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Abstract
Air pollution is one of the biggest environmental threats for asthma. Its impact is aug-
mented by climate change. To inform the recommendations of the EAACI Guidelines 
on the environmental science for allergic diseases and asthma, a systematic review 
(SR) evaluated the impact on asthma- related outcomes of short- term exposure to out-
door air pollutants (PM2.5, PM10, NO2, SO2, O3, and CO), heavy traffic, outdoor pes-
ticides, and extreme temperatures. Additionally, the SR evaluated the impact of the 
efficacy of interventions reducing outdoor pollutants. The risk of bias was assessed 
using ROBINS- E tools and the certainty of the evidence by using GRADE. Short- term 
exposure to PM2.5, PM10, and NO2 probably increases the risk of asthma- related 
hospital admissions (HA) and emergency department (ED) visits (moderate certainty 
evidence). Exposure to heavy traffic may increase HA and deteriorate asthma control 
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1  |  INTRODUC TION

Asthma is one of the most prevalent chronic diseases and represents 
a global public health problem affecting over 300 million people 
worldwide, with an estimated further increase of 100 million by 
2025.1,2 Asthma is a typical environmental- driven disease with ex-
posure to infections, allergens, pollutants, and other environmental 
stressors significantly increasing the risk of new- onset asthma and of 
asthma exacerbations or other asthma- related adverse outcomes.3–7

Inhalable air pollutants, such as particulate matters (PMs) with an 
aerodynamic diameter equal to or less than 2.5 μm (PM2.5) and equal 
to or less than 10 μm (PM10), ozone (O3), nitrogen dioxide (NO2), sul-
fur dioxide (SO2), and carbon monoxide (CO), have become recog-
nized as one of the biggest environmental threats to human health, 
as acknowledged by the most recent World Health Organization 
(WHO) global air quality guidelines.8 Other important outdoor pol-
lutants are volatile organic compounds, ammonia, methane, hydro-
carbons, black carbon, and ultrafine particles of nanoscale size (less 
than 0.1 μm). Outdoor air pollutants are emitted by vehicles, heating 
systems, industry, refineries, thermoelectric power plants, agricul-
ture, etc. They can also be generated by natural phenomena such as 
fires, volcanic eruptions, dust storms, erosion, etc.3,5

Although outdoor air pollution almost always occurs as a mix-
ture, and in combination with other triggers (microbes and/or al-
lergens), air quality is regulated for each individual component.8 
Consequently, observational or intervention studies have been 
focused on individual pollutants. This is contrast with large epide-
miological studies which inherently involve exposure to mixtures 
of pollutants and other triggers—the exposome.7 With increasing 
attention to traffic- related air pollution (TRAP) as the exposure of 
interest, a shift has occurred away from a focus on individual com-
ponents of the pollution mixture, and more lately, to the exposomics 
as provider a risk profile instead of single predictors.7

Individual air pollutants have been linked for a long time to 
asthma exacerbations and other asthma- related adverse outcomes 
such as loss of asthma control, increased healthcare resource uti-
lization, low lung function, or decreased quality of life (QoL).4,9–15 
Additionally, there is an emerging body of evidence about the influ-
ence of TRAP on asthma.16,17 At high concentrations, such as those 
noted in megalopolises from developing or low- income countries, 
air pollutants might have direct irritant and inflammatory effects on 

airway epithelium and neuroreceptors, but such levels of exposure 
are rarely reported in developed countries. At the lower concentra-
tions that are more typical in high- income countries, other mech-
anisms are probably in operation.18 Specific pollutants can induce 
airway inflammation (e.g., O3, NO2, and PM 2.5) and airway hyper-
responsiveness (AHR) (O3 and NO2).4,18–23 Increased oxidative stress 
(a feature of severe asthma) has been associated with exposures to 
O3, NO2, and PM 2.5.4,24 Recent data show that the damage to the 
epithelial barrier initiates innate and adaptive immune responses, 
microbiome alterations, followed by chronic inflammation.25–27 
Genetic and epigenetic variation, atopic background, and allostatic re-
sponses may explain the differences in how people with the same level of 
asthma severity and control respond to air pollution exposure, highlight-
ing the need for better understanding of the environmental endotypes 
of asthma.7,28–30

In addition to the specific chemical characteristics of air pollut-
ants, another key question is whether short- term peak exposures 
versus time- weighted averages over longer time periods are as-
sociated with increased risk of adverse asthma outcomes. Recent 
evidence points to peak exposures being more important than 
long- term exposure, although more data are needed to address this 
question.31–33

Several clinical and epidemiological studies have reported an as-
sociation between exposure to pesticides, AHR and asthma symp-
toms, although the causal relationship is still under debate.34,35 In 
the form of aerosols or gases, pesticides damage the epithelial bar-
rier and stimulate irritant receptors in the airways with neurogenic 
inflammation that adds to the chronic inflammation in asthma lead-
ing to exacerbation or loss of control.26,34,36 Organophosphorus (OP) 
insecticides can enhance AHR by disrupting the negative feedback 
control of cholinergic regulation in the lungs.34,37,38

As a direct result of climate change extreme temperatures (heat 
waves and cold spells) are increasing in intensity, frequency, and du-
ration causing significant stress in all living organisms. The biological 
impact of extreme temperatures (structural changes, enzyme func-
tion disruption, and damage through reactive oxygen or nitrogen 
species) can be mitigated through adaptive mechanisms such as the 
generation of heat shock proteins, antioxidants, and others; how-
ever, these mechanisms may likely become inadequate with further 
global warming.39–41 Extreme temperatures may pose considerable 
impact on asthma. A recent systematic review (SR) evaluated 111 

(low certainty evidence). Interventions reducing outdoor pollutants may reduce 
asthma exacerbations (low to very low certainty evidence). Exposure to fumigants 
may increase the risk of new- onset asthma in agricultural workers, while exposure to 
1,3- dichloropropene may increase the risk of asthma- related ED visits (low certainty 
evidence). Heatwaves and cold spells may increase the risk of asthma- related ED visits 
and HA and asthma mortality (low certainty evidence).

K E Y W O R D S
asthma, extreme temperatures, GRADE, outdoor pollution, systematic review



  1727

eligible studies in the qualitative synthesis, and 37 articles were in-
cluded in the meta- analysis (20 for extreme heat, 16 for extreme 
cold, and 15 for temperature variations). Synergistic effects of ex-
treme temperatures, indoor/outdoor pollution, and individual vul-
nerabilities were reported as important triggers for asthma attacks, 
especially when there is extreme heat or cold. Meta- analysis further 
confirmed the associations, and the pooled relative risks for asthma 
attacks in extreme heat and extreme cold were 1.07 (95%CI: 1.03–
1.12) and 1.20 (95%CI: 1.12–1.29), respectively.42

The aim of this SR and meta- analysis was to synthesize and up-
date the current scientific evidence on the impact of short- term ex-
posure to outdoor air pollution, heavy traffic, outdoor pesticides, 
and extreme temperatures on the risk of developing new- onset 
asthma and on asthma- related outcomes. In addition, it assessed the 
efficacy of interventions to reducing outdoor pollutants. Other com-
ponents of the exposome such as airborne allergens or viruses were 
not included, although we acknowledge their reciprocal interaction 
with the exposures assessed in this SR.

This research was conducted to inform the recommendations 
enclosed in the clinical care guidelines developed by the European 
Society of Allergy and Clinical Immunology (EAACI) on the environ-
mental science for allergic diseases and asthma.

2  |  METHODS

2.1  |  Structured questions and outcome 
prioritization

The Guideline Development Group (GDG) framed seven clinical 
questions (Q): (Q1) “Does exposure to outdoor air pollutants im-
pact asthma- related outcomes?”; (Q2): “Does heavy traffic impact 
asthma- related outcomes?”; (Q3) “Does reduction of outdoor air pol-
lution impact asthma- related outcomes?”; and (Q4): “Does exposure 
to outdoor pesticides increase the risk of new- onset asthma?”; (Q5) 
“Does exposure to pesticides impact asthma- related outcomes?”; 
(Q6) “Does exposure to extreme temperatures increase the risk 
of new- onset asthma?”; and (Q7) “Does exposure to extreme tem-
peratures impact asthma- related outcomes?”. The population was 
defined as children and adults with asthma for all clinical questions 
except questions 4 and 6 where the population were healthy children 
and/or adults. The asthma- related outcomes were prioritized by the 
GDG using a 1–9 scale (7–9: critical; 4–6: important; and 1–3: of lim-
ited importance), as suggested by the GRADE approach. The critical 
outcomes were severe asthma exacerbations (defined by the occur-
rence of emergency department [ED] visits, hospital admissions or 
systemic steroid use), asthma control, and QoL. Important outcomes 
for were lung function (assessed by the forced expiratory volume 
in 1 s [FEV1] and/or peak expiratory flow [PEF]), severity of asthma 
symptoms, and use of asthma rescue medication (Table 1). For ques-
tions 4 and 6 assessing the risk of new- onset asthma, the outcomes 
evaluated were incident asthma, incident recurrent wheezing, and 
low lung function (all considered of critical importance).

2.2  |  Search methodology

Electronic search queries were applied to the following databases: 
(1) MEDLINE (last search date: June 02, 2022); (ii) EMBASE (June 13, 
2022), and (iii) Web of Science Core (June 02 2022). Three search 
strategies were built—(i) for outdoor pollutants and TRAP (Q1, Q2, 
and Q3); (ii) for outdoor pesticides (Q4 and Q5); and (iii) for extreme 
temperatures (Q6 and Q7). Search algorithms were adapted to the 
requirements of each database (Tables S1A–S1C). Additionally, stud-
ies included in previous SRs were reviewed, together with GDG con-
sultation for missing any potential study that could be included.

In particular, the SRs followed the quality criteria as defined by 
the AMSTAR- 2 tool.43 These criteria require the SR to search on at 
least two biomedical databases, to explicit report the results and to 
assess the risk of bias (ROB) of the studies included. A good quality 
SR on the impact of outdoor pollution (Q1) was identified44 with re-
porting concordant with the current SR protocol.

2.3  |  Eligibility criteria and selection of studies

This SR included observational studies (cohorts, case–control, eco-
logical, time- series, and case- crossover studies) that either measured 
exposure to outdoor air pollution at short term (Q1), TRAP (Q2), out-
door pesticides (Q4 and Q5), or extreme temperatures (Q6 and Q7) 
or interventions that intended to reduce mean daily air pollutants 
(i.e., below the WHO recommended thresholds) over a geographical 
area, such as vehicle traffic restrictions, traffic exclusion areas, or 
confinements (Q3). Studies that measured the change in pollutant 
concentrations were also included for Q3. For Q5, only studies that 
used a rigorous definition of cold spells and heatwaves (i.e., a short 
period of time where the temperature is below the fifth percentile, 
or above the 95th percentile of the mean temperature distribution 
across the entire year) were included. For Q4 and Q6, cohort studies 
were prioritized. Reviews, abstracts, or conference communications 
not published as full articles in peer review journals, and publications 
in a language other than English were excluded.

Based on the eligibility criteria, one reviewer screened the re-
sults of the primary search based on title and abstract, to identify 
potentially eligible studies. After initial calibration, two reviewers 
confirmed eligibility based on the full text assessment of each of the 
potentially relevant articles. Disagreements were consulted with a 
third reviewer.

