 2021. High health expenditures and low exposure of population to air
pollution as critical factors that can reduce fatality rate in COVID-19 pandemic crisis:
a global analysis. Environ. Res. 199, 111339.

Cochrane, 2022. Cochrane Handbook for Systematic Reviews of Interventions. The
Cochrane Collaboration, Version 6.3. https://training.cochrane.org/handbook/
current.

Coker, E.S., et al., 2020. The effects of air pollution on COVID-19 related mortality in
northern Italy. Environ. Resour. Econ. 76 (4), 611-634.

Contreras-Manzano, A., et al., 2020. Municipality-Level Predictors of COVID-19
Mortality in Mexico: A Cautionary Tale. Disaster Med Public Health Prep, pp. 1-9.

Correa-Agudelo, E., et al., 2021. Identification of vulnerable populations and areas at
higher risk of COVID-19-related mortality during the early stage of the epidemic in
the United States. Int. J. Environ. Res. Publ. Health 18 (8).

Crook, H., et al., 2021. Long covid-mechanisms, risk factors, and management. Bmj 374,
n1648.

Culqui, D.R., et al., 2022. Short-term influence of environmental factors and social
variables COVID-19 disease in Spain during first wave (Feb-May 2020). Environ. Sci.
Pollut. Res. Int. 29 (33), 50392-50406.

Culqui Lévano, D.R., et al., 2022. Mortality due to COVID-19 in Spain and its association
with environmental factors and determinants of health. Environ. Sci. Eur. 34 (1), 39.

Czwojdzinska, M., et al., 2021. Exposure to PM2.5 and PM10 and COVID-19 infection
rates and mortality: a one-year observational study in Poland. Biomed. J. 44 (6
Suppl. 1), S25-536.

D’Amico, F., et al., 2022. COVID-19 seasonality in temperate countries. Environ. Res.
206, 112614.

Dagi, A.F., et al., 2022. Trends in Pediatric Head and Facial Trauma during the COVID-19
Pandemic COVID -19 Morbidity and mortality in tropical countries: the effects of
economic, institutional, and climatic variables. J. Craniofac. Surg., e01257. © 2022
by Mutaz B. Habal, MD. © 2022 The Author(s). United States Netherlands.

Dales, R., et al., 2021. The association between air pollution and COVID-19 related
mortality in Santiago, Chile: a daily time series analysis. Environ. Res. 198, 111284.

De Angelis, E., et al., 2021. COVID-19 incidence and mortality in Lombardy, Italy: an
ecological study on the role of air pollution, meteorological factors, demographic
and socioeconomic variables. Environ. Res. 195, 110777.

Deguen, S., Kihal-Talantikite, W., 2021. Geographical pattern of COVID-19-related
outcomes over the pandemic period in France: a nationwide socio-environmental
study. Int. J. Environ. Res. Publ. Health 18 (4).

Denslow, S., et al., 2022. Rural-urban outcome differences associated with COVID-19
hospitalizations in North Carolina. PLoS One 17 (8), 0271755.

16

Environmental Research 240 (2024) 117351

Dettori, M., et al., 2021. Air pollutants and risk of death due to COVID-19 in Italy.
Environ. Res. 192, 110459.

Deyle, E.R., et al., 2016. Global environmental drivers of influenza. Proc. Natl. Acad. Sci.
U. S. A. 113 (46), 13081-13086.

Di Ciaula, A, et al., 2022. Nitrogen dioxide pollution increases vulnerability to COVID-
19 through altered immune function. Environ. Sci. Pollut. Res. Int. 29 (29),
44404-44412.

Diaz, J., et al., 2021. Does exposure to noise pollution influence the incidence and
severity of COVID-19? Environ. Res. 195, 110766.

Elliott, J., et al., 2021. COVID-19 mortality in the UK Biobank cohort: revisiting and
evaluating risk factors. Eur. J. Epidemiol. 36 (3), 299-309.

English, P.B., et al., 2022. Association between long-term exposure to particulate air
pollution with SARS-CoV-2 infections and COVID-19 deaths in California. U.S.A.
Environ Adv 9, 100270.

EPA, 2021. Air Quality Standards [cited 2023 February 23].

Falco, A., et al., 2023. COVID-19 epidemic spread and green areas Italy and Spain
between 2020 and 2021: an observational multi-country retrospective study.
Environ. Res. 216 (Pt 1), 114089.

Faramarzi, A., et al., 2022. Socioeconomic status and COVID-19-related cases and
fatalities in the world: a cross-sectional ecological study. Health Sci Rep 5 (3), e628.

Fareed, Z., et al., 2020. Co-variance nexus between COVID-19 mortality, humidity, and
air quality index in Wuhan, China: new insights from partial and multiple wavelet
coherence. Air Qual Atmos Health 13 (6), 673-682.

Faruk, M.O., et al., 2022a. Impact of environmental factors on COVID-19 transmission:
spatial variations in the world. Int. J. Environ. Health Res. 1-17.

Faruk, M.O., et al., 2022b. A review of the impact of environmental factors and
pollutants on covid-19 transmission. Aerobiologia 38 (3), 277-286.

Feng, C., 2022. Spatial-temporal generalized additive model for modeling COVID-19
mortality risk in Toronto, Canada. Spat Stat 49, 100526.

Feng, Q., et al., 2022. Save lives or save livelihoods? A cross-country analysis of COVID-
19 pandemic and economic growth. J. Econ. Behav. Organ. 221-256. © 2022
Elsevier B.V: Netherlands.

Fernandez, D., et al., 2021. Are environmental pollution and biodiversity levels
associated to the spread and mortality of COVID-19? A four-month global analysis.
Environ. Pollut. 271, 116326.

Fielding-Miller, R.K., Sundaram, M.E., Brouwer, K., 2020. Social Determinants of COVID-
19 Mortality at the County Level. medRxiv.

Filippini, T., et al., 2021. Associations between mortality from COVID-19 in two Italian
regions and outdoor air pollution as assessed through tropospheric nitrogen dioxide.
Sci. Total Environ. 760, 143355.

Fonseca-Rodriguez, O., et al., 2021. Spatial clustering and contextual factors associated
with hospitalisation and deaths due to COVID-19 in Sweden: a geospatial nationwide
ecological study. BMJ Glob. Health 6 (7).

Frisina Doetter, L., Frisina, P.G., PreuB, B., 2022. Pandemic meets endemic: the role of
social inequalities and failing public health policies as drivers of disparities in
COVID-19 mortality among white, black, and hispanic communities in the United
States of America. Int. J. Environ. Res. Publ. Health 19 (22).

Garcia, E., et al., 2022. Long-term air pollution and COVID-19 mortality rates in
California: findings from the Spring/Summer and Winter surges of COVID-19.
Environ. Pollut. 292 (Pt B), 118396.

Gerli, A.G., et al., 2020. COVID-19 mortality rates in the European Union, Switzerland,
and the UK: effect of timeliness, lockdown rigidity, and population density. Minerva
Med. 111 (4), 308-314.

Ghanim, A.A.J., 2022. Analyzing the severity of coronavirus infections in relation to air
pollution: evidence-based study from Saudi Arabia. Environ. Sci. Pollut. Res. Int. 29
(4), 6267-6277.

Gorman, S., Weller, R.B., 2020. Investigating the potential for ultraviolet light to
modulate morbidity and mortality from COVID-19: a narrative review and update.
Front Cardiovasc Med 7, 616527.

Grome, H.N., et al., 2022. Disparities in COVID-19 mortality rates: implications for rural
health policy and preparedness. J. Publ. Health Manag. Pract. 28 (5), 478-485.
Groulx, N., et al., 2018. The Pollution Particulate Concentrator (PoPCon): a platform to
investigate the effects of particulate air pollutants on viral infectivity. Sci. Total

Environ. 628-629, 1101-1107.

