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Abstract

Background

Air-pollution and weather exposure beyond certain thresholds have serious effects on public
health. Yet, there is lack of information on wider aspects including the role of some effect
modifiers and the interaction between air-pollution and weather. This article aims at a com-
prehensive review and narrative summary of literature on the association of air-pollution and
weather with mortality and hospital admissions; and to highlight literature gaps that require
further research.

Methods

We conducted a scoping literature review. The search on two databases (PubMed and
Web-of-Science) from 2012 to 2020 using three conceptual categories of “environmental
factors”, “health outcomes”, and “Geographical region” revealed a total of 951 records. The
narrative synthesis included all original studies with time-series, cohort, or case cross-over
design; with ambient air-pollution and/or weather exposure; and mortality and/or hospital
admission outcomes.

Results

The final review included 112 articles from which 70 involved mortality, 30 hospital admis-
sion, and 12 studies included both outcomes. Air-pollution was shown to act consistently as
risk factor for all-causes, cardiovascular, respiratory, cerebrovascular and cancer mortality
and hospital admissions. Hot and cold temperature was a risk factor for wide range of car-
diovascular, respiratory, and psychiatric illness; yet, in few studies, the increase in tempera-
ture reduced the risk of hospital admissions for pulmonary embolism, angina pectoris,
chest, and ischemic heart diseases. The role of effect modification in the included studies
was investigated in terms of gender, age, and season but not in terms of ethnicity.
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Conclusion

Air-pollution and weather exposure beyond certain thresholds affect human health nega-
tively. Effect modification of important socio-demographics such as ethnicity and the interac-
tion between air-pollution and weather is often missed in the literature. Our findings highlight
the need of further research in the area of health behaviour and mortality in relation to air-
pollution and weather, to guide effective environmental health precautionary measures
planning.

Introduction

Air-pollution and weather exposure beyond region-specific thresholds have serious effects on
the public health [1, 2]. Worldwide, population growth, increased urbanization, economic and
industrial growth, intense energy consumption, high usage of transportation vehicles,
improved living standards, and changing lifestyles and consumption patterns for at least the
last 100 years have resulted in increased emissions of air pollutants including greenhouse
gases; and fluctuations in ambient temperature and other weather variables [3, 4].

Ambient air-pollution consists of a range of pollutants including particulate matters with
diameters of less than 10 um (PM10) and less than 2.5 um (PM2.5), nitrogen oxides (NOx)
including nitrogen dioxide (NO2), Sulphur dioxide (SO2), Carbon monoxide (CO), and
Ozone (O3) that have been associated with a range of different acute and chronic health condi-
tions [5, 6].

Weather exposure in terms of changing temperature, relative humidity, rainfall and other
weather patterns can cause a wide range of acute illness and result in deaths especially among
vulnerable populations who lack adequate physiological and behavioural responses to weather
fluctuations [7, 8]. Age (elderly and children vs adults), sex, socioeconomic factors (poverty,
education, and ethnicity among others), pre-existing chronic diseases, use of certain medica-
tions, and environmental conditions such as the absence of central heating increase individu-
al’s susceptibility to environmental exposures [1, 9, 10]. Research has shown that hospital
admissions and mortality increase when weather exposure exceed certain thresholds with lags
up to 20 days [11-14].

Most of the literature has shown positive correlations of air-pollution and/or exposure to
weather variables beyond region-specific thresholds with all-cause and cause-specific mortality
and/or hospital admission especially related to respiratory and cardiovascular diseases [14-
21]. Though, there is a lack of information on wider aspects including the role of some effect
modifiers such as ethnicity and the interaction between air-pollution and weather factors. Lit-
erature has shown that ethnic minorities often live in more disadvantaged, highly populated
urban communities with poor housing conditions and higher levels of air pollution exposure
[22-24]. This results in poorer health and higher risk for chronic health problems with time.
Similar to ethnicity, the interaction between air-pollution and weather variables in relation to
health outcomes is often missed in the literature despite its importance in minimizing biased
estimations. Air pollutants are highly reactive, and their formation is either catalysed or slowed
down based on the existing weather conditions. For example, the presence of sunlight catalyses
the formation of ozone pollutant resulting in higher ozone concentrations during the summer
[25].
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In this context, a thorough literature review is needed to map the available literature and
highlight areas that require further research and investigation. Not to mention that further
understanding of the effect of air-pollution and weather exposure on mortality and hospital
admission is needed to achieve better environmental and health system planning, organiza-
tion, resources allocation, and interventions. This article aims to provide a comprehensive
review and narrative summary (not numerical estimate) of literature on the association of air-
pollution and weather with mortality and hospital admissions; and to shed the light on areas
that require further research. As far as we are aware, this is the first literature review examining
the effect of multiple exposures (air-pollution and weather) on multiple outcomes (mortality
and hospital admissions). We chose to focus our scoping literature review on countries that
are part of the single European Union (EU) market (Austria, Belgium, Bulgaria, Croatia,
Republic of Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece,
Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain and Sweden, Norway, and Switzerland) and United King-
dom (UK) because these countries exhibit similar socio-economic, environmental, and health
policies; minimizing the contextual differences in the effect of air-pollution and weather on
mortality and hospital admission. Literature examining the effect of air-pollution and/or
weather on mortality and hospital admissions in countries outside the EU and UK will be used
for comparison purposes.