2.4  |  Data extraction and ROB assessment

After calibration, one reviewer used a predesigned extraction form 
for the relevant data from eligible studies. In particular, study design, 
method used for pollutant measurement, study location and time 
period, number and age group of asthma patients, exposure defini-
tions/thresholds, assessed outcomes and their definition, and effect 
estimates and their 95% confidence intervals (CI) were thoroughly 
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described. A second reviewer performed a quality control of the 
data extraction process. Disagreements were consulted with a third 
reviewer.

One reviewer assessed the ROB of included studies, and a 
second reviewer performed a quality control of that assessment. 
Disagreements were solved by consensus. For non- comparative stud-
ies assessing exposure to outdoor pollutants, TRAP, pesticides and 
extreme temperatures, the Risk of Bias In Nonrandomized Studies- of 
Exposures (ROBINS- E) tool was used for the ROB evaluation.45 
ROBINS- E includes the following domains: (1) bias due to confounding, 
(2) bias in selection of participants, (3) bias in classification of expo-
sures, (4) bias due to departures from intended exposures, (5) bias due 
to missing data, (6) bias in measurement of outcomes, and (7) bias in se-
lection of reported results. For comparative cohorts, the Risk of Bias In 
NonRandomized Studies- of Interventions (ROBINS- I) tool was used.46 
The seven items included in ROBINS- I are: (1) bias due to confound-
ing (e.g., time- varying confounding that occurs when the intervention 
received can change over time, variability in administrative data col-
lection), (2) bias in selection of participants, (3) bias in measurement 
classification of interventions, (4) bias due to deviations from intended 
interventions, (5) bias due to missing data, (6) bias in measurement of 
outcomes, and (7) bias in selection of reported results.

For the assessment of the “bias due to confounding” domain, 
low RoB was considered for those studies that included ambient 
temperature and humidity in the analysis for outdoor pollutants ex-
posure, and at least two of the following in the analysis for TRAP ex-
posure: gender, age, race/ethnicity, socioeconomic status, residence 
distance to the hospital, asthma controller use, and body mass index. 
In addition to those variables, for pesticide exposure, smoking sta-
tus, allergic status, atopy, type of work (e.g., agricultural operations, 
farming activities, etc), and exposure to dust were also considered. 
For the risk of new- onset asthma following pesticides exposure, ma-
ternal allergy was also evaluated as a confounder. For exposure to 
extreme temperatures, the SR considered a comprehensive evalu-
ation of the risk domain when the study reported on confounding 
factors such as humidity or aridity, concomitant exposure to air pol-
lutants (e.g., NO2, O3, PM10, and PM2.5), and allergens (e.g., pollen).

2.5  |  Data synthesis and analysis

Results were described narratively and tabulated as summary of 
findings (SoF) tables. Risk ratios (RR) and odds ratios (OR) were used 
as measures of effect. RR and their standard error (SE) or 95% con-
fidence intervals (CI) were extracted from the studies. When the 
latter was reported, standard techniques were used for calculating 
SEs. When studies reported OR a “rare- disease assumption” was 
made, thus OR were considered to approximate RRs.47 The percent-
age excess, increment, or change was also recalculated to reflect RR. 
Estimates such as rate ratios, scaled beta coefficient (linear regres-
sion), and correlation coefficients were not included in the analyses.

When possible, a formal quantitative synthesis (meta- analysis) 
was conducted by pooling estimates of effect across studies 

using the random effects model using the DerSimonian and Laird 
method.48 For analyses based on ≤20 primary studies, the Hartung 
and Knapp adjustment was used to estimate the 95%CI.49 To fa-
cilitate comparisons across studies, the effects estimates were 
standardized to a 10 mcg/m3 increase for all outdoor pollutants eval-
uated (PM2.5, PM10, CO, SO2, NO2, and O3) and stratified by single 
day lag (defined as the time distance—in days between the exposure 
to the pollutant evaluated and the occurrence of the asthma- related 
outcome). The heterogeneity was assessed using the Higgins' I2 
statistic.50 When possible, subgroups analyses were performed by 
age (children [<18 years], adults [≥18–65 years old], and the elderly 
[>65 years]), asthma severity, air pollutant or pesticide type and ROB. 
All statistical analyses were conducted with Stata v.15 software.

2.6  |  Certainty of the evidence

The certainty (quality) of the evidence was rated for each outcome 
as moderate, low, or very low, following the GRADE approach. The 
evidence was not graded as high certainty as only observational studies 
were included. The quality of evidence was evaluated following the 
standard GRADE domains (ROB, imprecision, inconsistency, indi-
rectness, and publication bias).51

3  |  RESULTS

Overall, a total of 11,284 individual records were retrieved from da-
tabases searches for all questions (Figures 1–3). For Q1, 190 records 
were selected for full text assessment and 148 studies were included 
(67 from the previous SR and 81 from the new search) (Tables S2 and 
S3). For Q2, 41 studies were selected for full text assessment and 
12 studies were included17,52–62 (Table S4). For Q3, 23 studies were 
selected for full text assessment and 10 studies were included63–72 
(Table S5). For Q4 and Q5, 55 studies were selected for full text assess-
ment and 19 studies were included (15 for Q4 and four for Q5)35,73–90 
(Tables S6 and S7). For Q6 and Q7, 139 studies were selected for full 
text assessment. For Q6, no study was identified and 16 were included 
for Q791–106 (Table S8). The studies excluded after full text assessment 
and the reasons for exclusion are displayed in Table S9.

3.1 | Short- time exposure to outdoor air pollutants as 
a risk factor for adverse asthma- related outcomes (Q1)

3.1.1  |  Characteristics of studies included

The SR included 148 studies assessing the effect of exposure to air 
pollutants in asthma- related outcomes. Most studies were conducted 
in Europe (26%), China (22%), and the USA (20%). Most studies were 
either ecological time- series (64%) or case- crossovers (32%), with pe-
riods covered ranging from 1 to 5 years in most studies. Only 16% 
of studies assessed periods longer than 10 years. More than half of 
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the studies (55%) assessed participants of all age groups, with the re-
mainder assessing either only children (32%) or adults (9%). Table S10 
presents a summary of the ROB assessment per domain for the stud-
ies included. There were only 14 studies classified as having a low 
ROB in all assessed domains. The domains most frequently classified 
as having a high risk of bias were those related to missing data (23%), 
outcome measurement (20%), and confounding (10%).

All studies assessed either asthma ED visits or hospital admis-
sions with 0–4 lag days following exposure (Tables 2–7). No studies 
assessing asthma control, asthma- related quality of life, lung func-
tion, asthma symptoms, and asthma medication were found.

3.1.2  |  Severe asthma exacerbations: 
asthma- related ED visits

Based on meta- analytical results, an increase in 10 mcg/m3 of 
PM2.5 was associated with an increase in asthma- related ED vis-
its, either occurring at the same day (lag 0) (18 studies; RR = 1.012; 
95%CI = 1.001–1.023), at lag 1 (i.e., after 1 day) (15 studies; 
RR = 1.013; 95%CI = 1.004–1.022), lag 2 (14 studies; RR = 1.014; 
95%CI = 1.004–1.025), lag 3 (14 studies; RR = 1.023; 95%CI = 1.007–
1.039), and possibly 4 days after exposure (Seven studies; RR = 1.016; 
95%CI = 0.996–1.037). This results in 452–846 more exacerbations 
per 100,000 patients. The certainty of the evidence was considered 
“moderate,” except for the association between exposure to PM 2.5 
and ED visits 4 days after (low certainty of the evidence) (Table 2, 
Figure 4).

For the remaining pollutants (PM10, CO, NO2, O3, and SO2), a 
nonsignificant trend between increased exposure and higher risk of 
asthma- related ED visits was mostly found. However, evidence was 
considered either of very low or low certainty (Tables 3–7). The only 
exception was for the association between O3 exposure and ED vis-
its at lag 1 (22 studies; RR = 1.008; 95%CI = 1.004–1.012; resulting in 
283 more exacerbations per 100,000 patients), for which evidence 
was considered of moderate certainty.

3.1.3  |  Severe asthma exacerbations: 
asthma- related hospital admissions

Overall, in meta- analytical results, increased exposure to pollutants 
associated with increased risk of asthma- related hospital admissions. 
However, the association was not found to be significant for all as-
sessed time lags. The pollutants for which more consistent associa-
tions were found were PM10 and NO2. In detail, for each pollutant, 
the following increases in exposures were associated with a prob-
able increase in HA (with moderate certainty (Tables 2–7, Figure 5)):

• PM2.5: Increase in 10 mcg/m3 of PM2.5 measured on lag 3 (25 
studies; RR = 1.003; 95%CI = 1.000–1.006); 109 more exacerba-
tions per 100,000 patients.

• PM10: Increase of PM10 measured on lag 1 (21 studies; RR = 1.006; 
95%CI = 1.002–1.010), lag 2 (22 studies; RR = 1.008; 95%CI = 1.003–
1.013), and lag 3 (21 studies; RR = 1.004; 95%CI = 1.001–1.008) 
(165–283 more exacerbations per 100,000 patients).

F I G U R E  1  Study selection flowchart for air pollutants (CO, O3, NO2, PM, and SO2) and TRAP.
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• CO: Increase of CO measured on lag 2 (12 studies; RR = 1.014; 
95%CI = 1.008–1.021), and lag 4 (10 studies; RR = 1.015; 
95%CI = 1.006–1.025) (534–564 more exacerbations per 100,000 
patients).

• NO2: Increase of NO2 measured on lag 1 (26 stud-
ies; RR = 1.003; 95%CI = 1.000–1.006), lag 2 (20 studies; 
RR = 1.005; 95%CI = 1.002–1.008), lag 3 (16 studies; RR = 1.022; 
95%CI = 1.002–1.044), and lag 4 (12 studies; RR = 1.019; 
95%CI = 1.004–1.035) (106–826 more exacerbations per 100,000 
patients).

• O3: Increase of O3 measured on lag 1 (24 studies; RR = 1.014; 
95%CI = 1.007–1.021), and lag 2 (22 studies; RR = 1.011; 
95%CI = 1.004–1.019) (422–510 more exacerbations per 100,000 
patients).

• SO2: Increase of SO2 measured on lag 1 (18 studies; RR = 1.020; 
95%CI = 1.005–1.036; 740 more exacerbations per 100,000 
patients).

The remaining associations, nonsignificant increases in the fre-
quency of hospital admissions were observed, with evidence being 
classified as being of low certainty.

It was not possible to conduct the subgroup analysis for adult 
and pediatric population, due to the heterogeneous reporting of the 
information. Visual inspection of forest plots did neither reveal sub-
stantial differences in the magnitude, nor direction of the effect, for 
the pediatric population compared to the general population.

3.2  |  Exposure to heavy traffic- derived pollutants 
as a risk factor for adverse asthma- related 
outcomes (Q2)

3.2.1  |  Characteristics of studies included

The SR included 12 studies assessing the effect of exposure to TRAP 
on asthma- related outcomes. Most studies were from USA (75%), 
and the other two studies were from Australia and Mexico. Only one 
study had a cross- sectional design, one was a case–control study, 
and the rest were cohort studies. Most studies evaluated periods 
between 1 and 5 years (91%), and one had an observation period 
of 11 years. Two thirds of the studies assessed children, while the 
remainder assessed either adults (17%) or participants of any age 

F I G U R E  2  Study selection flowchart for pesticides.
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(17%). Most studies assessed TRAP exposure based on the distance 
from the participants' residency to major roads (50%) or TRAP den-
sity in a prespecified area around the participant's residency (42%), 
and only three studies assessed exposure to specific components 
of TRAP, namely elemental carbon attributed to traffic (ECAT) and 
NO2, NOx, and CO. Table S11 presents a summary of the risk of bias 
assessment per domain. There were only seven studies classified as 
having a low risk of bias in all domains assessed. There was only one 
domain for which there was a “high risk of bias” classification (risk of 
bias arising from measurement of the exposure).