Guo, C,, et al., 2021. Meteorological factors and COVID-19 incidence in 190 countries: an
observational study. Sci. Total Environ. 757, 143783.

Gupta, A., et al., 2021. Air pollution aggravating COVID-19 lethality? Exploration in
Asian cities using statistical models. Environ. Dev. Sustain. 23 (4), 6408-6417.

Hachim, M.Y., et al., 2021. Higher temperatures, higher solar radiation, and less
humidity is associated with poor clinical and laboratory outcomes in COVID-19
patients. Front. Public Health 9, 618828.

Hadei, M., et al., 2021. Effect of short-term exposure to air pollution on COVID-19
mortality and morbidity in Iranian cities. J Environ Health Sci Eng 19 (2),
1807-1816.

Haider, M.S,, et al., 2022. Spatial distribution and mapping of COVID-19 pandemic in
Afghanistan using GIS technique. SN Soc Sci 2 (5), 59.

Halos, S.H., et al., 2022. Impact of PM2.5 concentration, weather and population on
COVID-19 morbidity and mortality in Baghdad and Kuwait cities. Model Earth Syst
Environ 8 (3), 3625-3634.

Hamd, A., et al., 2022. Statistical study on the impact of different meteorological changes
on the spread of COVID-19 pandemic in Egypt and its latitude. Model Earth Syst
Environ 8 (2), 2225-2231.

Hamdan, M., et al., 2021. Risk factors associated with hospitalization owing to COVID-
19: a cross-sectional study in Palestine. J. Int. Med. Res., 3000605211064405.
England.


http://refhub.elsevier.com/S0013-9351(23)02155-2/sref39
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref39
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref39
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref40
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref40
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref41
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref41
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref41
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref42
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref42
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref42
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref43
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref43
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref44
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref44
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref45
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref45
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref45
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref46
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref46
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref46
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref47
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref47
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref47
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref48
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref48
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref49
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref49
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref49
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref50
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref50
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref50
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref51
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref51
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref51
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref52
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref52
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref52
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref53
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref53
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref53
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref54
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref54
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref55
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref55
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref55
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref56
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref56
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref56
https://training.cochrane.org/handbook/current
https://training.cochrane.org/handbook/current
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref58
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref58
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref59
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref59
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref60
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref60
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref60
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref61
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref61
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref62
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref62
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref62
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref63
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref63
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref64
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref64
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref64
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref65
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref65
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref66
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref66
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref66
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref66
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref67
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref67
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref68
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref68
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref68
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref69
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref69
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref69
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref70
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref70
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref71
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref71
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref72
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref72
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref73
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref73
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref73
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref74
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref74
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref75
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref75
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref76
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref76
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref76
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref77
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref78
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref78
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref78
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref79
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref79
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref80
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref80
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref80
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref81
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref81
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref82
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref82
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref83
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref83
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref84
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref84
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref84
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref85
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref85
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref85
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref86
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref86
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref87
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref87
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref87
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref88
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref88
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref88
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref89
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref89
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref89
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref89
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref90
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref90
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref90
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref91
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref91
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref91
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref92
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref92
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref92
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref93
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref93
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref93
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref94
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref94
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref95
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref95
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref95
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref96
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref96
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref97
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref97
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref98
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref98
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref98
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref99
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref99
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref99
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref100
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref100
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref101
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref101
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref101
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref102
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref102
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref102
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref103
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref103
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref103

L. Houweling et al.

Hamidi, S., Ewing, R., Sabouri, S., 2020. Longitudinal analyses of the relationship
between development density and the COVID-19 morbidity and mortality rates:
early evidence from 1,165 metropolitan counties in the United States. Health Place
64, 102378.

Hamilton, C.A., et al., 2022. Small towns, big cities: rural and urban disparities among
hospitalized patients with COVID-19 in the central savannah river area. Open Forum
Infect. Dis. 9 (3), ofac050.

Haque, M.N,, et al., 2022. Analyzing the spatio-temporal directions of air pollutants for
the initial wave of Covid-19 epidemic over Bangladesh: application of satellite
imageries and Google Earth Engine. Remote Sens. Appl. 28, 100862.

Hashim, M.J., Alsuwaidi, A.R., Khan, G., 2020. Population risk factors for COVID-19
mortality in 93 countries. J Epidemiol Glob Health 10 (3), 204-208.

Hassan, M.M., et al., 2020. Role of environmental temperature on the attack rate and
case fatality rate of coronavirus disease 2019 (COVID-19) pandemic. Infect. Ecol.
Epidemiol. 10 (1), 1792620.

Heederik, D.J.J., Smit, L.A.M., Vermeulen, R.C.H., 2020. Go slow to go fast: a plea for
sustained scientific rigour in air pollution research during the COVID-19 pandemic.
Eur. Respir. J. 56 (1).

Ho, C.C., Hung, S.C., Ho, W.C., 2021. Effects of short- and long-term exposure to
atmospheric pollution on COVID-19 risk and fatality: analysis of the first epidemic
wave in northern Italy. Environ. Res. 199, 111293.

Hoskovec, L., et al., 2022. Association between air pollution and COVID-19 disease
severity via Bayesian multinomial logistic regression with partially missing
outcomes. Environmetrics e2751.

Hou, C.K., et al., 2021. Impact of a long-term air pollution exposure on the case fatality
rate of COVID-19 patients-A multicity study. J. Med. Virol. 93 (5), 2938-2946.
Hu, H,, et al., 2021. An external exposome-wide association study of COVID-19 mortality

in the United States. Sci. Total Environ. 768, 144832.

Huang, H., et al., 2020. Correlations between meteorological indicators, air quality and
the COVID-19 pandemic in 12 cities across China. J Environ Health Sci Eng 18 (2),
1491-1498.

Huang, Q., et al., 2021. Urban-rural differences in COVID-19 exposures and outcomes in
the South: a preliminary analysis of South Carolina. PLoS One 16 (2), 0246548.

Hutter, H.P., et al., 2020. Air pollution is associated with COVID-19 incidence and
mortality in Vienna, Austria. Int. J. Environ. Res. Publ. Health 17 (24).

Ibarra-Espinosa, S., et al., 2022. Negative-Binomial and quasi-Poisson regressions
between COVID-19, mobility and environment in Sao Paulo, Brazil. Environ. Res.
204 (Pt D), 112369.

Ilardi, A., Chieffi, S., Ilardi, C.R., 2021a. Predictive role of population density and use of
public transport for major outcomes of SARS-CoV-2 infection in the Italian
population: an ecological study. J. Res. Health Sci. 21 (2), e00518.

Tlardi, A, et al., 2021b. SARS-CoV-2 in Italy: population density correlates with
morbidity and mortality. Jpn. J. Infect. Dis. 74 (1), 61-64.

Iloanusi, O., Ross, A., 2021. Leveraging weather data for forecasting cases-to-mortality
rates due to COVID-19. Chaos, Solit. Fractals 152, 111340.

Imai, K.S., Kaicker, N., Gaiha, R., 2021. Severity of the COVID-19 pandemic in India.
Rev. Dev. Econ. 25 (2), 517-546.