Materials and methods
Search strategy and database sources

To ensure methodological reliability, we carried out our scoping literature review according to
the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses for scoping
reviews” (PRISMA-ScR) guidelines (S1 Checklist) [26].

A literature search was performed on the 6™ of February 2020 using “PubMed” and “Web
of Science” database sources that cover health, medical, and environmental literature. We
attempted to assess the effects of air-pollution and weather events on mortality and hospital
admission in Europe by searching original research articles published in peer-reviewed jour-
nals in the last 8 years (between 06/02/2012 and 06/02/2020 inclusive). We chose to review
research published in the last 8 years because in March 2007, the European Union (EU) Heads
of State and Government endorsed an “integrated climate change and energy strategy” that
will come into action post the expiry of Kyoto Protocol targets in 2012 and that aims to combat
climate change and weather fluctuations and cut air-pollution emissions to 30% below the
1990 levels [27].

Our search strategy was divided into three conceptual categories: “environmental factors”,
“health outcomes”, and “Geographical region”. The “Environmental factors” refers to air-pol-
lution, including PM10, PM2.5, NO2, SO2, CO, and O3 air pollutants and to weather variables,
including air temperature, rainfall, wind, relative humidity, and vapour pressure. The “health
outcomes” include hospital admissions and mortality and the “Geographical region” refers to
the EU countries and UK. For each conceptual category, a set of “MeSH” and “All Fields”
terms joined by the Boolean operator “OR” were developed. Later, the three conceptual catego-
ries’ search terms were joined using the Boolean operator “AND”. Our search strategy
excluded the “influenza infections”, as these are considered confounders rather than outcomes
for air-pollution and weather exposure. For more details about the search codes used to navi-
gate PubMed and Web of Science search engines, please refer to S1 Table.

To minimize finding irrelevant literature, our search was limited to the following categories
in the “Web of Science” search engine: environmental sciences, public environmental
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occupational health, medicine general internal, environmental studies, multidisciplinary sci-
ences, geosciences multidisciplinary, respiratory system, geography physical, geography, car-
diac cardiovascular systems, urban studies, healthcare sciences services, peripheral vascular
disease, medicine research experimental, emergency medicine, critical care medicine, health
policy services, primary healthcare, social sciences biomedical, and demography. Grey litera-
ture, non-English language articles, conference abstracts, books, reports, masters and PhD dis-
sertations, and unpublished studies were excluded from this review.

Inclusion and exclusion criteria

To determine the studies that would be included in this scoping review, a set of inclusion and
exclusion criteria were developed for the procedure of title, keyword, and abstract screening.

The inclusion criteria involved original quantitative research studies conducted in the EU
and UK; that included at least one analysis where mortality and/or hospital admission was the
outcome and where one or more of the following exposures were investigated: 1) ambient air
pollutants including PM10, PM2.5, CO, NO2/NOx, SO2, and O3; 2) weather exposures
including temperature, rainfall, wind, humidity, and pressure; and 3) extreme weather events
including heat waves, cold spells, and droughts. Due to the large amount of literature on this
topic and to allow comparable results between the studies, this review was limited to cohort,
time-series, and case-crossover/self-controlled quantitative study designs where hazard ratios
(HR), relative risks (RR), odd ratios (OR), or percentage increase were reported for quantifying
the factors associated with mortality and hospital admission. These three study designs allow a
temporal follow up to evaluate the effect of time varying exposures (air-pollution and weather)
on the mortality and hospital admission health outcomes.

The exclusion criteria included the following:

o Methodological studies

« Original data studies that investigated the effect of ambient air-pollution and/or weather on
mortality and/or hospital admission in countries outside the EU market and UK

o Articles studying the effect of indoor air-pollution on mortality and hospital admission
« Studies examining air-pollution and weather exposure on animals and plants

« Studies on occupational air-pollution exposure

« Non-English language articles

« Mortality and/or hospital admission projections and forecasting studies

o Protocol and letter to editor papers

« Qualitative research studies

o All types of literature reviews including but not limited to narrative, scoping, and systematic
literature reviews

Screening and data abstraction

Our search strategy revealed 487 articles from the “PubMed” database and 517 articles from
the “Web of Science” database. These articles were exported to the citation manager software
“Endnote” where 53 duplicates were identified and removed resulting in a total of 951 articles
(Fig 1). Using the titles, key words, and abstracts, the 951 articles were screened for relevance
according to the inclusion and exclusion criteria, explained in the previous section only by
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Fig 1. PRISMA flow diagram illustrating the literature search, screening process, results, and exclusions.

https://doi.org/10.1371/journal.pone.0241415.9001

first author (MA). To ensure a rigorous and reliable application of the inclusion and exclusion
criteria in the screening process, a second researcher (MM) screened independently a sample
of 20% of the titles and abstracts of the 951 identified records. Disagreements between the two
researchers were resolved through discussion until consensus was reached. All the studies that
met the inclusion criteria (n = 149 articles) were retrieved for full text screening by MA. Fol-
lowing the full text screening phase, an additional 37 articles were excluded by MA resulting in
a total of 112 articles to be included in the final narrative synthesis (Fig 1).