Table 8 presents the summary of findings table for this associa-
tion. A meta- analysis could not be conducted due to substantial het-
erogeneity in the exposure assessment and in the method of analysis 
used to estimate the effect indicators.

3.2.2  |  Severe asthma exacerbations 
(asthma- related ED visits and hospital admissions)

There were two studies in children (with a 12- month follow- up) 
assessing the association between asthma- related hospital admis-
sions and either exposure to TRAP (OR = 1.4; 95%CI = 0.9–2.2) or 

proximity to major roadways (OR = 2.45; 95%CI = 1.23–4.89).17,53 
Evidence was considered of low certainty (Table 8).

Exposure to traffic (assessed by proximity to major roads and 
traffic density) had an unclear impact (very low certainty) on the 
risk of ED visits in children. However, all point estimates suggested 
a positive (even if not always significant) association (ORs ranging 
from 1.07 to 1.24).17,55,62

Lastly, traffic exposure assessed with either traffic density or 
proximity to major roads was associated with a possible increase in 
asthma exacerbations reported as a composite of asthma- related 
hospital admissions, ED visits, and repeated outpatient visits both in 
the general population59 and in children.54,56 Evidence was classified 
as low certainty.

3.2.3  |  Asthma control

One study, including patients older than 65 years of age, showed 
that exposure to TRAP compounds may result in poorer asthma con-
trol (low certainty). Specifically, an increase in ECAT concentrations 
from 0.39 to 0.51 mcg/m3 was associated with a 0.5 unit increase in 
the Asthma Control Questionnaire scores.57

F I G U R E  3  Study selection flowchart for extreme temperatures.
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3.2.4  |  Quality of life

One study, including adults from 18 to 50 years old, showed that 
proximity to major roads may negatively affect asthma- related QoL 
(low certainty). This study reported a negative association between 
proximity to a roadway and asthma- related QoL (although results 
were quite imprecise).52

3.2.5  |  Lung function

Three observational studies assessed the impact of traffic expo-
sure on lung function, reported as FEV1 and PEF % predicted val-
ues. The association was found to be unclear and was classified 

as of very low certainty. Two studies reported an association 
between better lung function and greater distances from major 
roadways and lower traffic density in participants both under 
18 years53,60 and over 18 years.52 However, the estimates obtained 
were imprecise.

3.2.6  |  Asthma symptoms and medication use

Three observational studies reported increased frequency of symp-
toms (coughing and wheezing) and increased rescue medication use 
following increased traffic exposure on but the estimates were im-
precise for both children53,61 and the general population,61 with evi-
dence classified as of very low certainty.

F I G U R E  4  Forest plot of meta- analytical values for the 
association between exposure to pollutant levels and asthma- 
related emergency department attendance. CO, Carbon monoxide; 
NO2, Nitrogen dioxide; O3, Ozone; PM, Particulate matter; 
SO2, Sulfur dioxide.

F I G U R E  5  Forest plot of meta- analytical values for 
the association between exposure to pollutant levels and 
asthma- related hospital admissions. CO, Carbon monoxide; 
NO2, Nitrogen dioxide; O3, Ozone; PM, Particulate matter; 
SO2, Sulfur dioxide.
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3.3  |  Impact of interventions to reduce pollutant 
emissions on adverse asthma- related outcomes (Q3)

3.3.1  |  Characteristics of studies included

The SR included 10 studies assessing the effect of interventions to 
reduce pollutant emissions in asthma- related outcomes. The stud-
ies included were from North America (40%), Europe (30%), and 
Asia (30%). Three studies reported the effect of the implementation 
of policies for emission regulation on asthma, namely (i) changes in 
fuel sulfur content and the makeup of gasoline, as well as a transi-
tion from coal to natural gas- generated electricity in the State of New 
York,65 (ii) air pollutant emission reduction policies in Seoul,66 and (iii) 
the Emission Reduction Plan for Ports and Goods Movement in the 
State of California.72 Three studies assessed the impact of transport 
restriction related to the Olympic games,64,67,68 three studies re-
ported the effect of COVID- 19 lockdown measures on air quality and 
asthma- related events,63,69,70 and one study reported the impact of 
air quality alerts program on asthma- related ED visits.71 Five studies 
assessed both adults and children, three studies assessed only chil-
dren, and two only adults. Table S12 presents a summary of the risk 
of bias assessment per domain. There were no studies classified as 
having a low ROB in all assessed domains. There was only one domain 
for which there was a “high ROB” classification due to confounding.

Table 9 presents the summary of findings. All primary studies 
assessed severe asthma exacerbations as their outcome measure (ei-
ther assessed with asthma ED visits or with asthma hospitalizations). 
The SR did not find studies assessing asthma control, asthma- related 
QoL, lung function, asthma symptoms, and asthma medication.

3.3.2  |  Severe asthma exacerbations: 
asthma- related ED visits and/or hospital admissions

Five studies assessed the impact of interventions to reduce pollut-
ant emissions on severe asthma exacerbations as defined either by 
ED visits or hospital admissions. Overall, the impact was found to be 
unclear, with very low certainty evidence.

One study assessed the effects of a 5- year period (from 2008 
to 2013) implementation of regulation policies on emissions and re-
ported that the lowest incidence rates for hospital admissions and 
ED visits occurred during immediately after the implementation of 
restrictions (1.11 per 1000 persons- year and 5.56 per 1000 person- 
year by 2014 and 2016, respectively).65 Another study assessed the 
impact of the emission reduction plan for ports and goods movement 
and reported a lower frequency of asthma ED visits after implemen-
tation of the plan in comparison with the control area. Asthma ED 
visits decreased with 7.8% (95%CI = 3.3%–17.8%) in the first year, 
with 11.8% (95%CI = 1.1%–21.4%) in the second year, and with 14.8% 
(95%CI = 4.4%–24.05%) in the third year after the implementation.72 
Of note, during the assessed period, there were greater changes in 
NO2 (but not in PM2.5) exposure among beneficiaries living in the 
policy implementation area compared to the control area.72

One study assessed the effect of minimizing road traffic conges-
tion during the Atlanta Olympic Games, and reported a reduction 
in asthma- related ED visits (adjusted RR = 0.48; 95%CI = 0.44–0.86) 
and hospital admission (adjusted RR = 0.93; 95%CI = 0.71–1.22).64

One study assessed the effect of the implementation of COVID- 19 
lockdown restrictions in Bologna, Italy, and reported a decrease of 
40% in the pediatric asthma- related emergency referrals, compared 
to the period of 2015 to 2019.63 Additionally, the authors reported 
that during the first lockdown period (March–May 2020), the total 
acute asthma referrals decreased by 85% compared to the same pe-
riod in the previous 5 years. During the second lockdown period (mid- 
October–December 2020), there was a reduction of 51% in acute 
asthma referrals compared with same period in the previous years.63

Lastly, one study reported the effect of an air quality index 
(AQI) alert program in Canada, which had criteria including daily 
maximum AQI ≥50 and/or PM2.5 ≤ 2.5 mcg and reported a reduc-
tion of asthma- related ED visits by 4.73 cases per 1000,000 people 
per day (95%CI = 0.55–9.38). Program eligibility also led to a re-
duction of 2.05 (95% CI = 0.07–4.00) daily ED visits for asthma per 
1000,000 people per day, corresponding to a relative reduction of 
19% (95% = CI 0%–34%).71

One study assessed the effect of the implementation of emis-
sion reduction policies in Seoul both in adults and in children. Before 
the implementation of emission reduction policies (2003–2006 pe-
riod), hospital visits rates had a steep increasing trend (from 20.72 
to 26.16 per 100,000 inhabitants). This steep increase was halted 
by the emission reduction policies as in the 2007–2011 period, the 
increase was only 26.93–27.91 cases per 100,000.66 The evidence 
was classified as being of very low certainty.

A different study assessed the effect of 1- month vehicle restric-
tions during the 2008 Beijing Olympic Games, and reported it to be 
associated with a lower risk of outpatient visits for asthma (adjusted 
RR = 0.50; 95%CI = 0.47–0.55)68(low certainty).

Three studies assessed the effect of various interventions to 
reduce pollutants on asthma- related hospital admissions. One 
study reported the impact of traffic restrictions implemented 
during the Summer Asian Games and showed a nonsignificant re-
duction in hospital admissions after 3 weeks of the policy restric-
tion period (adjusted RR = 0.73; 95%CI = 0.49–1.11).67 One study 
assessing the effect of COVID- 19 lockdown restrictions in Ireland 
reported an adjusted RR of 0.73 (95%CI = 0.49–1.11) decrease 
in asthma- related hospital admissions.69 A different study per-
formed in Greece found a significant reduction of hospital admis-
sions rates during the lockdown period compared to pre- lockdown 
2020 or the control period (2019): The incidence rate (IR) of 
asthma attack admissions in the lockdown period (IR 0.625) was 
significantly lower when compared to the Pre- lockdown period 
(IR 2.8; incidence rate ratio [IRR] = 4.48, p = .004) as well as the 
Pre- Control (IR 2; IRR = 3.2, p = .034), Control (IR 1.875; IRR = 3, 
p = .033) and Post- Control (IR 4.5; IRR = 7.2, p < .001) periods. IR 
is expressed as admissions per week and the incidence rate ratios 
(IRR) compared the IR between the lockdown and each of the re-
maining study periods.
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TA B L E  9  Impact of measures reducing pollutants levels on asthma exacerbations.

Outcomes
No of participants 
(studies) Follow- up

Certainty of 
the evidence 
(GRADE) Narrative

Severe asthma 
exacerbations 
assessed 
with asthma 
ED and/or 
and asthma 
hospitalization

Five observational 
studies63–65,71,72

⨁◯◯◯ 
Very Lo
wa,b,c,d

• For emissions regulation policies, Hopke et al reported that the lowest incidence 
(number/1000 persons per year) of asthma- related hospital admissions and ED 
visits occurred in the period after the implementation of restrictions.

• Meng et al reported the number of asthma- related ER visits for patients living 
in good movement corridors reduced 11.8% (95%CI = −21.4% to −1.1%) in the 
second year after the implementation of restrictions and 14.8% (95%CI = −24.05% 
to −4.4%) in the third year, comparing those living in control areas.

• Friedman et al reported the reduction on asthma- related emergency care 
together with hospitalizations after minimization of road traffic congestion 
during the 1996 Atlanta Olympic Games. Comparing asthma- related ED and 
hospitalizations during the Olympic period versus the baseline period (without 
any restrictions), adjusted risk ratios were of 0.48 (95%CI = 0.44–0.86) to 0.93 
(95%CI = 0.71 to 1.22), respectively.

• For COVID- 19 lockdown restrictions, Dondi et al reported a 40% decrease of 
pediatric emergency asthma- related referrals associated with such restrictions in 
Italy. In addition, the authors reported a decrease in total acute asthma referrals 
during the first and the second lockdowns.