Isaia, G., et al., 2021. Does solar ultraviolet radiation play a role in COVID-19 infection
and deaths? An environmental ecological study in Italy. Sci. Total Environ. 757,
143757.

Islamoska, S., et al., 2022. Socioeconomic and demographic risk factors in COVID-19
hospitalization among immigrants and ethnic minorities. Eur. J. Publ. Health 32 (2),
302-310.

Ismail, .M.L, et al., 2022. Temperature, humidity and outdoor air quality indicators
influence COVID-19 spread rate and mortality in major cities of Saudi Arabia.
Environ. Res. 204 (Pt B), 112071.

Isphording, L.E., Pestel, N., 2021. Pandemic meets pollution: poor air quality increases
deaths by COVID-19. J. Environ. Econ. Manag. 108, 102448.

Itzhak, N., et al., 2022. The impact of US county-level factors on COVID-19 morbidity
and mortality. J. Urban Health 99 (3), 562-570.

Iyanda, A.E., et al., 2022. Racial/Ethnic heterogeneity and rural-urban disparity of
COVID-19 case fatality ratio in the USA: a negative binomial and GIS-based analysis.
J Racial Ethn Health Disparities 9 (2), 708-721.

James, A., et al., 2022. An in-depth statistical analysis of the COVID-19 pandemic’s
initial spread in the WHO African region. BMJ Glob. Health 7 (4).

Jannot, A.S., et al., 2021. Low-income neighbourhood was a key determinant of severe
COVID-19 incidence during the first wave of the epidemic in Paris. J. Epidemiol.
Community Health 75 (12), 1143-1146.

Jiang, X.Q., Mei, X.D., Feng, D., 2016. Air pollution and chronic airway diseases: what
should people know and do? J. Thorac. Dis. 8 (1), E31-E40.

Kang, D., Ellgen, C., Kulstad, E., 2021. Possible effects of air temperature on COVID-19
disease severity and transmission rates. J. Med. Virol. 93 (9), 5358-5366.

Karim, R., Akter, N., 2022. Effects of climate variables on the COVID-19 mortality in
Bangladesh. Theor. Appl. Climatol. 150 (3-4), 1463-1475.

Karimi, B., Moradzadeh, R., Samadi, S., 2022. Air pollution and COVID-19 mortality and
hospitalization: an ecological study in Iran. Atmos. Pollut. Res. 13 (7), 101463.

Kaufman, B.G., et al., 2020. Half of rural residents at high risk of serious illness due to
COVID-19, creating stress on rural hospitals. J. Rural Health 36 (4), 584-590.

Khan, Y.A., 2022. Risk of mortality due to COVID-19 and air pollution in Pakistan.
Environ. Sci. Pollut. Res. Int. 29 (2), 2063-2072.

Khan, Z.S., Van Bussel, F., Hussain, F., 2022. Modeling the change in European and US
COVID-19 death rates. PLoS One 17 (8), 0268332.

Khorsandi, B., et al., 2021. Association between short-term exposure to air pollution and
COVID-19 hospital admission/mortality during warm seasons. Environ. Monit.
Assess. 193 (7), 426.

17

Environmental Research 240 (2024) 117351

Khursheed, A., Mustafa, F., Akhtar, A., 2021. Investigating the roles of meteorological
factors in COVID-19 transmission in Northern Italy. Environ. Sci. Pollut. Res. Int. 28
(35), 48459-48470.

Kianfar, N., et al., 2022. Spatio-temporal modeling of COVID-19 prevalence and
mortality using artificial neural network algorithms. Spat Spatiotemporal Epidemiol
40, 100471.

Kim, H., Samet, J.M., Bell, M.L., 2022. 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. 130 (11), 117006.

Klement, R.J., Walach, H., 2022. Identifying factors associated with COVID-19 related
deaths during the first wave of the pandemic in Europe. Front. Public Health 10,
922230.

Koch, S., et al., 2022. Air quality in Germany as a contributing factor to morbidity from
COVID-19. Environ. Res. 214 (Pt 2), 113896.

Kodera, S., Rashed, E.A., Hirata, A., 2020. Correlation between COVID-19 morbidity and
mortality rates in Japan and local population density, temperature, and Absolute
humidity. Int. J. Environ. Res. Publ. Health 17 (15).

Kolluru, S.S.R., et al., 2022. Did unprecedented air pollution levels cause spike in Delhi’s
COVID cases during second wave? Stoch. Environ. Res. Risk Assess. 1-16.

Kumru, S., Yigit, P., Hayran, O., 2022. Demography, inequalities and global health
security index as correlates of COVID-19 morbidity and mortality. Int. J. Health
Plann. Manag. 37 (2), 944-962.

Kutralam-Muniasamy, G., et al., 2021. Particulate matter concentrations and their
association with COVID-19-related mortality in Mexico during June 2020 Saharan
dust event. Environ. Sci. Pollut. Res. Int. 28 (36), 49989-50000.

Lamichhane, D.K., Shrestha, S., Kim, H.C., 2022. District-level risk factors for COVID-19
incidence and mortality in Nepal. Int. J. Environ. Res. Publ. Health 19 (5).

Lavigne, E., et al., 2022. Short-term Exposure to Ambient Air Pollution and Individual
Emergency Department Visits for COVID-19: a Case-Crossover Study in Canada.
Thorax.

Lee, W, et al., 2021. Urban environments and COVID-19 in three Eastern states of the
United States. Sci. Total Environ. 779, 146334.

Lee, D., et al., 2022. Quantifying the impact of air pollution on Covid-19 hospitalisation
and death rates in Scotland. Spat Spatiotemporal Epidemiol 42, 100523.

Leffler, C.T., et al., 2020. Association of country-wide coronavirus mortality with
demographics, testing, lockdowns, and public wearing of masks. Am. J. Trop. Med.
Hyg. 103 (6), 2400-2411.

Leiriao, L.F.L., Debone, D., Miraglia, S., 2022. Does air pollution explain COVID-19
fatality and mortality rates? A multi-city study in Sao Paulo state, Brazil. Environ.
Monit. Assess. 194 (4), 275.

Lembo, R., et al., 2021. Air pollutants and SARS-CoV-2 in 33 European countries. Acta
Biomed. 92 (1), 2021166.

Levi, A., Barnett-Itzhaki, Z., 2021. Effects of chronic exposure to ambient air pollutants,
demographic, and socioeconomic factors on COVID-19 morbidity: the Israeli case
study. Environ. Res. 202, 111673.

Li, A.Y., et al., 2020. Multivariate analysis of black race and environmental temperature
on COVID-19 in the US. Am. J. Med. Sci. 360 (4), 348-356.

Li, Z., et al., 2021. The effect of the COVID-19 vaccine on daily cases and deaths based on
global vaccine data. Vaccines (Basel) 9 (11).

Li, Z., et al., 2022a. Effects of short-term ambient particulate matter exposure on the risk
of severe COVID-19. In: J Infect. 2022. Elsevier Ltd., England, pp. 684-691. The
Author(s). Published by.

Li, W., et al., 2022b. The geographical distribution and influencing factors of COVID-19
in China. Trav. Med. Infect. Dis. 7 (3).

Li, B., et al., 2022c. Segregation predicts COVID-19 fatalities in less densely populated
counties. Cureus 14 (1), e21319.

Liang, D., et al., 2020. Urban air pollution may enhance COVID-19 case-fatality and
mortality rates in the United States. Innovation 1 (3), 100047.

Liang, J., Yuan, H.Y., 2022. Assessing the impact of temperature and humidity exposures
during early infection stages on case-fatality of COVID-19: a modelling study in
Europe. Environ. Res. 211, 112931.