For narrative synthesis, the following information was retrieved from the 112 articles:

o Study design
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o Location of the study population

o The outcome of interest

« Sample size

« Exposure variables

o The confounders adjusted for

o The assessed exposure time and the lags considered
o The exposure assessment method

« The statistical/modelling approach

o The relative risks (RR)/incident relative risks (IRR)/odd ratios (OR)/hazard ratios (HR) with
their respective confidence intervals or the percentage increase that quantify the association
between the outcome of interest (mortality and/or hospital admission) and the exposures
(air-pollution and/or weather events).

Ethical approval

Not applicable for this scoping literature review as it only includes descriptive narrative analy-
sis of 112 published articles.

Results

A total of 112 studies (S2 Table) were included in the final narrative review from which 70
involved the mortality outcome, 30 the hospital admission outcome, and 12 studies included
both health outcomes (Table 1). Most of the studies used the time-series study design (n = 74,
66%) with Poisson models for data analysis, while minority of the reviewed studies employed
the case-crossover design (n = 19, 17%) with conditional logistic regression for data analysis,
and the cohort design (n = 18, 16%) with Cox hazard regression for data analysis (Table 1).

Most of the studies examined all-cause, cardiovascular and respiratory disease mortality
and hospital admission outcomes while some studies tried to focus more directly on certain
types of specific diseases such as psychiatric disorders including mania and depression, pulmo-
nary embolism, myocardial infarction, stroke, ischemic heart disease, arrhythmias, atrial fibril-
lation, heart failure, cerebrovascular disease, chronic obstructive pulmonary disease (COPD),
lung cancer, and diabetes (Table 1).

Table 1 shows the descriptive statistics of the included articles. S2 Table summarise the
characteristics of the included studies in more details by the type of investigated health out-
come. S3 Table demonstrate the included article’s reported associations in terms of coefficients
with 95% confidence intervals between air-pollution and/or weather exposure and mortality
and/or hospital admission outcomes.

The effect of air-pollution on mortality and hospital admission

In this review, six air pollutants (PM2.5, PM10, O3, CO, SO2, and NO2/NOx) were identified
as causes of increased rates of mortality and hospital admissions. Each pollutant affects a range
of diseases, most commonly, cardiovascular, respiratory, and cerebrovascular diseases. Some
of the health effects can be immediate while others might appear after several days of initial
exposure (Fig 2).
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Table 1. Descriptive characteristics of the included articles (N = 112).

Characteristics Number of studies Percentage
Study design

Cohort 18 16%
Time series 74 66%
Case-crossover 19 17%
self-controlled case-series 1 1%
Study follow up time

<5 years 16 14%
5 to 10 years 48 43%
>10 years 48 43%
“Exposures

PM10 50 45%
PM2.5 29 26%
03 19 17%
NO2/NOx 40 36%
SO2 12 11%
CcO 10 9%
Other air pollutants 7 6%
Temperature 56 50%
Humidity 4%
Rainfall 6%
Other weather variables 10 9%
Outcome in general

Mortality 70 63%
Hospital admission 30 27%
Both: mortality and hospital admission 12 11%
“Specific Outcomes

All-causes 69 62%
Cardiovascular 51 46%
Respiratory 44 39%
Cerebrovascular 10 9%
Cancer 4 4%
Psychiatric disorders 6 5%
Pulmonary embolism 2 2%
Myocardial infarction 9 8%
Stroke 6 5%
Ischemic heart disease 11 10%
Arrhythmias 2 2%
Atrial fibrillation 1 1%
Heart failure 5 4%
Angina pectoris 2 2%
Chronic obstructive pulmonary disease (COPD) 6 5%
Asthma 1 1%
Diabetes 1 1%
Sudden infant death 1 1%
Other types of illness 13 12%

*Percentages do not add up to 100% as categories are not mutually exclusive.

https://doi.org/10.1371/journal.pone.0241415.t001
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Fig 2. The time range for health outcomes following exposure by type of air pollutant.

https://doi.org/10.1371/journal.pone.0241415.9002

The effect of particulate matter pollutants on mortality and hospital admission. Par-
ticulate matter is a heterogeneous mixtures of liquid droplets and solid particles suspended in
the air that can result either from natural resources (windblown Saharan and non-Saharan
dust, volcano ashes, forest fires, pollen, etc. . .) or from man-made activities including indus-
trial processes, transportation vehicle smoke, burning of fossil fuels, extensive energy usage,
combustion processes, and grinding and mining industries [28]. Due to its size, mass composi-
tion, and chemical components, particulate matter with larger diameter (PM10) will be depos-
ited in nasal cavities and upper airways while particulate matter with smaller diameter
(PM2.5) may penetrate more deeply the respiratory system reaching the alveoli and blood
stream, carrying with them various toxic substances [29]. This in turn will cause health prob-
lems in humans such as asthma, irregular heartbeat, nonfatal heart attacks, decreased lung
function, coughing and difficulty breathing symptoms [30].