• With the implementation of an air quality alert program, Chen et al reported a 
4.73 cases reduction per 1,000,000 people per day (95% CI 0.55–9.38) for alerts 
effect; and 2.05 cases reduction per 1,000,000 people per day (95% CI 0.07 to 
4.00) for program eligibility effect.

Severe asthma 
exacerbations 
assessed with 
hospital visits 
rates

Two observational 
studies66,68

⨁◯◯◯ 
Very lowa,b

• For emissions regulation policies, Kim et al reported rates of hospital visit in Seoul 
were increasing until implementation of such policies. Afterward, this increasing 
trend stopped for all age groups. This effect was observed both in patients of all 
ages group and in children.

⨁⨁◯◯ 
Lowe,b

• Li et al reported a reduction on outpatient visits for asthma after 1 month 
of vehicle restrictions during the 2008 Beijing Olympic Games (adjusted 
RR during the Olympic period compared to the baseline period without any 
restrictions = 0.50, 95%CI = 0.47–0.55).

Severe asthma 
exacerbations 
assessed 
with asthma 
hospitalization

Four observational 
studies67,68,70,71

⨁◯◯◯ 
Very 
Lowa,d

• For traffic restriction due to Summer Asian Games, Lee et al reported a 
nonsignificant reduction in asthma hospitalizations between baseline (including 
Olympic period) and 3 weeks after the Olympic period (adjusted RR = 0.73, 
95%CI = 0.49–1.11).

⨁◯◯◯ 
Very 
Lowb,e

• For COVID- 19 lockdown, Quintyne et al reported a nonsignificant reduction in 
asthma hospitalizations between the baseline (including lockdown period) and 
3 weeks after the lockdown (adjusted RR = 0.73, 95%CI = 0.49–1.11)

• Sigala et al reported that reduced admissions rates occurred in the lockdown 
period compared to the pre- lockdown period in 2020 or 2019.

⨁◯◯◯ 
Very 
Lowb,d,e

• For alert program, Chen et al reported a 0.46 cases reduction per 1,000,000 
people per day (95%CI = 1.38–0.34) for alerts effect and a 0.20 cases reduction 
per 1,000,000 people per day (95%CI = 0.57 fewer to 0.20 more) for program 
eligibility effect.

Note: GRADE Working Group grades of evidence.
High certainty: there is high confidence that the true effect lies close to that of the estimate of the effect.
Moderate certainty: There is moderate confidence in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: There is limited confidence in the effect estimate: The true effect may be substantially different from the estimate of the effect.
Very low certainty: There is very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.
Abbreviations: CI, confidence interval; ED, Emergency department; RR, risk ratio.
aDowngraded by two levels due to not including potential confounders (periodicity, other pollutants like pollen, and indoor pollutants interaction); also 
missing data and misclassification bias during ascertainment of events.
bDowngraded by one level due to small number of studies.
cDowngraded by one level due to composite outcomes (Friedman2001).
dThe effect may both be harmful or beneficial (Friedman2001, Chen2018, Lee 2007, Chen2018).
eDowngraded by one level due to high- risk bias of missing data, moderate risk of bias on the measurement of outcomes, or moderate risk of bias on the 
selection of reporting bias.
*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the 
intervention (and its 95% CI).
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Furthermore, the concentration of six air pollutants positively 
correlated with weekly hospital admissions in 2020 before lock-
down, and significantly decreased during the lockdown.70 The 
effect of these interventions was considered unclear (very low 
certainty).

The study assessing the impact of the AQI alert program in Canada 
reported a nonsignificant reduction in asthma- related hospital admis-
sions, with an absolute reduction of 0.46 cases per 1000,000 people 
per day (95%CI = 1.38 fewer to 0.34 more), and a relative reduction of 
28% (95%CI = 44% fewer to 55% more). The program eligibility led to 
a nonsignificant reduction of 0.20 (95%CI = 0.57 fewer to 0.20 more) 
daily hospital admissions for asthma, with a relative reduction of 25% 
(95%CI = 0.49% fewer to 0.08% more).71

3.4  |  Exposure to outdoor pesticides as a risk 
factor for new- onset asthma (Q4)

3.4.1  |  Characteristics of studies included

The SR included 15 studies assessing the impact of outdoor pes-
ticide exposure in the risk of developing asthma. Most studies 
were performed in North America (33%) and in Latin America 
(27%). The number of included participants ranged from 127 
to 19,704 subjects. Thirteen studies were cross- sectional73–85 

and two were case–control studies.86,87 Most studies included 
adults,74,75,77,81,82,87 four included children,73,76,84,86 and two con-
sidered participants of any age.80,85 Three studies evaluated the 
association between prenatal exposure and the occurrence of 
asthma,78,79,83 and one study aimed to assess the use of pesticides 
during pregnancy.86 Most studies assessed pesticide exposure 
through questionnaires and interviews, and only two studies in-
cluded information on concentration of pesticides metabolites in 
biological samples.73,81

Table S13 presents a summary of the ROB assessment per do-
main for the included studies. There were no studies classified as 
having a low ROB in all assessed domains. There were no domains 
for which there was a “high ROB” classification.

The summary of findings is displayed in Tables 10–17. It was not 
possible to conduct a meta- analysis due to substantial heterogeneity 
in the exposure assessment, outcomes reported, and the method of 
analysis used to estimate the effect size.

3.4.2  |  New- onset asthma (ever diagnosed by 
physician)

Eleven observational studies assessed the association be-
tween outdoor exposure to pesticides and incidence of asthma 
in participants of any age. Eight studies suggested a positive 

TA B L E  1 0  Impact of exposure to general pesticides on asthma incidence.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Incidence of self- 
reported asthma 
(ever diagnosed by 
physician) in patients of 
any age

(11 observational 
studies)73,74,76,77,79–82,84,86,87

⨁◯◯◯ Very Lo
wa,b,c,d

Eight studies reported a positive association between 
the use of pesticides and asthma incidence, while 
three studies did not report a significant association. 
The included studies assessed different frequencies, 
quantities, and times of exposure for general 
pesticides use, making it difficult to compare results.

Incidence of self- 
reported asthma 
(ever- diagnosed by 
physician) in children 
after prenatal exposure

(One observational study)83 ⨁⨁◯◯ Lowb,c One study reported that parental (mothers and fathers) 
occupational use of pesticides both at preconception 
(OR = 0.46, 95%CI = 0.14 to 1.51) and at post- 
conception (OR = 0.74, 95%CI = 0.40–1.37) may not 
be related to asthma in offspring assessed at ages 
0–15 years.

Note: GRADE Working Group grades of evidence.
High certainty: There is high confidence that the true effect lies close to that of the estimate of the effect.
Moderate certainty: There is moderate confidence in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there 
is a possibility that it is substantially different.
Low certainty: There is limited confidence in the effect estimate: The true effect may be substantially different from the estimate of the effect.
Very low certainty: There is very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI: confidence interval; OR: odds ratio.
aDowngraded by one level because some studies did not include important confounders such as smoking status, allergic status, history of lung 
problems, working with dust, or other asthma- related chemical products.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and outcomes. Data collected might have introduced recall 
bias and authors did not measure pesticide exposure quantitatively.
cDowngraded by one level due to small sample size and wide confidence intervals.
dThe effect may be both harmful and beneficial.
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association,73,74,76,79,80,84,86,87 while three studies did not find a sig-
nificant association.77,81,82 The studies included assessed different 
frequencies, quantities and times of exposure to outdoor pesticides, 
making it difficult to compare results. Thus, the association was 
graded as very low certainty (Table 10).

Five studies assessed outdoor exposure to OP, with three 
suggesting that these compounds are not associated with in-
creased asthma incidence,75,76,81 one suggesting that exposure 
to Parathion, Coumaphos, and Diazinon are associated with in-
creased incidence of allergic asthma,87 and another that ex-
posure to Chlorpyrifos and Terbufos are inversely associated 
with incident asthma77 (Table 11). Three studies assessed car-
bamates—one study reported a positive association between 
carbamate exposure and self- reported asthma (OR = 1.90; 
95%CI = 1.20–3.00),85 while the remaining two did not find a 
significant association75,87 (Table 12). The exposure to fumi-
gants such as 80/20 mix (OR = 2.15; 95%CI = 1.23–3.76) or eth-
ylene dibromide (OR = 2.07; 95%CI = 1.02–4.20) may increase 
the risk of asthma onset in agricultural workers.75,85,87 Finally, 
the associations between (i) exposure to organochlorines,76,77,81 
pyrethroids,76,81 insecticides,75,76,83,84,87 or fungicides76,83,87 (ii) 
and new- onset asthma were not consistent—each type of pes-
ticide was assessed by a small number of primary studies, with 
most associations being weak or nonsignificant (Tables 13 and 
15–17).

For all associations involving exposure to specific pesticides 
and incidence of asthma, evidence was considered of very low 

certainty. The only exception was that of fumigants (low certainty 
of evidence).

3.4.3  |  Prenatal exposure

One study assessed the impact of parental exposure (mother and 
father) to occupational use of pesticides and reported that both pre-
conception exposure (OR = 0.46; 95%CI = 0.14–1.51) and postcon-
ception exposure (OR = 0.74; 95%CI = 0.40–1.37) may not be related 
to the risk of new- onset asthma in the offspring assessed at ages 
0–15 years (low certainty of evidence) (Table 10).83

One study reported that the fumigants metam sodium 
(OR = 1.20; 95%CI = 0.80–1.80) and 1,3- dichloropropene 
(OR = 1.30; 95%CI = 0.90–2.00) may be associated with asthma 
incidence in children, although associations were not significant 
and certainty of the evidence was low78 (Table 14). Another study 
concluded that prenatal high pyrethroid metabolite concen-
trations in urine presented an inverse association with doctor- 
diagnosed asthma in 5- year old children (pyrethroids: OR = 0.39, 
95%CI = 0.13–0.98; 2,4- D: OR = 0.46, 95%CI = 0.16–1.11; and 
DCCA: OR = 0.21, 95%CI = 0.05–0.62; Table 15) (low certainty).79 
A third study assessing the use of the agricultural fumigant methyl 
bromide by parents (Table 14) reported that each 10- fold increase 
of methyl bromide exposure during the prenatal period (applied 
within 8 km of the residential area) may be associated with a 
lower FEV1 (regression coefficient = 0.06 L/s; 95%CI = 0.00–0.12) 

TA B L E  11  Impact of exposure to organophosphates (OP) on asthma incidence.

Outcomes
No of participants 
(studies)

Certainty of the 
evidence (GRADE) Narrative

Incidence of self- reported 
asthma (ever- diagnosed by 
physician) in patients of any 
age

(Five observational 
studies)75–77,81,87

⨁◯◯◯ Very Lo
wa,b,c,d

One study reported that three out of nine OP compounds were 
significantly associated with incidence of allergic asthma 
(Parathion: OR = 2.05, 95%CI = 1.21 to 3.46; Coumaphos: 
OR = 2.34, 95%CI = 1.49 to 3.70; and Diazinon: OR = 1.57, 
95%CI = 1.05 to 2.35).87

Three studies did not find any significant association75,76,81 and 
one found that rates of asthma were inversely associated 
with exposure to Chlorpyrifos and Terbufos.77

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio.
aDowngraded by one level because one study did not include important confounders such as smoking status, allergic status, history of lung problems, 
working with dust, or other asthma- related chemical products and the variables are very heterogeneous.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and outcomes (variable self- reported physician- diagnosed 
asthma might be unreliable; additionally, individuals with asthma were more likely to report wheeze than those without asthma).
cDowngraded by one level due to small sample size and wide confidence intervals.
dThe effect may be both harmful and beneficial.
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and with lower forced expiratory flow 25%–75% (regression co-
efficient = 0.15 L/s; 95%CI = 0.03–0.27) in children up to 7 years 
of age (low certainty).78 Additionally, a 10- fold increase in wind- 
adjusted prenatal chloropicrin use within 8 km was reported 
to be positively associated with a lower forced expiratory flow 
25%–75% (regression coefficient = 0.11; 95%CI = 0.0–0.21) (low 
certainty).