Linares, C., et al., 2021a. Short-term associations of air pollution and meteorological
variables on the incidence and severity of COVID-19 in Madrid (Spain): a time series
study. Environ. Sci. Eur. 33 (1), 107.

Linares, C., et al., 2021b. 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. 28 (37), 51948-51960.

Liu, S., Li, M., 2020a. Ambient air pollutants and their effect on COVID-19 mortality in
the United States of America. Rev. Panam. Salud Ptblic 44, e159.

Liu, Y., et al., 2020b. Viral dynamics in mild and severe cases of COVID-19. Lancet Infect.
Dis. 20 (6), 656-657.

Loomba, R.S., et al., 2021. Disparities in case frequency and mortality of coronavirus
disease 2019 (COVID-19) among various states in the United States. Ann. Med. 53
(1), 151-159.

Lopez-Feldman, A., Heres, D., Marquez-Padilla, F., 2021. Air pollution exposure and
COVID-19: a look at mortality in Mexico City using individual-level data. Sci. Total
Environ. 756, 143929.

Ma, Y., et al., 2020. Effects of temperature variation and humidity on the death of
COVID-19 in Wuhan, China. Sci. Total Environ. 724, 138226.

Maass, S.W., et al., 2015. The prevalence of long-term symptoms of depression and
anxiety after breast cancer treatment: a systematic review. Maturitas 82 (1),
100-108.

Malki, Z., et al., 2020. Association between weather data and COVID-19 pandemic
predicting mortality rate: machine learning approaches. Chaos, Solit. Fractals 138,
110137.


http://refhub.elsevier.com/S0013-9351(23)02155-2/sref104
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref104
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref104
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref104
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref105
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref105
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref105
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref106
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref106
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref106
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref107
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref107
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref108
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref108
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref108
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref109
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref109
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref109
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref110
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref110
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref110
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref111
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref111
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref111
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref112
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref112
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref113
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref113
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref114
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref114
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref114
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref115
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref115
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref116
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref116
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref117
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref117
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref117
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref118
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref118
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref118
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref119
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref119
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref120
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref120
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref121
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref121
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref122
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref122
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref122
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref123
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref123
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref123
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref124
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref124
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref124
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref125
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref125
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref126
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref126
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref127
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref127
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref127
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref128
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref128
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref129
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref129
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref129
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref130
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref130
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref131
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref131
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref132
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref132
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref133
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref133
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref134
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref134
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref135
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref135
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref136
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref136
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref137
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref137
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref137
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref138
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref138
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref138
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref139
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref139
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref139
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref140
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref140
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref140
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref140
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref141
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref141
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref141
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref142
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref142
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref143
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref143
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref143
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref144
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref144
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref145
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref145
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref145
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref146
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref146
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref146
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref147
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref147
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref148
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref148
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref148
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref149
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref149
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref150
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref150
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref151
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref151
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref151
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref152
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref152
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref152
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref153
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref153
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref154
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref154
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref154
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref155
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref155
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref156
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref156
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref157
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref157
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref157
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref158
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref158
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref159
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref159
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref160
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref160
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref161
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref161
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref161
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref162
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref162
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref162
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref163
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref163
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref163
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref164
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref164
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref165
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref165
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref166
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref166
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref166
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref167
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref167
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref167
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref168
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref168
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref169
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref169
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref169
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref170
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref170
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref170

L. Houweling et al.

Mangla, S., et al., 2021. Impact of environmental indicators on the COVID-19 pandemic
in Delhi, India. Pathogens 10 (8).

Marian, B., et al., 2022. Independent associations of short- and long-term air pollution
exposure with COVID-19 mortality among Californians. Environ Adv 9, 100280.

Marques, M., et al., 2021. Effects of air pollution on the potential transmission and
mortality of COVID-19: a preliminary case-study in Tarragona Province (Catalonia,
Spain). Environ. Res. 192, 110315.

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

Marques, M., et al., 2022b. Long-term exposure to PM(10) above WHO guidelines
exacerbates COVID-19 severity and mortality. Environ. Int. 158, 106930.

Marwah, M., Agrawala, P.K., 2022. COVID-19 lockdown and environmental pollution: an
Indian multi-state investigation. Environ. Monit. Assess. 194 (2), 49.

Mathieu, M., Gray, J., Richmond-Bryant, J., 2022. Spatial Associations of Long-Term
Exposure to Diesel Particulate Matter with Seasonal and Annual Mortality Due to
COVID-19 in the Contiguous United States. Res Sq.

Mathys, T., et al., 2023. The relationship among air pollution, meteorological factors and
COVID-19 in the Brussels Capital Region. Sci. Total Environ. 857 (Pt 1), 158933.

McLaughlin, J.M., et al., 2021. County-level predictors of coronavirus disease 2019
(COVID-19) cases and deaths in the United States: what happened, and where do we
go from here? Clin. Infect. Dis. 73 (7), e1814-e1821.

Mejdoubi, M., Kyndt, X., Djennaoui, M., 2020. ICU admissions and in-hospital deaths
linked to COVID-19 in the Paris region are correlated with previously observed
ambient temperature. PLoS One 15 (11), 0242268.

Mejdoubi, M., Djennaoui, M., Kyndt, X., 2021. Link between COVID-19-related in-
hospital mortality in continental France administrative areas and weather: an
ecological study. BMJ Open 11 (3), 043269.

Mendy, A., et al., 2021a. Air pollution and the pandemic: long-term PM(2.5) exposure
and disease severity in COVID-19 patients. Respirology 26 (12), 1181-1187.

Mendy, A., et al., 2021b. Long-term exposure to fine particulate matter and
hospitalization in COVID-19 patients. Respir. Med. 178, 106313.

Mengist, B., Animut, Z., Tolossa, T., 2022. Incidence and predictors of mortality among
COVID-19 patients admitted to treatment centers in North West Ethiopia; A
retrospective cohort study, 2021. Int J Afr Nurs Sci 16, 100419.

Meo, S.A,, et al., 2020a. Wildfire and COVID-19 pandemic: effect of environmental
pollution PM-2.5 and carbon monoxide on the dynamics of daily cases and deaths
due to SARS-COV-2 infection in San-Francisco USA. Eur. Rev. Med. Pharmacol. Sci.
24 (19), 10286-10292.

Meo, S.A., et al., 2020b. Effect of heat and humidity on the incidence and mortality due
to COVID-19 pandemic in European countries. Eur. Rev. Med. Pharmacol. Sci. 24
(17), 9216-9225.

Meo, S.A,, et al., 2020c. Impact of weather conditions on incidence and mortality of
COVID-19 pandemic in Africa. Eur. Rev. Med. Pharmacol. Sci. 24 (18), 9753-9759.

Meo, S.A,, et al., 2021a. Effect of green space environment on air pollutants PM2.5,
PM10, CO, O(3), and incidence and mortality of SARS-CoV-2 in highly green and
less-green countries. Int. J. Environ. Res. Publ. Health 18 (24).

Meo, S.A., et al., 2021b. Effect of environmental pollutants PM2.5, CO, NO(2), and O(3)
on the incidence and mortality of SARS-CoV-2 infection in five regions of the USA.
Int. J. Environ. Res. Publ. Health 18 (15).

Meo, S.A,, et al., 2021c. 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. 757, 143948.

Meo, S.A., et al., 2021d. 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. 33 (3), 101373.