Our review showed that PM10 air-pollution is positively associated with a range of cardio-
vascular and respiratory diseases mortality and hospital admission outcomes (Fig 3A and S3
Table). Fischer et al. (2015) showed an elevated hazard of 1.06 (95% CI = 1.04 to 1.08) for car-
diovascular disease mortality for every 10 pg/m3 increase in PM10 pollution in the Nether-
lands [31]. Likewise, PM10 pollution acted as a risk factor for respiratory diseases mortality
(HR =1.11,95%CI = 1.08 to 1.15; RR = 1.056, 95%CI = 1.043 to 1.069) [21, 32] and hospital
admission (%increase = 0.69, 95% CI = 0.20 to 1.19) [20].

Air-pollution with PM2.5 exhibited a similar effect on human health as that of PM10 (Fig
3B and S3 Table). Nevertheless, PM2.5 was shown to have a greater risk on human health as
compared to PM10 due to its smaller diameter size allowing more deep penetration into the
respiratory system [33]. In France, Sanyal et al. (2018) showed an increased risk of 1.11 and
1.02 for all-cause hospital admission and moratality respectively per 10 ug/m3 increase in
PM2.5 pollutant [32].
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https://doi.org/10.1371/journal.pone.0241415.9003

The effect of ozone pollution on mortality and hospital admission. Contrary to particu-

late matter pollution, the effect of ozone on mortality and hospital admission did not show a
consistent effect. In some studies, ozone acted as a protective factor agianst mortality and hos-
pital admission, while in other studies it showed increased risk or no association with mortality
and hospital admissions (Fig 3C and S3 Table). This is related to the fact that ozone is a highly
reactive pollutant and its formation is related to the presence of sunlight [25]. In a cohort
study conducted by Carey et al. (2013) in England, ozone acted as a protective factor agianst
all-cause mortality (HR = 0.96, 95%CI = 0.93 to 0.98), cardiovascular mortality (HR = 0.96,
95%CI = 0.94 to 0.98), respiratory mortality (HR = 0.93, 95%CI = 0.90 to 0.96), and lung can-
cer mortality (HR = 0.94, 95%CI = 0.90 to 0.98) [21]. However, ozone acted as a risk factor in
some of the reviewed studies leading up to 2% increase in all-cause mortality per interquartile
range increase of ozone concentration [34-37].

The effect of nitrogen oxides pollution on mortality and hospital admission. Similar to
other air pollutants, this review showed that exposure to nitrogen dioxide and nitrogen oxides
pollution can cause many types of diseases resulting in increased risk for all-cause mortality

Table 2. The definitions of air temperature exposure classifications.

Classification Definition

Cold temperature Exposures to air temperature in the winter season below identified thresholds ranging

from -7°C to 6°C

Exposures to air temperature in the summer season above identified thresholds ranging
from 20°C to 37°C

Hot temperature

Air temperature
increase

Exposures to increasing temperature across the whole year. Associations are interpreted
per 1°C increase in temperature.

https://doi.org/10.1371/journal.pone.0241415.t1002
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and hospital admission [25, 32, 38, 39] (Fig 3D and S3 Table). A study conducted in Belgium
showed a 3.5% increase in cardiovascular hospital admission as well as 4.5% and 4.9% increase
in ischemic stroke and haemorrhagic stroke hospital admissions respectively for each 10 pg/
m3 increase in NO2 [40].

The effect of sulphur dioxide pollution on mortality and hospital admission. Sulphur
dioxide air-pollution is mainly caused from industrial processes and power plants that involve
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burning of fossil fuel. Exposure to SO2 pollution can cause mild health effects including eyes,
nose, and throat irritations as well as severe health effects such as bronchial spasms and deaths
due to respiratory insufficiency [41].

The effect of sulphur dioxide (SO2) on mortality and hospital admission was investigated in
only 12 out of the 112 reviewed studies. Exposure to SO2 air-pollution was found to increase
the risk for all-cause, cardiovascular, and respiratory mortality [21, 39, 42] (Fig 3E and S3
Table).

The effect of carbon monoxide pollution on mortality and hospital admission. Carbon
monoxide results from incomplete combustion of fossil fuels. Carbon monoxide is dangerous
for human beings since it possess the ability to bind to haemoglobin resulting in reduction of
the red blood cells to carry oxygen to cells [41].