3.5  |  Exposure to outdoor pesticides as a risk 
factor for adverse asthma- related outcomes (Q5)

3.5.1  |  Characteristics of studies included

The SR included four studies assessing the impact of short- term 
exposure to outdoor pesticides on asthma- related outcomes. All 
the included studies were conducted in the USA. Two were longi-
tudinal studies (including cohorts and bidirectional- symmetric case 
cross- over study),88,90 one was a time- series analysis,89 and one was 
a cross- sectional study.35 Two studies included only children while 
two studies included participants of all ages. Table S14 shows a sum-
mary of ROB assessment. There were no studies classified as having 
a low ROB in all assessed domains. There were no domains for which 
there was a “high ROB” classification. Tables 18–21 present the sum-
mary of findings for organophosphates, carbamates, pyrethroids, 
and microbial pesticides.

3.5.2  |  Asthma exacerbations

No significant associations were found between exposure to OP 
pesticides (namely chlorpyrifos, coumaphos, diazinon, dichlorvos, fono-
fos, malathion, phorate, or terbufos), carbamates (of the assessed pes-
ticides and asthma exacerbations, with evidence certainty always 
being considered of very low certainty).35

3.5.3  |  Severe asthma exacerbations: ED visits

One study reported that a 0.01 ppb increase in the microbial pes-
ticide 1,3- dichloropropene was associated with increased ED visits 
(OR = 1.14; 95%CI = 1.12–1.15), even after adjustment for PM2.5, 
NO2, temperature, and relative humidity90 (low certainty evidence 
(Table 21)). Another study reported that the pyrethroids spraying 
to control mosquito vectors of West Nile virus season in New York 
was not associated with increased ED visits in the day after spraying 
(RR = 0.92; 95%CI = 0.80–1.07) (low certainty evidence).89

3.5.4  |  Lung function

One study performed in children assessed the effect of exposure 
to OP pesticides on lung function (Table 18), reporting that for each 
onefold increase of OP pesticides exposure there was an increase 

TA B L E  1 2  Impact of exposure to carbamates on asthma incidence.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Incidence of self- reported 
asthma (ever- diagnosed 
by physician) in patients of 
any age

(Three observational 
studies)75,85,87

⨁◯◯◯ Very Lowa,b,c One study found that exposure to carbamates was 
associated to self- reported asthma (OR = 1.90, 
95%CI = 1.20–3.00).

One study reported that carbaryl and carbofuran 
may be associated to allergic asthma in 
agricultural workers (OR = 1.26, 95%CI = 0.85–
1.85 and OR = 1.10, 95%CI = 0.75–1.61, 
respectively).

One study reported that exposure to carbamates 
≥10 years may be associated with asthma 
(OR = 1.09, 95%CI = 0.83–1.45).

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio.
aDowngraded by one level because two studies did adjust important confounders such as smoking status, allergic status, history of lung problems, 
working with dust, or other asthma- related chemical products.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and outcomes (variable self- reported physician- diagnosed 
asthma might be unreliable; additionally, individuals with asthma were more likely to report wheeze than those without asthma).
cDowngraded by one level due to small sample size and wide confidence intervals.
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TA B L E  1 3  Impact of exposure to organochlorines (OC) on asthma incidence.

Outcomes
No of participants 
(studies)

Certainty of the evidence 
(GRADE) Narrative

Incidence of self- reported 
asthma (ever diagnosed by 
physician) in patients of any 
age

(Two observational 
studies)75,87

⨁◯◯◯ Very lowa,b,c One study reported that seven OC compounds 
(aldrin, chlordane, DDT, dieldrin, heptachlor, 
lindane, and toxaphene) may be associated with 
allergic asthma.

One study concluded that being exposed to OC 
does not have a significant association with 
asthma incidence.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio.
aDowngraded by one level because one study did adjust important confounders such as smoking status, allergic status, history of lung problems, 
working with dust, or other asthma- related chemical products.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and outcomes (variable self- reported physician- diagnosed 
asthma might be unreliable).
cThe effect may be both harmful and beneficial.

TA B L E  14  Impact of exposure to fumigants on asthma incidence.

Outcomes No of participants (studies)

Certainty of 
the evidence 
(GRADE) Narrative

Incidence of self- reported asthma 
(ever- diagnosed by physician) 
in patients of any age

(One observational study)87 ⨁⨁◯◯ Lowa One study reported that two fumigants were 
associated with allergic asthma (80/20 mix: 
OR = 2.15, 95%CI = 1.23–3.76; ethylene dibromide: 
OR = 2.07, 95%CI = 1.02–4.20).

Incidence of self- reported asthma 
(ever- diagnosed by physician) 
in children after prenatal 
exposure

(1One observational study)78 ⨁⨁◯◯ Lowb,c One study found that metam sodium (OR = 1.20, 
95%CI = 0.80–1.80) and 1,3- dichloropropene, 
(OR = 1.30, 95%CI = 0.90–2.00) were possibly 
associated with asthma incidence in children, 
although differences were not significant.

Lung function (One observational study)78 ⨁⨁◯◯ Lowb,c One study reported that a 10- fold increase in wind- 
adjusted prenatal methyl bromide use within 
8 km was associated with higher FEV1 (regression 
coefficient = 0.06; 95%CI = 0.0–0.12) and FEF25–75 
(regression coefficient = 0.15; 95%CI = 0.03–0.27). 
Additionally, a 10- fold increase in wind- adjusted 
prenatal chloropicrin use within 8 km was 
positively associated with FEF25–75 (regression 
coefficient = 0.11; 95%CI = 0.0–0.21).

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; FEF25- 75, Forced expiratory flow 25%–75%; FEV1, Forced expiratory volume at 1 s; OR, odds ratio.
aDowngraded by two levels due to risk of bias arising from measurement of the exposure and outcomes (variables self- reported physician- diagnosed 
asthma and outcome data might be unreliable); missing data and misclassification bias.
bDowngraded by one level due to risk of misclassification bias because authors did not have information on maternal occupation exposure and the 
geographic location of maternal workplaces during pregnancy.
cDowngraded by one level due to small sample size and wide confidence intervals.
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in FEV1 (regression coefficient = 0.21, 95%CI = 0.03–0.39). For bro-
momethane, a decrease in FEV25-75 was observed (regression coef-
ficient = −0.15, 95%CI = −0.29 to −0.00).56 Overall, the certainty in 
evidence was classified as “very low.”

3.6  |  Exposure to extreme temperatures as a risk 
factor on adverse asthma-related outcomes (Q7)

3.6.1  |  Characteristics of included studies

The SR included 16 studies assessing the impact of exposure to ex-
treme temperatures on asthma-related outcomes. Most of the studies 
were time-series studies,91,93–102,104 and had been conducted in China 
(74%), Oceania (11%), Europe (5%), and North America (5%). The num-
ber of included patients ranged from 4467 to 1,289,896 individuals.

There was variability on the temperature between the included 
geographical areas with the mean temperature ranging from −15.5–
28.3°C. Ten studies, evaluated exposures to heatwaves while 12 
evaluated exposures to cold spells (Table S8).

Table  S15 shows a summary of risk of bias assessment. There 
were no studies classified as having a low risk of bias in all assessed 
domains. There were two domains for which some studies displayed 
a “high risk of bias” classification, namely those related to missing 
data and measurement of the outcome. Tables 22 and 23 present 
the summary of findings.

3.6.2  |  Severe asthma exacerbations: ED admission

Five studies91,92,95,96,100 assessed the relationship between heat-
waves and asthma-related ED admissions (Table 22). In all studies, 
heatwaves were defined as a mean temperature exceeding the 95th 
percentile. Only two studies95,100 reported the minimum number of 
days of exposure, which ranged from 2 days to 3 weeks. The findings 
from the meta-analysis indicated that exposure to heatwaves may 
increase the risk of being admitted to ED due to asthma exacerba-
tions (RR = 1.34; 95%CI = 1.00–1.78). This would result in between 
95 and 1462 more ED admissions per 10,000 patients. Evidence was 
considered of low certainty.

TA B L E  1 5  Impact of exposure to pyrethroids on asthma incidence.

Outcomes
No of participants 
(studies)

Certainty of the 
evidence(GRADE) Narrative

Incidence of self-reported asthma 
(ever-diagnosed by physician) in 
patients of any age

(Three observational 
studies)75,76,87

⨁◯◯◯ Very lo
wa,b,c,d

One study found that exposure to pyrethroids 
may be related to the incidence of allergic 
asthma—permethrin (animals): OR = 1.51, 
95%CI = 0.92—2.45; permethrin (crops): 
(OR = 1.52, 95%CI = 0.93–2.48).

One study reported that being exposed 1 year to 
pyrethroids may be related to asthma incidence 
(OR = 1.22, 95%CI = 0.89–1.68).

On the other hand, one study concluded that 
being exposed to pyrethroids may be not 
associated with the incidence of asthma.

Incidence of self-reported asthma 
(ever-diagnosed by physician) in 
children after parental exposure

(One observational 
study)79

⨁⨁◯◯ Lowb,c One study reported that prenatal high pyrethroid 
metabolite concentrations (≥percentile 
75) presented an inverse association with 
doctor-diagnosed asthma in childhood during 
last 12 months (Σpyrethroids: OR = 0.39, 
95%CI = 0.13–0.98; 2,4-D: OR = 0.46, 
95%CI = 0.16–1.11; DCCA: OR = 0.21, 
95%CI = 0.05–0.62).

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio.
aDowngraded by one level because one study did not include important confounders such as smoking status, allergic status, history of lung problems, 
working with dust, or other asthma-related chemical products and the variables are very heterogeneous.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and/or outcomes (variable self-reported physician-diagnosed 
asthma might be unreliable, additionally, individuals with asthma were more likely to report wheeze than those without asthma).
cDowngraded by one level due to small sample size and wide confidence intervals.
dThe effect may be both harmful and beneficial.



1749

Three studies95,96,100 examined the association between cold 
spells and asthma-related ED admissions (Table 23). All studies de-
fined cold spells as events with a mean temperature lower than the 
fifth percentile. Only two studies95,100 reported the minimum num-
ber of days of exposure, which ranged from 2 days to 3 weeks. The 

meta-analytical results indicated that exposure to cold spells may 
increase the risk of emergency care (RR = 1.84; 95%CI = 1.01–3.33), 
although severe heterogeneity was found (I2 = 80%). This corre-
sponds to between 235 and 3612 more ED admissions per 10,000 
individuals. Evidence was considered of low certainty.

TA B L E  1 6  Impact of exposure to fungicides on asthma incidence.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Incidence of self-reported asthma 
(ever diagnosed by physician) 
in general population

(Two observational studies)76,87 ⨁◯◯◯ Very lowa,b,c One study reported that being exposed 
to captan was positively associated 
to asthma (OR = 1.83, 95%CI = 1.15–
2.94), but did not find any significant 
association for other fungicides.