Meo, S.A., et al., 2021e. Sandstorm and its effect on particulate matter PM 2.5, carbon
monoxide, nitrogen dioxide, ozone pollutants and SARS-CoV-2 cases and deaths. Sci.
Total Environ. 795, 148764.

Meo, S.A,, et al., 2022. Effect of environmental pollutants PM2.5, CO, O(3) and NO(2),
on the incidence and mortality of SARS-COV-2 in largest metropolitan cities, Delhi,
Mumbai and Kolkata, India. J. King Saud Univ. Sci. 34 (1), 101687.

Miller, G., Menzel, A., Ankerst, D.P., 2022. Association between short-term exposure to
air pollution and COVID-19 mortality in all German districts: the importance of
confounders. Environ. Sci. Eur. 34 (1), 79.

Mizumoto, K., Dahal, S., Chowell, G., 2020. Spatial variability in the risk of death from
COVID-19 in Italy. Int. J. Tubercul. Lung Dis. 24 (8), 829-837.

Mohammadpour, A., et al., 2022. Covid-19 outbreak associated with demographic-
meteorological factors in the arid and semi-arid region Iran: case study Gonabad
city, 2020-2021. Int. J. Environ. Health Res. 1-10.

Moshammer, H., Poteser, M., Hutter, H.P., 2021. COVID-19 and air pollution in Vienna-a
time series approach. Wien Klin. Wochenschr. 133 (17-18), 951-957.

Nagqvi, H.R., et al., 2021a. Global assessment of tropospheric and ground air pollutants
and its correlation with COVID-19. Atmos. Pollut. Res. 12 (9), 101172.

Nagqvi, H.R,, et al., 2021b. Improved air quality and associated mortalities in India under
COVID-19 lockdown. Environ. Pollut. 268 (Pt A), 115691.

Nagqvi, H.R., et al., 2022. Wildfire-induced pollution and its short-term impact on COVID-
19 cases and mortality in California. Gondwana Res. 114, 30-39.

Nasiri, R., et al., 2022. Spatio-temporal analysis of COVID-19 incidence rate using GIS: a
case study-Tehran metropolitan, Iran. Geojournal 87 (4), 3291-3305.

Naudé, W., Nagler, P., 2022. COVID-19 and the city: did urbanized countries suffer more
fatalities? Cities 131, 103909.

Ngepah, N., 2021. Socio-economic determinants of global COVID-19 mortalities: policy
lessons for current and future pandemics. Health Pol. Plann. 36 (4), 418-434.
Nicolaou, L., et al., 2022. Living at high altitude and COVID-19 mortality in Peru. High

Alt. Med. Biol. 23 (2), 146-158.

18

Environmental Research 240 (2024) 117351

Nightingale, E.S., Brady, O.J., Yakob, L., 2021. The importance of saturating density
dependence for population-level predictions of SARS-CoV-2 resurgence compared
with density-independent or linearly density-dependent models, England, 23 March
to 31 July 2020. Euro Surveill. 26 (49).

Nobile, F., et al., 2022. Air Pollution, SARS-CoV-2 Incidence and COVID-19 Mortality in
Rome - a Longitudinal Study. Eur Respir J., England.

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

Nottmeyer, L., et al., 2022. The association of COVID-19 incidence with temperature,
humidity, and UV radiation - a global multi-city analysis. In: Sci Total Environ.
Elsevier B.V., Netherlands, 158636, 2022. Published by.

Ogaugwu, C., et al., 2020. Effect of weather on COVID-19 transmission and mortality in
lagos, Nigeria. Sci. Tech. Rep. 2020, 2562641.

Ogen, Y., 2020. Assessing nitrogen dioxide (NO(2)) levels as a contributing factor to
coronavirus (COVID-19) fatality. Sci. Total Environ. 726, 138605.

Okoli, G.N., Neilson, C.J., Abou-Setta, A.M., 2022. Correlation between country-level
numbers of COVID-19 cases and mortalities, and country-level characteristics: a
global study. Scand. J. Publ. Health 50 (6), 810-818.

Olinto, M.T.A., et al., 2022. Relationship between temperature and relative humidity on
initial spread of COVID-19 cases and related deaths in Brazil Shipping and
Transportation Traffic of Medical and Non-Medical Goods before and during COVID-
19 in Oman. J Infect Dev Ctries 16 (5), 759-767.

Pacheco, H., et al., 2020. NO(2) levels after the COVID-19 lockdown in Ecuador: a trade-
off between environment and human health. Urban Clim. 34, 100674.

Péez-Osuna, F., Valencia-Castaneda, G., Rebolledo, U.A., 2022. The link between COVID-
19 mortality and PM(2.5) emissions in rural and medium-size municipalities
considering population density, dust events, and wind speed. Chemosphere 286 (Pt
1), 131634.

Pana, T.A., et al., 2021. Country-level determinants of the severity of the first global
wave of the COVID-19 pandemic: an ecological study. BMJ Open 11 (2), 042034.

Pansini, R., Fornacca, D., 2020. COVID-19 higher mortality in Chinese regions with
chronic exposure to lower air quality. Front. Public Health 8, 597753.

Papadopoulos, V.P., et al., 2022. SARS-CoV-2 vaccination coverage and key public health
indicators may explain disparities in COVID-19 country-specific case fatality rate
within European economic area. Cureus 14 (3), €22989.

Pascoal, R., Rocha, H., 2022. Population density impact on COVID-19 mortality rate: a
multifractal analysis using French data. Physica A 593, 126979.

Pegoraro, V., et al., 2021. An Italian individual-level data study investigating on the
association between air pollution exposure and Covid-19 severity in primary-care
setting. BMC Publ. Health 21 (1), 902.

Pekmezaris, R., et al., 2021. Sociodemographic predictors and transportation patterns of
COVID-19 infection and mortality. J. Public Health 43 (3), e438-e445.

Peng, W., et al., 2022. Residential greenness is associated with disease severity among
COVID-19 patients aged over 45 years in Wuhan, China. Ecotoxicol. Environ. Saf.
232, 113245.

Perone, G., 2021. The determinants of COVID-19 case fatality rate (CFR) in the Italian
regions and provinces: an analysis of environmental, demographic, and healthcare
factors. Sci. Total Environ. 755 (Pt 1), 142523.

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

Pozzer, A., et al., 2020. Regional and global contributions of air pollution to risk of death
from COVID-19. Cardiovasc. Res. 116 (14), 2247-2253.

Prinz, A.L., Richter, D.J., 2022. Long-term exposure to fine particulate matter air
pollution: an ecological study of its effect on COVID-19 cases and fatality in
Germany. Environ. Res. 204 (Pt A), 111948,

Quality, N.I.LH., 2014. Assessment Tool for Observational Cohort and Cross-Sectional
Studies [cited 2022 June 1st].

Quilodrén, C.S., Currat, M., Montoya-Burgos, J.I., 2021. Air temperature influences early
Covid-19 outbreak as indicated by worldwide mortality. Sci. Total Environ. 792,
148312.

Rahman, M., et al., 2021. A global analysis on the effect of temperature, socio-economic
and environmental factors on the spread and mortality rate of the COVID-19
pandemic. Environ. Dev. Sustain. 23 (6), 9352-9366.

Ramirez-Aldana, R., et al., 2021. Spatial epidemiological study of the distribution,
clustering, and risk factors associated with early COVID-19 mortality in Mexico.
PLoS One 16 (7), 0254884.

Rehman, Y., Rehman, N., 2020. Association of climatic factors with COVID-19 in
Pakistan. AIMS Public Health 7 (4), 854-868.