Only 10 out of the 112 reviewed studies investigated the association of carbon monoxide
(CO) with mortality and hospital admission. The majority of these studies showed that carbon
monoxide exposure can cause a number of cardiovascular and respiratory health problems
(Fig 3F and S3 Table). Exposure to carbon monoxide pollution resulted in increased odds for
pulmonary embolism hospital admission [43]. Additionally, Renzi et al. (2017) showed that
all-cause mortality increases by 0.12% for every 1 mg/m3 increase in CO [39]. On the contrary,
carbon monoxide acted as a protective factor against chest disease hospital admission among
patients with sickle cell anaemia in one of the reviewed studies [44]. This association was
explained by the fact that carbon monoxide can bind to haemoglobin which enhances the
affinity of other binding sites for oxygen in addition to reducing vasoconstriction and inflam-
mation; suggesting a beneficial effect rather than risk factor for patients with sickle cell disease
[44].

The effect of air temperature on mortality and hospital admission

Exposure to hot or cold temperature beyond region-specific thresholds exhibits a range of
direct and indirect effects on human health. The direct effects include hyperthermia or heat
stress during hot temperature exposures and hypothermia and ischemic stroke during cold
temperature exposures [45]. Besides the direct effects, small fluctuations in temperature across
time can result in indirect effects on the respiratory and cardiovascular systems of the body
[45].

Most of the reviewed articles that studied the effect of weather exposure on mortality and
hospital admission focused on air temperature exposure with lags ranging from 0 days up to 5
weeks for cold temperatures and from 0 days up to 25 days for hot temperatures. The reviewed
studies examined the effect of cold temperature, hot temperature, and air temperature increase
on a range of diseases, most commonly, cardiovascular, respiratory, and psychiatric disorders.
Table 2 below shows the definitions of “cold temperature”, “hot temperature”, and “air tem-
perature increase” classifications derived from the reviewed studies.

Cold temperature acted as a risk factor for several types of mortality and hospital admission
outcomes (Fig 4A and S3 Table). Nevertheless, cold temperature was a protective factor only
in one of the reviwed studies for all-cause mortality at lag 0 (RR = 0.99, 95%CI = 0.985 to
0.995); yet cold temperature acted as a risk factor for all-cause mortality in the same study at
lag of 14 days with a relative risk of 1.003 emphasizing the delayed effect of cold temperature
on mortality [46].

Similar to cold temperature, hot temperature also acted as a risk factor in most of the
reviewed studies for a number of mortality and hospital admission outcomes (Fig 4B and S3
Table). On the other hand, hot temperatures were associated with reductions in hospital
admission rates for ischemic heart disease (RR = 0.74, 95%CI = 0.55 to 0.99) in a study
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conducted by Bijelovic et al. (2017) and for all-cause hospital admissions (RR = 0.961, 95%
CI =0.956 to 0.967) and cardiovascular hospital admissions (RR = 0.975, 95% CI = 0.957 to
0.993) in a study conducted by Monteiro et al. (2013) [47, 48].

Some studies examined the effect of increasing temperature across the whole year on mor-
tality and hospital admission. More than half of these studies showed a significant positive
association between the increasing temperature and the mortality and hospital admission out-
comes (Fig 4C and S3 Table).

The effect of other weather exposures on mortality and hospital admission

Similar to the temperature, weather exposures that include humidity, rainfall, sunshine, snow-
cover, air pressure, daylight, wind speed and wind direction with lags ranging from 0 up to 7
days were found to affect a range of diseases, most commonly, cardiovascular, respiratory, and
psychiatric disorders (S3 Table).

Weather variables that showed significant positive assciations with hospital admission
included: a rainfall effect on psychiatric hospital admission [49], sunshine and daylight effects
on hospital trauma [50] and psychaitric admissions [51], wind speed effects on chest disease
hospital admission [44], and air pressure effects on mania and depression hospital admission
[49].

It is worth mentioning that sunshine showed inconsistency in its effect on psychaitric hos-
pital admission, acting as a risk factor in a Danish study [52] while acting as a protective factor
in a study conducted in Ireland [49].

The adjustments and effect modifications for the association of air-
pollution and weather exposure with mortality and hospital admission

Most of the reviewed studies stratified and adjusted their analysis by age and gender [25, 40,
51, 53-61]. Socio-economic deprivation, education attainment, income level, marital status,
and occupational class were considered as confounders or effect modifiers in some of the
reviewed studies [25, 58, 62-66]. However, only one study considered ethnicity to act as an
effect modifier in the association between all-cause mortality and “summer smog” days
defined as having maximum temperature of 25°C and PM10 pollutant oncentration of 50 pg/
m3 [62]. And only two studies investigating the effect of air-pollution on all-cause and cardio-
vascular mortality in England adjusted for ethnicity in their multivariate regresison models
[67, 68].

Some of the studies that examined the effect of air-pollution on mortality and hospital
admission accounted for air temperature effect in their analysis [35, 40, 46]. Likewise, some of
the reviewed articles that studied the association of weather exposure to mortality and hospital
admission considered the effect of air-pollution in their analysis [34, 65, 69-72].

Other variables considered to affect the relationship of air-pollution and/or weather expo-
sure with mortality and/or hospital admission included: weekend and holiday effect, popula-
tion decrease during the summer, influenza epidemics, season, day of the week, and tobacco
smoke [25, 40, 46, 54, 56, 73-79].