One study did not find any significant 
association between exposure to 
fungicides and the incidence of asthma 
symptoms.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio.
aDowngraded by one level due to risk of bias arising from measurement of the exposure and/or outcomes (variable self-reported physician-diagnosed 
asthma might be unreliable; additionally, individuals with asthma were more likely to report wheeze than those without asthma).
bDowngraded by one level due to small sample size and wide confidence intervals.
cThe effect may be both harmful and beneficial.

TA B L E  17  Impact of exposure to insecticides on asthma incidence.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Incidence of self-reported asthma (ever 
diagnosed by physician) in general 
population

(Two observational 
studies)76,84

⨁◯◯◯ Very lowa,b,c One study reported that insecticide use 
was associated with self-reported 
asthma (ever diagnosed by any 
health-care provider) (OR = 2.0, 
95%CI = 1.2–3.3).

One study did not find any significant 
association between exposures to 
insecticides and asthma incidence.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; POR, prevalence odds ratio.
aDowngraded by one level because one study did not include important confounders such as smoking status, allergic status, history of lung problems, 
working with dust, or other asthma-related chemical products and the variables are very heterogeneous.
bDowngraded by one level due to risk of bias arising from measurement of the exposure and/or outcomes (variable self-reported physician-diagnosed 
asthma might be unreliable, additionally, individuals with asthma were more likely to report wheeze than those without asthma).
cThe effect may be both harmful and beneficial.
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These results remained consistent even when examining age 
subgroups and when including studies with only low or some con-
cerns about the risk of bias.

3.6.3  |  Severe asthma exacerbations: 
hospital admissions

Four studies93,96,101,105 evaluated the association between heatwaves 
and asthma-related hospital admissions (Table  22). All studies con-
sidered a mean temperature exceeding the 95th percentile to define 
heatwaves. Only two studies93,105 reported the number of days of 
exposure, with a minimum of 2 days. The meta-analytical results in-
dicated that heatwaves may increase the risk of hospital admissions 
(RR = 1.30; 95%CI = 1.08–1.58), although severe heterogeneity was 
found (I2 = 87%). This corresponds to between 84 and 1290 more HA 
cases per 10,000 individuals. Evidence certainty was considered low.

Five studies93,94,96,104,106 assessed the association between cold 
spells and asthma-related HA (Table 23). The definition of cold spells 
was heterogeneous across studies, but all of them defined the ex-
posure as a mean temperature of less than the fifth percentile. Four 
studies described the minimum number of days of exposure, consid-
ering a minimum of 2 days. The meta-analytical results indicated that 
cold spells may increase the risk of hospital admissions (RR = 1.35; 
95%CI = 1.01–1.81), although severe heterogeneity was found 
(I2 = 90%). This corresponds to between 98 and 1505 more HA cases 
per 10,000 individuals. Evidence certainty was considered low.

These associations remained consistent across different age sub-
groups and in the studies with the lowest risk of bias.

3.6.4  |  Moderate asthma exacerbations

Only one study103 evaluated the association between cold spells 
and moderate asthma exacerbations (Table 23). That study defined 
cold spells based on temperatures ≤2.5 percentile. However, it did 
not specify the number of days of exposure. The study suggested 
that cold spells may increase the odds of having an asthma exac-
erbation (OR = 1.73; 95%CI = 1.13–2.67, corresponding to between 
378 to 3139 more exacerbations per 10,000 individuals). Evidence 
certainty was considered low.

3.6.5  |  Asthma mortality

Two studies assessed the association between heatwaves and 
asthma mortality.97,102 Both studies evaluated a Chinese population 
and defined the exposure based on temperatures ≥95th and 99th 
percentiles. However, neither of the studies reported the minimum 
number of days of exposure. One study reported that heatwaves may 
increase the risk of asthma mortality (RR = 1.09; 95%CI = 0.92–1.29, 
corresponding to 25–387 more deaths due to heatwaves). The other 
study found that, in the context of a heatwave, for each increase of 
one degree centigrade, there was a probable excess risk of asthma 

TA B L E  1 8  Impact of exposure to OP on asthma-related outcomes.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Asthma-related 
exacerbations

(One observational study)35 ⨁◯◯◯ Very lowa,b,c One study did not find significant associations between 
asthma-related exacerbations and chlorpyrifos (OR = 1.2, 
95%CI = 0.7–1.9), coumaphos (OR = 0.6, 95%CI = 0.2–1.5), 
diazinon (OR = 0.7, 95%CI = 0.4–1.3), dichlorvos (OR = 0.8, 
95%CI = 0.3–2.6), fonofos (OR = 0.6, 95%CI = 0.2–1.7), 
malathion (OR = 0.8, 95%CI = 0.4–1.3), phorate (OR = 0.5, 
95%CI = 0.1–1.7), and terbufos (OR = 0.9, 95%CI = 0.5–1.6).

Lung function (One observational study)88 ⨁◯◯◯ Very lowa,b One study in children showed that for each onefold increase of 
OP exposure, a higher FEV1 (regression coefficient = 0.21, 
95%CI = 0.03–0.39) was observed. For each onefold 
increase of bromomethane, a lower FEV25-75 (regression 
coefficient = −0.15, 95%CI = −0.29 to 0.00) was observed.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; FEV, Forced expiratory volume; OR, odds ratio.
aDowngraded by two level due to missing data and risk of bias arising from measurement of the exposure and outcomes. Missing data and risk of bias 
in selection of participants into the study.
bDowngraded by one level due to small sample size and wide confidence intervals.
cThe effect may be both harmful and beneficial.
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mortality of approximately 4% (95%CI = 3.10%–5.33%). Evidence was 
considered of low certainty.

Two studies evaluated the association between cold spell and 
asthma mortality.97,102 One study102 defined the cold spell based 
on temperatures ≤5th percentile but did not report the minimum 
number of days of exposure. That study indicated that exposure 
to cold spells may increase the risk of asthma mortality (RR = 1.04; 
95%CI = 1.00–1.08, corresponding to between 11 and 172 more HA 
per 10,000 persons). On the other hand, one other study97 defined 
the cold spell based on temperatures ≤1st percentile, but did not 
report the minimum number of days of exposure. That study re-
ported that, in the context of a cold spell, for each decrease of 1°C, 
there was a excess risk of asthma mortality of approximately 4% 
(95%CI = 2.75%–6.08%). Evidence was considered of low certainty.

4  |  DISCUSSION

4.1  |  Main findings

This systematic review comprehensively appraised the quality of 
the evidence provided by 205 studies evaluating the impact of en-
vironmental outdoor exposures including pollutants, pesticides, and 
extreme temperatures on asthma-related outcomes.

A short-term exposure to an increase in 10 mcg/m3 of PM2.5 
probably results in more ED visits, an increase of PM10, NO2, O3, 
and SO2 above the WHO thresholds may result in an increase in ED 
visits, while an increase of PM2.5, PM10, NO2, O3, SO2, and CO may 
result in an increase in asthma-related hospital admissions. Exposure 
to TRAP may result in an increase in hospital admissions and poorer 
asthma control in adults.

Low to very low certainty of evidence shows that an outdoor 
pollution reducing plan may prevent severe asthma exacerbations 
(asthma-related ED visits and hospital admissions).

The evidence is very uncertain for the outdoor pesticide's expo-
sure and its association with asthma incidence in the general pop-
ulation. Exposure to fumigants may be associated with increased 
risk of new-onset asthma in agricultural workers. Prenatal exposure 
appears not to be related to increased risk of asthma in the offspring 
when assessed up to 15 years of age.

For the impact on asthma-related outcomes, the evidence is very 
uncertain for exposure to organophosphates, carbamates, and pyre-
throids and increased risk of asthma exacerbations, while exposure 
to 1,3-dichloropropene may increase the risk of asthma-related ED 
visits.

Both heatwaves and cold spells may increase the risk of severe 
asthma exacerbations (ED visits and hospital admissions) and asthma 
mortality.

TA B L E  19  Impact of exposure to carbamates on asthma-related outcomes.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Asthma-related 
exacerbations

(One observational study)35 ⨁◯◯◯ Very lowa,b One study did not find an association between 
asthma-related exacerbations and exposure to 
carbaryl (OR = 0.6, 95%CI = 0.4–1.1), carbofuran 
(OR = 0.9, 95%CI = 0.3–2.9), or aldicarb (OR = 2.3, 
95%CI = 0.9–6.2).

Lung function (Two observational studies)88,89 ⨁◯◯◯ Very lowa,b One study indicated that exposure to carbamates was not 
associated with any clinically relevant change in the 
mean values of FEV1 (regression coefficient = 0.01, 
95%CI (−0.14 to 0.16)), FVC (regression 
coefficient = 0.02, 95%CI = −0.13 to 0.17), and FEF25-75 
(regression coefficient = −0.06, 95%CI = −0.14 to 0.16).

One study indicated that multiple exposures to carbamates 
were not associated with clinically relevant changes in 
FEV1 (regression coefficient = −0.03, 95%CI = −0.21 to 
0.15), FVC (regression coefficient = 0.02, 95%CI = −0.13 
to 0.17), and FEF25-75, (regression coefficient = 0.10, 
95%CI = −0.07 to 0.26).

Note; GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; FEF, Forced expiratory flow; FEV, Forced expiratory volume in 1 s; FV, Forced vital capacity; OR, odds ratio.
aDowngraded by two level due to missing data and risk of bias arising from measurement of the exposure and outcomes. Missing data and risk of bias 
in selection of participants into the study.
bDowngraded by one level due to small sample size and wide confidence intervals.
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4.2  |  Results in the context of previous evidence

This systematic review updated the results of Zheng et al. evaluating 
the association of short-term exposure to air pollutants and severe 
asthma exacerbations (ED visits and hospital admissions). Our results 
are in alignment with those previously published,44 and adds results 
for PM2.5, PM10, and CO. Other systematic reviews assessing the 
risk of asthma exacerbations with same day exposure and 1 day lag 
exposure to air pollutants found similar results.107,108 However, an 
important difference with the majority of these reviews, is that, 

beyond assessing the risk of bias, we also conducted an evaluation 
of the certainty of the evidence using the GRADE approach.

Most reviews assessing exposure to TRAP evaluated the risk 
of development of childhood asthma.109,110 A recent systematic 
review assessed the effect on several health outcomes, including 
asthma exacerbations and reported similar results. However, since 
their main focus was asthma onset, they did not conduct a thor-
ough analysis of the studies assessing impact on asthma.111,112

Finally, our study showed the impact of different emission re-
duction plans on asthma exacerbations, potentially informing 

TA B L E  2 0  Impact of exposure to pyrethroids on asthma- related outcomes.

Outcomes
No of participants 
(studies)

Certainty of the 
evidence (GRADE) Narrative

Asthma-related exacerbations (O observational 
study)35

⨁◯◯◯ Very 
lowa,b

One study reported that permethrin exposure was 
possibly inversely associated to asthma exacerbations, 
although significant associations were not observed 
(animals: OR = 0.8, 95%CI 0.3–2.0, crops: OR = 0.7, 
95%CI = 0.3–1.5).