Renard, J.B., et al., 2022. Relation between PM2.5 pollution and covid-19 mortality in
western Europe for the 2020-2022 period. Sci. Total Environ. 848, 157579.

Ribeiro, P.C., et al., 2022. Association between Exposure to Air Pollutants and
Hospitalization for SARS-Cov-2: an Ecological Time-Series Study. Sao Paulo Med J.

Rideout, A., Murray, C., Isles, C., 2021. Regional variation in COVID-19 positive
hospitalisation across Scotland during the first wave of the pandemic and its relation
to population density: a cross-sectional observation study. PLoS One 16 (7),
0253636.

Rifat, S.A.A., Liu, W., 2021. One year into the pandemic: the impacts of social
vulnerability on COVID-19 outcomes and urban-rural differences in the
conterminous United States. Int. J. Environ. Health Res. 1-19.

Riley, P., et al., 2022. COVID-19 deaths: which explanatory variables matter the most?
PLoS One 17 (4), 0266330.

Robinson, O., et al., 2015. The pregnancy exposome: multiple environmental exposures
in the INMA-sabadell birth cohort. Environ. Sci. Technol. 49 (17), 10632-10641.

Robinson, O., et al., 2018. The urban exposome during pregnancy and its socioeconomic
determinants. Environ. Health Perspect. 126 (7), 077005.


http://refhub.elsevier.com/S0013-9351(23)02155-2/sref171
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref171
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref172
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref172
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref173
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref173
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref173
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref174
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref174
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref174
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref175
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref175
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref176
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref176
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref177
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref177
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref177
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref178
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref178
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref179
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref179
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref179
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref180
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref180
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref180
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref181
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref181
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref181
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref182
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref182
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref183
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref183
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref184
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref184
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref184
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref185
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref185
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref185
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref185
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref186
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref186
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref186
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref187
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref187
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref188
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref188
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref188
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref189
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref189
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref189
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref190
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref190
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref190
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref191
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref191
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref191
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref192
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref192
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref192
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref193
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref193
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref193
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref194
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref194
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref194
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref195
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref195
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref196
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref196
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref196
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref197
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref197
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref198
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref198
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref199
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref199
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref200
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref200
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref201
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref201
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref202
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref202
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref203
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref203
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref204
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref204
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref205
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref205
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref205
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref205
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref206
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref206
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref207
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref207
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref207
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref208
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref208
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref208
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref209
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref209
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref210
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref210
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref211
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref211
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref211
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref212
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref212
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref212
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref212
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref213
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref213
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref214
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref214
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref214
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref214
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref215
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref215
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref216
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref216
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref217
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref217
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref217
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref218
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref218
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref219
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref219
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref219
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref220
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref220
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref221
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref221
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref221
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref222
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref222
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref222
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref223
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref223
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref224
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref224
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref225
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref225
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref225
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref226
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref226
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref227
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref227
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref227
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref228
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref228
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref228
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref229
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref229
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref229
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref230
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref230
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref231
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref231
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref232
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref232
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref233
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref233
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref233
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref233
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref234
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref234
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref234
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref235
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref235
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref236
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref236
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref237
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref237

L. Houweling et al.

Rodriguez-Villamizar, L.A., et al., 2021. Air pollution, sociodemographic and health
conditions effects on COVID-19 mortality in Colombia: an ecological study. Sci. Total
Environ. 756, 144020.

Rohrer, M., Flahault, A., Stoffel, M., 2020. Peaks of fine particulate matter may modulate
the spreading and virulence of COVID-19. Earth Syst Environ 4 (4), 789-796.

Romero Starke, K., et al., 2021. The effect of ambient environmental conditions on
COVID-19 mortality: a systematic review. Int. J. Environ. Res. Publ. Health 18 (12).

Rostila, M., et al., 2021. Disparities in coronavirus disease 2019 mortality by country of
birth in Stockholm, Sweden: a total-population-based cohort study. Am. J.
Epidemiol. 190 (8), 1510-1518.

Rothman, K.J., Greenland, S., Lash, T.L., 2012. Modern Epidemiology.

Roviello, V., Roviello, G.N., 2021. Lower COVID-19 mortality in Italian forested areas
suggests immunoprotection by Mediterranean plants. Environ. Chem. Lett. 19 (1),
699-710.

Roviello, V., Roviello, G.N., 2022. Less COVID-19 deaths in southern and insular Italy
explained by forest bathing, Mediterranean environment, and antiviral plant volatile
organic compounds. Environ. Chem. Lett. 20 (1), 7-17.

Russette, H., et al., 2021. Greenspace exposure and COVID-19 mortality in the United
States: january-July 2020. Environ. Res. 198, 111195.

Rzymski, P., et al., 2022. The association of airborne particulate matter and benzo[a]
pyrene with the clinical course of COVID-19 in patients hospitalized in Poland.
Environ. Pollut. 306, 119469.

Saadat, S., Rawtani, D., Hussain, C.M., 2020. Environmental perspective of COVID-19.
Sci. Total Environ. 728, 138870.

Sabarathinam, C., et al., 2022. SARS-CoV-2 phase I transmission and mutability linked to
the interplay of climatic variables: a global observation on the pandemic spread.
Environ. Sci. Pollut. Res. Int. 29 (48), 72366-72383.

Saddik, B., et al., 2022. The impact of environmental and climate parameters on the
incidence and mortality of COVID-19 in the six Gulf Cooperation Council countries: a
cross-country comparison study. PLoS One 17 (7), 0269204.

Sahu, S.K., Bohning, D., 2022. Bayesian spatio-temporal joint disease mapping of Covid-
19 cases and deaths in local authorities of England. Spat Stat 49, 100519.

Samillan, V.J., et al., 2021. Environmental and climatic impact on the infection and
mortality of SARS-CoV-2 in Peru. J. Basic Clin. Physiol. Pharmacol. 32 (5), 935-942.

Sanchez-Piedra, C., et al., 2021. Effects of air pollution and climatology on COVID-19
mortality in Spain. Air Qual Atmos Health 14 (11), 1869-1875.

Sannigrahi, S., et al., 2022. Examining the status of forest fire emission in 2020 and its
connection to COVID-19 incidents in West Coast regions of the United States. In:
Environ Res. Elsevier Inc, Netherlands, 112818. © 2022 The Authors. Published by.

Sansone, N.M,, et al., 2022. Characterization of demographic data, clinical signs,
comorbidities, and outcomes according to the race in hospitalized individuals with
COVID-19 in Brazil: an observational study. J Glob Health 12, 05027.

Santos, A.O.R., et al., 2022. Exposure to air pollution and hospitalization due to COVID-
19 in Sao José dos Campos, Brazil. Braz. J. Med. Biol. Res. 55, €12273.

Sarmadi, M., et al., 2021. Association of COVID-19 distribution with air quality,
sociodemographic factors, and comorbidities: an ecological study of US states. Air
Qual Atmos Health 14 (4), 455-465.

Schnake-Mahl, A., Bilal, U., 2022. Disaggregating disparities: a case study of
heterogenous COVID-19 disparities across waves, geographies, social vulnerability,
and political lean in Louisiana. Prev Med Rep 28, 101833.

Sciannameo, V., et al., 2022. A deep learning approach for Spatio-Temporal forecasting
of new cases and new hospital admissions of COVID-19 spread in Reggio Emilia,
Northern Italy. J. Biomed. Inf. 132, 104132.