Discussion

In this scoping review of 112 articles, we aimed to examine the effect of (1) air pollution, (2)
temperature, and (3) other weather exposures on mortality and hospital admission outcomes.
The first part of the review showed that air-pollution acted consistently as a risk factor for
all-cause, cardiovascular, respiratory, cerebrovascular and cancer mortality and hospital
admission in the EU and UK which is in line with the findings of studies conducted in other
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regions of the world [80-84]. For instance, elevated risks of cardiovascular and respiratory dis-
eases mortality were reported in Istanbul-Turkey for every 10 ug/m3 increase in PM10, SO2
and NO2 pollutants [85]. An exception was ozone (O3) air-pollution which showed inconsis-
tent association with mortality and hospital admission. Two explanations were offered in the
literature for the negative association between health outcomes and ozone pollution. The first
explanation is related to the fact that ozone is a highly seasonal pollutant since its formation is
catalysed by sunlight rendering higher ozone concentrations in the summer as compared to
winter season. Thus, ozone effect on health outcomes should be analysed by accounting for the
season effect [21]. In the continental United States, a 49% higher risk in all-cause mortality was
shown for every 10 ppb increase in ozone during the warm-season [86]. The second explana-
tion is related to the high reactivity of ozone leading to the formation of other pollutants such
as NO2 and particulate matter. Therefore, ozone is negatively correlated with other air pollut-
ants and its effect on health outcomes should be analysed as a combined effect of O3 and NO2
(known as Ox effect) [25].

Additionally, our scoping review showed that the effect of particulate matter (PM10 and
PM2.5) pollution on mortality and hospital admission is more studied in the literature as com-
pared to the other air pollutants. This could be related to the more pronounced effects of par-
ticulate matter exposure on health which is corroborated by many studies across the world
[81, 87]. Despite the fact that PM10 particles are deposited in the nasal cavities and upper air-
ways, PM2.5 may penetrate deep into the lung tissues (reaching the alveoli and bloodstream)
and irritate the respiratory airways causing various respiratory and cardiovascular problems
[29, 30, 88].

Similar to air pollution, the second part of this review showed that hot and cold temperature
exposures beyond region-specific thresholds are risk factors for a wide range of respiratory,
cardiovascular (including: ischemic heart disease, myocardial infarction, pulmonary embo-
lism, stroke, heart failure, and COPD), and psychiatric (including: mania and depression) ill-
ness in the EU and UK. These findings are corroborated by a wide body of literature from
across the world [89-97]. In India, cold temperatures below 13.8°C were associated with
increased risk of 6.3% for all-cause mortality, 27.2% for stroke mortality, 9.7% for ischemic
heart disease mortality, and 6.5% for respiratory diseases mortality [92]. In Istanbul-Turkey,
23 days of exposure to hot temperature above 22.8°C was associated with a total of 419 excess
deaths [90]. In Korea, hot temperature days of 25°C compared to 15°C were significantly asso-
ciated with a 4.5% increase in cardiovascular hospitalizations [98].

It is worth to point out that the effect of cold temperature on health is more delayed (up to
5 weeks) in comparison to the more immediate effects of hot temperature (up to 25 days). Sim-
ilar study in Northeast-Asia showed a delayed risk of cold temperature on mortality after 5 to
11 days, yet a more immediate effect of hot temperature on mortality after 1 to 3 days in each
of Taiwan, Korea, and Japan countries [91].

Although exposure to hot or cold temperature can affect the health negatively, our scoping
review showed that in few studies, the increase in temperature reduced the risk of hospital
admissions for some types of cardiovascular diseases; mainly for pulmonary embolism, angina
pectoris, chest, and ischemic heart diseases. This could be explained by the fact that hot tem-
perature can cause immediate increase in cardiovascular mortality rates; whereby many cases
might pass directly to the death state without passing through the hospital admission state
resulting in lower hospital admission rates [47].

The third part of this scoping review presented the studies that examined the effects of
other weather exposures such as relative humidity, barometric pressure, rainfall, and wind
speed on mortality and hospital admission outcomes. These weather exposures were found to
affect significantly only hospital admission. No significant effect was noted with respect to the
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mortality outcome. The weather exposures acted as a risk factor for psychiatric disorders
(including depression and Mania), chest disease, and trauma hospital admissions. This was
corroborated by evidence from countries outside the EU as well [99-101]. Yet in some of the
reviewed studies, weather exposures acted as a protective factor for some types of psychiatric
and cardiovascular disorders. The significant negative association between ischemic heart dis-
ease hospital admission and humidity in one of the reviewed studies was explained by the fact
that people in general and the elderly specifically reduce their activities during high humidity
and temperature periods. This is mainly due to the lack of the body’s ability to perspire, which
in turn reduces their risk of cardiovascular complications [48]. As for the protective effect of
some weather exposures on psychiatric hospital admissions, similar findings were presented in
Iran; with a negative association between barometric pressure and schizophrenia hospital
admissions and rainy days and bipolar hospital admissions [101].