Asthma-related Emergency 
Department (ED) visits

(One observational 
study)89

⨁⨁◯◯ Low One study reported that the rates of ED asthma visits 
were not associated with permethrin spraying either 
1 day (RR 0.92; 95% CI, 0.80–1.07) or 5 days after the 
spraying.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio; RR, risk ratio.
aDowngraded by two level due to missing data and risk of bias arising from measurement of the exposure and outcomes. Missing data and risk of bias 
in selection of participants into the study.
bDowngraded by one level due to small sample size and wide confidence intervals.

TA B L E  2 1  Impact of exposure to 1,3-dichloropropene (1,3-D) on asthma-related outcomes.

Outcomes No of participants (studies)
Certainty of the 
evidence (GRADE) Narrative

Asthma-related Emergency 
Department (ED) visits

(One observational study)90 ⨁⨁◯◯ Lowa,b One study found that a 0.01 ppb increase in 
1,3-D was associated with an increase 
in the odds of having an asthma ED visit 
(OR = 1.14, 95%CI = 1.12–1.15). A positive 
association for age was found between 
1,3-D and asthma ED visits among 
patients.

Note: GRADE Working Group grades of evidence.
High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is 
a possibility that it is substantially different.
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of 
effect.
Abbreviations: CI, confidence interval; OR, odds ratio; ppb, parts per billion.
aDowngraded by one level because one study did not include important confounders such as smoking status, sex, gender, etc.
bDowngraded by one level due to missing data and risk of bias arising from measurement of the exposure and outcomes.
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decision-making on public health measures. However, there is still 
an urgent need for global measures to reduce exposure to air pollut-
ants to improve asthma-related outcomes in the adult and pediatric 
population.5

Two recent systematic reviews evaluating the association of pes-
ticide exposure with childhood wheeze and asthma, reported simi-
lar results than our review.113,114 Although most studies suggested 
a positive association, the authors were unable to reach conclusive 
results due to variations in the study design and exposure measure-
ments.113,114 Other reviews have assessed the relationship between 
specific pesticides exposure in subsets of the population (occupa-
tional), and only assessed respiratory outcomes.36,115–117 In contrast, 
our review of the evidence includes a range of different types of 
pesticides, assesses individuals regardless of their occupational 
groups or residence, and specifically looks for asthma outcomes; 
therefore, providing a more comprehensive assessment.

We identified a recent systematic review118 that investigated 
the relationship between asthma-related outcomes and extreme 
weather conditions, including heatwaves and cold spells, among 
others. Despite the broad scope, this review reports some estimates 
of the effects specific to extreme temperatures, and suggests a pos-
itive association with asthma exacerbations, specifically, increase in 
emergency department visits during heatwaves, and hospital admis-
sions during cold spells. It is important to highlight that the number 
of studies included in their analysis is smaller, compared to our re-
view, resulting in less precise estimations. Additionally, it is import-
ant to highlight that the previous SR did not provide clear definitions 
for cold spells and heatwaves. In contrast, our review took into con-
sideration the lack of consensus and heterogeneity in defining these 
terms and provided clear definitions of the exposures, improving the 
applicability of our findings.

4.3  |  Limitations and strengths

This SR included only studies published in English. However, we 
have reviewed references of previous SRs, and when appropriate, 
the GDG provided additional studies. Due to the vast number of 
observational studies retrieved, only one reviewer assessed the risk 
of bias. However, at least one other reviewer cross-checked this as-
sessment as a quality control. For Q5, most of the studies included 
did not provide the minimum duration criteria for the exposures, so 
this variable cannot be evaluated in the analysis. Additionally, due to 
the limited number of studies available per outcome and the hetero-
geneity in the reported percentiles of mean temperature, we could 
not assess the impact of different levels of extreme temperatures. In 
addition, this SR does not explore potentially synergistic interactions 
of other outdoor pollutants, including allergens, organic compounds, 
and viruses upon asthma-related outcomes.

There are several strengths of this systematic review. First, we 
conducted a comprehensive systematic search in three databases. 
Second, the SR used rigorous methods to assess the certainty of the 
evidence. Using the GRADE approach, we considered the relevant 

aspects that could impact the confidence in the results, namely 
risk of bias, heterogeneity, indirectness, and imprecision of the es-
timates. Third, we selected and prioritized a priori the critical and 
important outcomes for the asthma population. Lastly, we present 
the results in a format (summary of findings tables) that allows easy 
communication of the key findings to all stakeholders.

4.4  |  Implications for practice and research

Our review provides new knowledge on association between out-
door environmental factors and the risk of new-onset asthma and of 
adverse asthma-related outcomes. We also evaluated the effect of 
interventions to reduce pollution on asthma-related outcomes.

Although most of the evidence is of moderate or low quality, 
these results could be of value for different stakeholders, includ-
ing policymakers and clinicians. For the former, our findings may 
support public decisions such as fostering pollution reduction 
plans and reduce exposure of the adult and pediatric populations. 
For clinicians, the findings can trigger clinical advice to patients 
with asthma to avoid exposure to outdoor pollutants or extreme 
temperatures.

While our findings provide some insight into the phenomenon, 
more high-quality studies are needed to obtain more precise esti-
mates, and further enhance our understanding of the relationship 
of the different exposures. An improved methodological approach 
proving causality instead of associations together with an inte-
grated surveillance network for the overall environmental impact 
on asthma-related outcomes is a key pillar to move this field for-
ward. More can be achieved by validated criteria for selecting the 
best assay(s) to assess exposure and the biological response for 
the research question of interest, by easy-to-implement guidelines 
for sample collection, by shared repositories and biobanks, and by 
implementing the exposomics, cross-omics approach, and system 
biomedicine.

AUTHOR CONTRIBUTIONS
Ioana Agache, Carlos Canelo-Aybar, Josefina Salazar, Marek Jutel, 
and Cezmi A. Akdis drafted the detailed protocols for the system-
atic reviews, supervised the overall research process, and wrote the 
article. Ivan Solá conducted the searches. Marta Roque conducted 
the analysis. David Rigau, L. Yesenia Rodríguez-Tanta, Wendy Nieto-
Gutierrez, Yang Song, Yahveth Cantero-Fortiz, and Juan Carlos 
Vasquez extracted the data. Pablo Alonso-Coello supervised the 
overall SR process. All the other authors revised and approved the 
search protocols, revised the data from the systematic reviews and 
the final article.

AFFILIATIONS
1Faculty of Medicine, Transylvania University, Brasov, Romania
2Department of Clinical Epidemiology and Public Health, Iberoamerican 
Cochrane Centre, Biomedical Research Institute Sant Pau (IIB Sant Pau), 
Barcelona, Spain
3Institute Desbrest of Epidemiology and Public Health, University of 



1756 

Montpellier and INSERM, Montpellier, France
4Centre of Bioclimatology, University of Florence, Florence, Italy
5Centro de Investigación Biomédica en Red de Epidemiología y Salud Pública 
(CIBERESP), Madrid, Spain
6Allergy and Clinical Immunology Unit San Giovanni di Dio Hospital, 
Florence, Italy
7Imperial College, London, UK
8Medical School of Respiratory Diseases, University of Naples Federico II, 
Naples, Italy
9Department of Ecology, School of Biology, Faculty of Sciences, Aristotle 
University of Thessaloniki, Thessaloniki, Greece
10Department of Medical Sciences and Public Health, University of Cagliari, 
Monserrato, Italy
11Department of Allergy, Hospital La Paz Institute for Health Research 
(IdiPAZ), Madrid, Spain
12Department of Botany, Ecology and Plant Physiology, International 
Campus of Excellence on Agrifood (ceiA3), University of Córdoba, Córdoba, 
Spain
13Environmental Medicine, Faculty of Medicine, University of Augsburg, 
Augsburg, Germany
14Allergy Unit, Meyer Children's Hospital IRCCS, Florence, Italy
15Department of Health Sciences, University of Florence, Florence, Italy
16Faculty of Medicine, University of Southampton, Southampton, UK
17Occupational Medicine Division and Centre for Environmental & 
Occupational Health Research, University of Cape Town, Rondebosch, South 
Africa
18John Rock Professor of Climate and Population Studies; Chair, Department 
of Environmental Health, Interim Director, Center for Climate, Health, and 
The Global Environment, Harvard T.H. Chan School of Public Health, Boston, 
Massachusetts, USA
19Allergy and Clinical Immunology Unit, Second Pediatric Clinic, National and 
Kapodistrian University of Athens, Athens, Greece
20Division of Evolution and Genomic Sciences, University of Manchester, 
Manchester, UK
21Instituto Carlos III, Ministry of Science and Innovation, Allergy Service, 
Fundación Jiménez Díaz, Faculty of Medicine Universidad Autónoma de 
Madrid and CIBERES, Madrid, Spain
22Department of Environmental Medicine, Faculty of Medicine, University of 
Augsburg, Augsburg, Germany
23Institute of Environmental Medicine, Helmholtz Center Munich-German 
Research Center for Environmental Health, Augsburg, Germany
24Christine Kühne Center for Allergy Research and Education, Davos, 
Switzerland
25Department of Occupational Diseases and Environmental Health, Nofer 
Institute of Occupational Medicine, Lodz, Poland
26MEDCIDS-Department of Community Medicine, Information and Health 
Decision Sciences, Faculty of Medicine, University of Porto, Porto, Portugal
27Department of Clinical Immunology, ALL-MED Medical Research Institute, 
Wrocław Medical University, Wroclaw, Poland
28Swiss Institute of Allergy and Asthma Research (SIAF), University Zurich, 
Davos, Switzerland

ACKNOWLEDG EMENTS
None.

FUNDING INFORMATION
None.

CONFLIC T OF INTERE ST STATEMENT
All the other authors report no COIs in relation to this article. Ioana 
Agache reports Deputy Editor of Allergy journal. Marek Jutel re-
ports personal fees outside of submitted work from Allergopharma, 
ALK-Abello, Stallergenes, Anergis, Allergy Therapeutics, Leti, HAL, 
GSK, Novartis, Teva, Takeda, Chiesi, Pfizer, Regeneron, Astra-Zeneka, 
Lallemand, Shire, Celltrion Inc., Genentech, Roche, Verona, Lek 

Pharmaceuticals, Arcutis Biotherapeutics, and FAES FARMA. Kari 
Nadeau reports grants from National Institute of Allergy and Infectious 
Diseases (NIAID), National Heart, Lung, and Blood Institute (NHLBI), 
National Institute of Environmental Health Sciences (NIEHS), and Food 
Allergy Research & Education (FARE); Stock options from IgGenix, 
Seed Health, ClostraBio, Cour, Alladapt; Advisor at Cour Pharma; 
Consultant for Excellergy, Red tree ventures, Before Brands, Alladapt, 
Cour, Latitude, Regeneron, and IgGenix; Cofounder of Before Brands, 
Alladapt, Latitude, and IgGenix; National Scientific Committee mem-
ber at Immune Tolerance Network (ITN), and National Institutes of 
Health (NIH) clinical research centers; patents include, “Mixed allergen 
com-position and methods for using the same,” “Granulocyte-based 
methods for detecting and monitoring immune system disorders,” 
and “Methods and Assays for Detecting and Quantifying Pure 
Subpopulations of White Blood Cells in Immune System Disorders”. 
Fan Chung has received honoraria for participating in Advisory Board 
meetings of GSK, AZ, Roche, Merck, Shionogi, and Reckitt-Beckinson, 
for speaking engagements for Novartis, GSK and AZ, and for partici-
pating on the Scientific Advisory Board of the Clean Breathing Institute 
supported by Haleon. He has received research funding through his 
institution, Imperial College London, from UK Research and Innovation 
and the US National Institute for Environmental Health Sciences on air 
pollution and respiratory health, and on precision medicine for asthma, 
from GSK on eosinophils and asthma, and from Merck on ATP and 
chronic cough. Santiago Quirce has been on advisory boards for and has 
received speaker's honoraria from Allergy Therapeutics, AstraZeneca, 
GlaxoSmithKline, Novartis, Chiesi, Mundipharma, and Sanofi. Stephen 
Holgate reports being member of Dyson SAB on clean air, cofounder, 
and NEB member of Synairgen spin-out respiratory company develop-
ing inhaled antiviral Interferon beta, advisor to Healthy Air Technology 
(Air purifiers), special Advisor to the Royal College of Physicians on Air 
Quality, UKRI Clean Air Champion, and Chair of MRC Joint Steering 
Committee EMINENT (Experimental Medicine Initiative to Explore 
New Therapies). CC, JS, DR, YR, WN, YS, YC, MR, JCV, IS, and PA work 
for Centro Cochrane Iberoamericano; the center received funding for 
conducting the systematic reviews of the evidence.