Semati, A., et al., 2022. Epidemiological study of infection and death due to COVID-19 in
fars province, Iran, from february to september 2020. Iran. J. Med. Sci. 47 (3),
219-226.

Semczuk-Kaczmarek, K., et al., 2022. Association between air pollution and COVID-19
mortality and morbidity. Intern Emerg Med 17 (2), 467-473.

Serio, C., Masiello, G., Cersosimo, A., 2022. NO(2) pollution over selected cities in the Po
valley in 2018-2021 and its possible effects on boosting COVID-19 deaths. In:
Heliyon, e09978. © 2022 The Author(s). England.

Sethi, J.K., Mittal, M., 2022. Monitoring the impact of air quality on the COVID-19
fatalities in Delhi, India: using machine learning techniques. Disaster Med. Public
Health Prep. 16 (2), 604-611.

Shao, L., et al., 2022. COVID-19 mortality and exposure to airborne PM(2.5): a lag time
correlation. Sci. Total Environ. 806 (Pt 3), 151286.

Sharifi, A., Khavarian-Garmsir, A.R., 2020. The COVID-19 pandemic: impacts on cities
and major lessons for urban planning, design, and management. Sci. Total Environ.
749, 142391.

Sheridan, C., et al., 2022. Associations of air pollution with COVID-19 positivity,
hospitalisations, and mortality: observational evidence from UK Biobank. Environ.
Pollut. 308, 119686.

Shukla, D., et al., 2022. Evolution of the pandemic: analysis of demographic
characteristics of COVID-19-infected patients during its two waves in Gwalior
district of central India. J. Fam. Med. Prim. Care 11 (4), 1314-1321.

Siddiqui, S.H., et al., 2021. Global variation of COVID-19 mortality rates in the initial
phase. Osong Public Health Res Perspect 12 (2), 64-72.

Sikarwar, A., et al., 2022. Association of greenness with COVID-19 deaths in India: an
ecological study at district level. Environ. Res. 217, 114906.

Simoes, E.J., Schmaltz, C.L., Jackson-Thompson, J., 2021. Predicting coronavirus disease
(COVID-19) outcomes in the United States early in the epidemic. Prev Med Rep 24,
101624.

Singh, A., 2021. Ambient air pollution and COVID-19 in Delhi, India: a time-series
evidence. Int. J. Environ. Health Res. 1-14.

Sobczak, M., Pawliczak, R., 2022. COVID-19 mortality rate determinants in selected
Eastern European countries. BMC Publ. Health 22 (1), 2088.

19

Environmental Research 240 (2024) 117351

Sobral, M.F.F,, et al., 2020. Association between climate variables and global
transmission oF SARS-CoV-2. Sci. Total Environ. 729, 138997.

Sohrabi, M.R., et al., 2022. Urban and sub-urban disparities in health outcomes among
patients with COVID-19; a cross-sectional study of 234 418 patients in Iran. BMC
Publ. Health 22 (1), 927.

Solmaz, I, et al., 2021. Risk factors affecting ICU admission in COVID-19 patients; Could
air temperature be an effective factor? Int. J. Clin. Pract. 75 (3), e13803.

Soltan, M.A., et al., 2021. COVID-19 admission risk tools should include multiethnic age
structures, multimorbidity and deprivation metrics for air pollution, household
overcrowding, housing quality and adult skills. BMJ Open Respir Res 8 (1).

Song, Q., et al., 2022. Synergistic influence of air temperature and vaccination on
COVID-19 transmission and mortality in 146 countries or regions. Environ. Res. 215
(Pt 1), 114229.

Sterne, J.A., et al., 2011. Recommendations for examining and interpreting funnel plot
asymmetry in meta-analyses of randomised controlled trials. Bmj 343, d4002.

Stojkoski, V., et al., 2022. Correlates of the country differences in the infection and
mortality rates during the first wave of the COVID-19 pandemic: evidence from
Bayesian model averaging. Sci. Rep. 12 (1), 7099.

Suligowski, R., Ciupa, T., 2023. Five waves of the COVID-19 pandemic and green-blue
spaces in urban and rural areas in Poland. Environ. Res. 216 (Pt 3), 114662.

Surendra, H., et al., 2022. Pandemic inequity in a megacity: a multilevel analysis of
individual, community and healthcare vulnerability risks for COVID-19 mortality in
Jakarta, Indonesia. BMJ Glob. Health 7 (6).

Tapia-Munoz, T., et al., 2022. COVID-19 attributed mortality and ambient temperature: a
global ecological study using a two-stage regression model. Pathog. Glob. Health 116
(5), 319-329.

Taylor, B.M., Ash, M., King, L.P., 2022. Initially high correlation between air pollution
and COVID-19 mortality declined to zero as the pandemic progressed: there is No
evidence for a causal link between air pollution and COVID-19 vulnerability. Int. J.
Environ. Res. Publ. Health 19 (16).

Tchicaya, A., et al., 2021. Impact of long-term exposure to PM(2.5) and temperature on
coronavirus disease mortality: observed trends in France. Environ. Health 20 (1),
101.

Thangariyal, S., et al., 2020. Impact of temperature and sunshine duration on daily new
cases and death due to COVID-19. J. Fam. Med. Prim. Care 9 (12), 6091-6101.
Thazhathedath Hariharan, H., et al., 2021. Global COVID-19 transmission and mortality-
influence of human development, climate, and climate variability on early phase of

the pandemic. Geohealth 5 (10), 2020GH000378.

Torres-Ibarra, L., et al., 2022. SARS-CoV-2 infection fatality rate after the first epidemic
wave in Mexico. Int. J. Epidemiol. 51 (2), 429-439.

Tracking, W.H.O., 2023. SARS-CoV-2 Variants [cited 2023 February 20th].

Tragaki, A., Richard, J.L., 2022. First wave of SARS-COV2 in Europe: study and typology
of the 15 worst affected European countries. Popul. Space Place 28 (1), e2534.
Trajanoska, M., Trajanov, R., Eftimov, T., 2022. Dietary, comorbidity, and geo-economic
data fusion for explainable COVID-19 mortality prediction. Expert Syst. Appl. 209,

118377.

Travaglio, M., et al., 2021. Links between air pollution and COVID-19 in England.
Environ. Pollut. 268 (Pt A), 115859.

Tzampoglou, P., Loukidis, D., 2020. Investigation of the importance of climatic factors in
COVID-19 worldwide intensity. Int. J. Environ. Res. Publ. Health 17 (21).

United Nations, D.o.E.a.S.A., Division, P., 2018. World Urbanization Prospects: the 2018
Revision.

Vahedian, M., Sharafkhani, R., Pournia, Y., 2022. Short-term effect of meteorological
factors on COVID-19 mortality in Qom, Iran. Int. J. Environ. Health Res. 1-10.

Valdés Salgado, M., et al., 2021. Long-term exposure to fine and coarse particulate
matter and COVID-19 incidence and mortality rate in Chile during 2020. Int. J.
Environ. Res. Publ. Health 18 (14).

Venkatesan, P., 2021. NICE guideline on long COVID. Lancet Respir. Med. 9 (2), 129.

Venter, Z.S., et al., 2021. Air pollution declines during COVID-19 lockdowns mitigate the
global health burden. Environ. Res. 192, 110403.

Verma, A., et al., 2021. Sociodemographic and clinical characteristics associated with
COVID mortality among hospitalized patients in Rajasthan: a retrospective
observational study. J. Fam. Med. Prim. Care 10 (9), 3319-3324.

Viezzer, J., Biondi, D., 2021. The influence of urban, socio-economic, and eco-
environmental aspects on COVID-19 cases, deaths and mortality: a multi-city case in
the Atlantic Forest, Brazil. Sustain. Cities Soc. 69, 102859.