In addition to the association of air pollution and weather exposure with mortality and hos-
pital admission outcomes, our review aimed to present the individual, socio-economic, and
environmental factors that play an important role in modifying the latter association. The
effect modifiers identified in this scoping review included: pre-existing health conditions, age,
gender, educational attainment, wealth or income or socio-economic deprivation, occupation,
marital status, tobacco smoking, season, day of the week, holidays, and influenza epidemics.

Individuals with pre-existing chronic health conditions face increased susceptibility toward
air-pollution and weather exposure related mortality and hospital admission [52, 54, 78, 102].

Older people are more vulnerable to the health effects associated with air-pollution, hot or
cold temperatures, and other weather variables [54, 56, 103-105]. This is due to the physiologi-
cal degeneration of the human body with increasing age. Aging affects the normal function of
the body organs resulting in many chronic cardiovascular, urinary, and respiratory health con-
ditions. This reduces the ability of older people to adapt to increased concentrations of air pol-
lutants and changing weather conditions [103, 105, 106]. Moreover, old age people have lower
immunity and antioxidant defence as compared to young people placing them at a higher risk
[107]. Many older people also have reduced mobility and mental abilities which delay their
access to healthcare leading to severe health complications and death [108].

As for gender, our review revealed inconsistency regarding its modification effect on the
association between air-pollution and weather exposure and mortality and hospital admission
health outcomes. Nevertheless, most of the reviewed studies have found that females have
higher risks of mortality and/or hospital admission after exposure to air-pollution and/or
weather fluctuations beyond region-specific thresholds including hot and cold temperatures
[9,47,57, 58, 65, 78, 109-112]. Whereas some studies found higher risks of mortality and/or
hospital admissions among males in relation to air-pollution and/or weather exposure [25, 40,
42, 59,70, 113, 114]. One explanation for this might be due to the physiological differences
between males and females. Females have smaller lung size, yet higher airways reactivity mak-
ing them more susceptible to air-pollution health effects as compared to males [42, 115]. Like-
wise, higher pulse rates and smaller heart size relative to the human body in females as
compared to males render females more vulnerable to the health effects of air-pollution and
hot or cold temperature exposures [115]. Moreover, females exhibit more fluctuations in hor-
mone levels due to pregnancy, menstrual cycle and menopause periods which may place them
at a higher health risk upon exposure to air-pollution and weather variations [115]. The differ-
ent lifestyle, socio-economic position, and occupation type between males and females may
also lead to different levels and duration of air-pollution and weather exposure [62, 109, 116-
118]. However, it is worth mentioning that the effect modification of gender in the association
of air-pollution and weather exposure with mortality and hospital admission outcomes is
believed to be confounded by age since in many of the reviewed studies, higher risks were
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found among old aged females (age>65 years old) [47, 57, 61, 78, 112] and old aged males (age
>70 years old) [114]. This confounding effect could be reduced either by assessing the com-
bined effect modification of age and gender through an interaction term or by stratifying the
analysis according to both the age groups and gender.

Wealth and socio-economic deprivation were also considered by some of the reviewed
studies as an effect modifier in the relationship of air-pollution and weather with mortality
and hospital admission. In general, the absence of wealth and presence of socio-economic dep-
rivation increase the risk of exposure to air-pollution and weather variations resulting in ele-
vated mortality and hospital admission rates in Europe [62, 66, 76] and in other parts of the
world including New Zealand [22], United States of America [119], and Chile [120].

Educational attainment was also considered by some of the reviewed studies as an effect
modifier, with higher risks detected among individuals with lower educational attainment [25,
63, 64, 121, 122]. Despite the consideration of age, gender, education, and wealth effect in the
association of air-pollution and weather with mortality and hospital admissions in Europe, our
scoping review revealed the lack of investigation into the role of other important socio-demo-
graphics such as ethnicity. Research has extensively shown that ethnic minorities live in more
disadvantaged communities and have lower socio-economic status as well as poor housing
conditions. This results in higher risk for chronic health problems associated with higher expo-
sure on one hand and with lower access to quality healthcare on the other hand [22-24].

Finally, it is worth to note that most of the reviewed studies with a time-series or case-cross-
over design adjusted their analysis for the season effect [40, 46, 52, 54, 60, 71, 73, 74, 123, 124].
It is well established that air-pollution, temperature, and other weather variables vary with sea-
sons [125-127]. Not to mention that the emission, formation, and dispersion of air pollutants
is affected by seasonal weather variations which in turn affects the individual exposure levels
[128]. Outdoor activities and daily habits (eg. Window ventilation of houses) might also vary
depending on the season which reflect changes in the level and duration of individual exposure
to air-pollution and weather changes [129].

Despite the value of this scoping literature review, it has some limitations. First, the
employed search strategy was limited to original articles published in peer reviewed journals
which might have led to the omission of unpublished work or articles that were published in
non-indexed journals. Nevertheless, our search strategy involved navigation through two data-
bases which enables a good catch of major published studies addressing the effect of air-pollu-
tion and weather exposure on mortality and hospital admission. Second, limiting our
inclusion criteria only to English language articles might have resulted in missing some
research written in other languages. However, as most of the literature worldwide is published
in the English language, we believe that no major papers have been excluded. Third, this review
was limited only to quantitative research which would have led to missing out other type of
important research including opinion research pieces and letters to editor as well as qualitative
research studies. Opinion research pieces and letters to editor provide a critical appraisal/dis-
cussion for the findings of original studies which warrant future research development. Quali-
tative studies provide an overview about the effect of air-pollution or weather variations on
human health from the perspective of lay people rather than relying only on objective census/
statistics numbers as in quantitative research. Forth, due to resources limitations, title and
abstract screening as well as data abstraction were done only by one researcher (MA). Never-
theless, a second researcher performed title and abstract screening for a random sample of
20% of the retrieved records. Given the high consensus between the two researchers, we are
confident of the exact application of the inclusion and exclusion criteria. Our goal from this lit-
erature review was not to produce a numerical estimate but rather to give a narrative summary
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on the effect of air-pollution/weather on mortality/hospital admission. Hence, missing some
studies would not be a major concern for this scoping review.

Literature gaps and implications for future research

This scoping review helped us to identify literature gaps that require further research.

First, this review revealed the extensive research carried out to determine the effect of air-
pollution on human health. Yet, due to the high correlation between air pollutants and the
issue of collinearity in multivariate models, most of the studies examined the effect of single
pollutants on mortality and hospital admission outcomes. Nevertheless, the issue of correlation
between air pollutants is highly contextual and it depends on the study settings including the
season and the specific geographical area. Hence, future researchers should try to examine the
effect of multi-pollutants on mortality and/or hospital admission in one model, where strong
correlations between the air pollutants are absent.

Second, the majority of studies examined the direct effects of air-pollution and weather
exposure on mortality and hospital admission without considering the role of certain effect
modifiers. The examined effect modifiers considered mostly by the literature involve age, gen-
der, education, socio-economic deprivation, and season. Therefore, there is a lack of evidence
regarding the modifying effect of other individual factors such as previous disease conditions
and ethnicity which affect the person’s health vulnerability. Indeed, future research is needed
to find out the reasons behind elevated individual’s susceptibility to the detrimental effects of
air-pollution and weather variations in certain groups of population.

Third, our review showed that most of the studies either investigated the effect of air-pollu-
tion or the effect of weather on mortality and hospital admission. The formation and disper-
sion of air pollutants depends highly on the existing atmospheric conditions such as
temperature, humidity, and wind speed [130]. Therefore, future studies should consider exam-
ining the effect of both, weather conditions and air-pollution, on human health through inter-
action terms or adjustments in the analysis models.

Fourth, although extensive research has been performed to study the effect of particulate
matter and nitrogen oxides pollution on human health, there was a lack of research with
respect to other air pollutants including carbon monoxide, ozone, and sulphur dioxide. This
might be due to the absence of rigorous and reliable measurements of these pollutants or due
to the complexity of analysing the effect of these pollutants.

Fifth, literature is more focused on examining the effect of temperature on mortality and
hospital admission, placing less emphasis on other weather exposures. Hence, future research
should shift the focus toward other weather exposures such as wind speed, rainfall, humidity,
snow cover, daylight, and air pressure.

Sixth, there was a lack of research examining the effect of air-pollution and weather on hos-
pital admission. Mortality was the major outcome in most of the reviewed studies due to the
ease of data access governed by less ethical considerations. Additionally, analysis is more
straightforward given that it occurs only once in an individual’s life. Thus, it is recommended
for future research to consider the impact of air-pollution and weather variables on hospital
admission on its own and in combination with mortality through multistate modelling.

Finally, the majority of studies in this field employ the time-series design which uses aggre-
gated mortality and hospital admission data linked to environmental exposures at the local
authorities or municipalities level. Research that uses aggregated data neglect the physiological
and socio-economic differences among individuals. Additionally, assigning air-pollution and
weather exposure based on wide geographies overlook the small geographical exposure differ-
ences biasing the drawn estimates. Therefore, there is a need for cohort research studies that
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utilize individual level data linked to air-pollution and weather exposure at small geographical
spatial resolution (eg. Postcodes).

Conclusion

In summary, our scoping review showed that air-pollution and weather exposure beyond cer-
tain thresholds lead to various impacts on human health, most commonly cardiovascular and
respiratory problems, resulting in increased rates of mortality and hospital admission. Yet, fur-
ther research is needed given that the effect modification of important socio-demographics
such as ethnicity and the interaction between air-pollution and weather is often missed in the
literature. Understanding this should give enough evidence to the policy makers to plan and
act accordingly aiming to reduce the effects of air pollution and weather variations on the pub-
lic health. Additionally, research should focus on projecting future health behaviour and mor-
tality patterns in relation to air pollution and weather variations, in order to guide effective
environmental and health precautionary measures planning.
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