Villeneuve, P.J., Goldberg, M.S., 2022. Ecological studies of COVID-19 and air pollution:
how useful are they? Environ Epidemiol 6 (1), e195.

Wali, B., Frank, L.D., 2021. Neighborhood-level COVID-19 hospitalizations and mortality
relationships with built environment, active and sedentary travel. Health Place 71,
102659.

Whittemore, P.B., 2020. COVID-19 fatalities, latitude, sunlight, and vitamin D. Am. J.
Infect. Control 48 (9), 1042-1044.

WHO, 2023. WHO Coronavirus (COVID-19) Dashboard [cited 2023 March 21st].

WHO Coronavirus (COVID-19) Dashboard, 2022 [cited 2022 November 10th].

Wu, X., et al., 2020. Air pollution and COVID-19 mortality in the United States: strengths
and limitations of an ecological regression analysis. Sci. Adv. 6 (45).

Yang, H.Y., Lee, J.K.W., 2021. The impact of temperature on the risk of COVID-19: a
multinational study. Int. J. Environ. Res. Publ. Health 18 (8).

Yang, Y., Lu, Y., Jiang, B., 2022. Population-weighted exposure to green spaces tied to
lower COVID-19 mortality rates: a nationwide dose-response study in the USA. Sci.
Total Environ. 851 (Pt 2), 158333.

Yemata, G.A., et al., 2022. Survival time to COVID-19 severity and its predictors in south
gondar zone, north-west Ethiopia: a prospective cohort study. J. Multidiscip.
Healthc. 15, 1187-1201.


http://refhub.elsevier.com/S0013-9351(23)02155-2/sref238
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref238
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref238
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref239
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref239
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref240
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref240
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref241
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref241
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref241
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref242
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref243
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref243
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref243
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref244
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref244
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref244
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref245
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref245
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref246
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref246
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref246
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref247
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref247
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref248
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref248
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref248
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref249
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref249
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref249
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref250
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref250
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref251
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref251
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref252
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref252
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref253
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref253
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref253
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref254
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref254
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref254
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref255
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref255
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref256
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref256
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref256
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref257
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref257
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref257
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref258
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref258
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref258
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref259
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref259
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref259
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref260
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref260
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref261
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref261
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref261
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref262
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref262
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref262
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref263
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref263
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref264
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref264
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref264
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref265
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref265
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref265
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref266
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref266
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref266
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref267
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref267
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref268
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref268
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref269
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref269
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref269
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref270
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref270
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref271
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref271
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref272
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref272
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref273
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref273
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref273
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref274
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref274
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref275
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref275
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref275
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref276
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref276
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref276
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref277
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref277
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref278
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref278
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref278
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref279
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref279
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref280
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref280
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref280
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref281
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref281
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref281
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref282
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref282
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref282
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref282
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref283
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref283
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref283
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref284
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref284
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref285
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref285
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref285
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref286
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref286
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref287
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref288
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref288
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref289
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref289
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref289
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref290
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref290
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref291
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref291
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref292
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref292
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref293
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref293
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref294
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref294
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref294
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref295
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref296
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref296
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref297
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref297
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref297
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref298
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref298
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref298
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref299
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref299
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref300
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref300
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref300
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref301
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref301
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref302
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref303
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref304
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref304
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref305
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref305
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref306
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref306
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref306
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref307
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref307
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref307

L. Houweling et al.

Yue, H., Hu, T., 2021. Geographical detector-based spatial modeling of the COVID-19
mortality rate in the continental United States. Int. J. Environ. Res. Publ. Health 18
13).

Zhai, G., et al., 2023. The non-linear and interactive effects of meteorological factors on
the transmission of COVID-19: a panel smooth transition regression model for cities
across the globe. Int. J. Disaster Risk Reduc. 84, 103478.

Zhang, S., et al., 2022. Novel evidence showing the possible effect of environmental
variables on COVID-19 spread. Geohealth 6 (3), 2021GH000502.

Zheng, P., et al., 2021. Association between coronavirus disease 2019 (COVID-19) and
long-term exposure to air pollution: evidence from the first epidemic wave in China.
Environ. Pollut. 276, 116682.

Zhou, X., et al., 2021. Excess of COVID-19 cases and deaths due to fine particulate matter
exposure during the 2020 wildfires in the United States. Sci. Adv. 7 (33).

Zhu, G., et al., 2021. The association between ambient temperature and mortality of the
coronavirus disease 2019 (COVID-19) in Wuhan, China: a time-series analysis. BMC
Publ. Health 21 (1), 117.

20

Environmental Research 240 (2024) 117351

Zilberlicht, A., et al., 2021. The effect of population age and climate on COVID-19
morbidity and mortality. Isr. Med. Assoc. J. 23 (6), 336-340.

Ziyadidegan, S., et al., 2022. Factors affecting the COVID-19 risk in the US counties: an
innovative approach by combining unsupervised and supervised learning. Stoch.
Environ. Res. Risk Assess. 36 (5), 1469-1484.

Zoran, M.A,, et al., 2022a. Assessing the impact of air pollution and climate seasonality
on COVID-19 multiwaves in Madrid, Spain. Environ. Res. 203, 111849.

Zoran, M.A,, et al., 2022b. Cumulative effects of air pollution and climate drivers on
COVID-19 multiwaves in Bucharest, Romania. Process Saf. Environ. Protect. 166,
368-383.

Zoran, M.A., et al., 2022c. Impacts of exposure to air pollution, radon and climate drivers
on the COVID-19 pandemic in Bucharest, Romania: a time series study. Environ. Res.
212 (Pt D), 113437.


http://refhub.elsevier.com/S0013-9351(23)02155-2/sref308
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref308
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref308
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref309
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref309
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref309
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref310
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref310
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref311
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref311
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref311
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref312
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref312
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref313
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref313
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref313
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref314
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref314
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref315
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref315
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref315
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref316
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref316
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref317
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref317
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref317
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref318
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref318
http://refhub.elsevier.com/S0013-9351(23)02155-2/sref318

	The effect of the urban exposome on COVID-19 health outcomes: A systematic review and meta-analysis
	1 Background
	2 Methods
	2.1 Eligibility criteria
	2.2 Selection and data extraction
	2.3 Risk of bias evaluation
	2.4 Meta-analyses

	3 Results
	3.1 Identification of studies
	3.2 Methodological quality of the included non-ecological studies
	3.3 Urban exposures influencing COVID-19 health outcomes in non-ecological studies
	3.3.1 Ambient air pollution
	3.3.2 Urbanization and population density
	3.3.3 Meteorological factors
	3.3.4 Meta-analyses

	3.4 Urban exposures influencing COVID-19 health outcomes in ecological studies
	3.4.1 External exposome-wide association study (ExWAS)
	3.4.2 Ambient air pollution
	3.4.3 Urbanization and population density
	3.4.4 Meteorological factors
	3.4.5 Built environment characteristics


	4 Discussion
	4.1 Summary of results
	4.2 Exploration of findings
	4.3 Risk of bias of included studies
	4.4 Strengths, limitations and recommendations

	5 Conclusion
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