DATA AVAIL ABILIT Y STATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

ORCID
Ioana Agache   https://orcid.org/0000-0001-7994-364X 
Isabella Annesi-Maesano   https://orcid.
org/0000-0002-6340-9300 
Lorenzo Cecchi   https://orcid.org/0000-0002-0658-2449 
Fan Chung   https://orcid.org/0000-0001-7101-1426 
Gennaro D’Amato   https://orcid.org/0000-0002-0503-9428 
Athanasios Damialis   https://orcid.org/0000-0003-2917-5667 
Stefano del Giacco   https://orcid.org/0000-0002-4517-1749 
Leticia de las Vecillas   https://orcid.org/0000-0003-4969-5678 
Carmen Galàn   https://orcid.org/0000-0002-6849-1219 
Stefanie Gilles   https://orcid.org/0000-0002-5159-2558 

https://orcid.org/0000-0001-7994-364X
https://orcid.org/0000-0001-7994-364X
https://orcid.org/0000-0002-6340-9300
https://orcid.org/0000-0002-6340-9300
https://orcid.org/0000-0002-6340-9300
https://orcid.org/0000-0002-0658-2449
https://orcid.org/0000-0002-0658-2449
https://orcid.org/0000-0001-7101-1426
https://orcid.org/0000-0001-7101-1426
https://orcid.org/0000-0002-0503-9428
https://orcid.org/0000-0002-0503-9428
https://orcid.org/0000-0003-2917-5667
https://orcid.org/0000-0003-2917-5667
https://orcid.org/0000-0002-4517-1749
https://orcid.org/0000-0002-4517-1749
https://orcid.org/0000-0003-4969-5678
https://orcid.org/0000-0003-4969-5678
https://orcid.org/0000-0002-6849-1219
https://orcid.org/0000-0002-6849-1219
https://orcid.org/0000-0002-5159-2558
https://orcid.org/0000-0002-5159-2558


1757

Mohamed Jeebhay   https://orcid.org/0000-0001-6656-9193 
Kari Nadeau   https://orcid.org/0000-0002-2146-2955 
Nikolaos Papadopoulos   https://orcid.org/0000-0002-4448-3468 
Claudia Traidl-Hoffmann   https://orcid.
org/0000-0001-5085-5179 
Marek Jutel   https://orcid.org/0000-0003-1555-9379 
Cezmi A. Akdis   https://orcid.org/0000-0001-8020-019X 

R E FE R E N CE S
1.	 WHO factsheet: Asthma 2017 Available from: https://​www.​who.​

int/​news-​room/​fact-​sheets/​detail/​asthma
2.	 Global Asthma Network. The Global Asthma Report. Auckland; 

2018.
3.	 Raulf M, Buters J, Chapman M, et al. Monitoring of occupational 

and environmental aeroallergens-EAACI position paper. Concerted 
action of the EAACI IG occupational allergy and Aerobiology & air 
Pollution. Allergy. 2014;69(10):1280-1299.

4.	 Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet. 
2014;383:1581-1592.

5.	 Annesi-Maesano I, Forastiere F, Balmes J, et al. The clear and per-
sistent impact of air pollution on chronic respiratory diseases: a 
call for interventions. Eur Respir J. 2021;57(3):2002981.

6.	 D'Amato G, Akdis CA. Global warming, climate change, air pollu-
tion and allergies. Allergy. 2020;75(9):2158-2160.

7.	 Agache I, Miller R, Gern JE, et  al. Emerging concepts and chal-
lenges in implementing the exposome paradigm in allergic diseases 
and asthma: a Practall document. Allergy. 2019;74(3):449-463.

8.	 https://​www.​who.​int/​publi​catio​ns/i/​item/​97892​40034228. 
Accessed 03.02.2023

9.	 Altman MC, Kattan M, O'Connor GT, et al. Associations between 
outdoor air pollutants and non-viral asthma exacerbations and air-
way inflammatory responses in children and adolescents living in 
urban areas in the USA: a retrospective secondary analysis. Lancet 
Planet Health. 2023;7(1):e33-e44.

10.	 Nassikas NJ, Spangler K, Wellenius GA. Asthma exacerbations at-
tributable to ozone air pollution in New England. R I Med J (2013). 
2021;104(9):20-23.

11.	 Greenberg N, Carel RS, Derazne E, et al. Different effects of long-
term exposures to SO2 and NO2 air pollutants on asthma severity 
in young adults. J Toxicol Environ Health A. 2016;79(8):342-351.

12.	 Chauhan AJ, Inskip HM, Linaker CH, et al. Personal exposure to 
nitrogen dioxide (NO2) and the severity of virus-induced asthma in 
children. Lancet. 2003;361(9373):1939-1944.

13.	 Lai VWY, Bowatte G, Knibbs LD, et al. Residential NO2 exposure 
is associated with urgent healthcare use in a thunderstorm asthma 
cohort. Asia Pac Allergy. 2018;8(4):e33.

14.	 Kim Y, Park EH, Ng CFS, et  al. Respiratory function declines in 
children with asthma associated with chemical species of fine 
particulate matter (PM2.5) in Nagasaki, Japan. Environ Health. 
2021;20(1):110.

15.	 Lee S, Ku H, Hyun C, Lee M. Machine learning-based analyses of 
the effects of various types of air pollutants on hospital visits by 
asthma patients. Toxics. 2022;10(11):644.

16.	 Bowatte G, Lodge CJ, Knibbs LD, et al. Traffic related air pollution 
and development and persistence of asthma and low lung func-
tion. Environ Int. 2018;113:170-176.

17.	 Newman NC, Ryan PH, Huang B, Beck AF, Sauers HS, Kahn 
RS. Traffic-related air pollution and asthma hospital read-
mission in children: a longitudinal cohort study. J Pediatr. 
2014;164(6):1396-1402.

18.	 Pfeffer PE, Mudway IS, Grigg J. Air pollution and asthma: mecha-
nisms of harm and considerations for clinical interventions. Chest. 
2021;159(4):1346-1355.

19.	 Lakhdar R, Mumby S, Abubakar-Waziri H, Porter A, Adcock IM, 
Chung KF. Lung toxicity of particulates and gaseous pollutants 
using ex-vivo airway epithelial cell culture systems. Environ Pollut. 
2022;305:119323.

20.	 Seltzer J, Bigby BG, Stulbarg M, et al. O3-induced change in bron-
chial reactivity to methacholine and airway inflammation in hu-
mans. J Appl Physiol. 1986;60:1321-1326.

21.	 Aris RM, Christian D, Hearne PQ, Kerr K, Finkbeiner WE, Balmes 
JR. Ozone-induced airway inflammation in human subjects as 
determined by airway lavage and biopsy. Am Rev Respir Dis. 
1993;148:1363-1372.

22.	 Kim J, Kim YC, Ham J, et  al. The effect of air pollutants on air-
way innate immune cells in patients with asthma. Allergy. 
2020;75(9):2372-2376.

23.	 Shin JW, Kim J, Ham S, et al. A unique population of neutrophils 
generated by air pollutant-induced lung damage exacerbates air-
way inflammation. J Allergy Clin Immunol. 2022;149(4):1253-1269.

24.	 Michaeloudes C, Abubakar-Waziri H, Lakhdar R, et al. Molecular 
mechanisms of oxidative stress in asthma. Mol Aspects Med. 
2022;85:101026.

25.	 D'Amato G, Akdis CA. Desert dust and respiratory diseases: 
further insights into the epithelial barrier hypothesis. Allergy. 
2022;77(12):3490-3492.

26.	 Akdis CA. Does the epithelial barrier hypothesis explain the in-
crease in allergy, autoimmunity and other chronic conditions? Nat 
Rev Immunol. 2021;21(11):739-751.

27.	 Sokolowska M, Quesniaux VFJ, Akdis CA, Chung KF, Ryffel B, 
Togbe D. Acute respiratory barrier disruption by ozone exposure 
in mice. Front Immunol. 2019;10:2169.

28.	 Rider CF, Carlsten C. Air pollution and DNA methylation: effects of 
exposure in humans. Clin Epigenetics. 2019;11(1):131.

29.	 Rosenquist NA, Metcalf WJ, Ryu SY, et al. Acute associations be-
tween PM2.5 and ozone concentrations and asthma exacerbations 
among patients with and without allergic comorbidities. J Expo Sci 
Environ Epidemiol. 2020;30(5):795-804.

30.	 Agache I, Akdis CA. Precision medicine and phenotypes, endo-
types, genotypes, regiotypes, and theratypes of allergic diseases. 
J Clin Invest. 2019;129(4):1493-1503.

31.	 Delfino RJ, Staimer N, Tjoa T, et al. Personal and ambient air pol-
lution exposures and lung function decrements in children with 
asthma. Environ Health Perspect. 2008;116:550-558.

32.	 Fang X, Huang S, Zhu Y, et al. Short-term exposure to ozone and 
asthma exacerbation in adults: a longitudinal study in China. Front 
Public Health. 2023;10:1070231.

33.	 Liu Y, Pan J, Zhang H, et  al. Short-term exposure to ambient 
air pollution and asthma mortality. Am J Respir Crit Care Med. 
2019;200(1):24-32.

34.	 Hernández AF, Parrón T, Alarcón R. Pesticides and asthma. Curr 
Opin Allergy Clin Immunol. 2011;11(2):90-96.

35.	 Henneberger PK, Liang X, London SJ, Umbach DM, Sandler 
DP, Hoppin JA. Exacerbation of symptoms in agricultural pes-
ticide applicators with asthma. Int Arch Occup Environ Health. 
2014;87(4):423-432.

36.	 Mamane A, Baldi I, Tessier J-F, Raherison C, Bouvier G. 
Occupational exposure to pesticides and respiratory health. Eur 
Respir Rev. 2015;24(136):306-319.

37.	 Lima C, Falcão MAP, Rosa JGS, Disner GR, Lopes-Ferreira M. 
Pesticides and their impairing effects on epithelial barrier integ-
rity, Dysbiosis, disruption of the AhR signaling pathway and devel-
opment of immune-mediated inflammatory diseases. Int J Mol Sci. 
2022;23(20):12402.

38.	 Proskocil BJ, Bruun DA, Garg JA, et al. The influence of sensitiza-
tion on mechanisms of organophosphorus pesticide-induced air-
way hyperreactivity. Am J Respir Cell Mol Biol. 2015;53(5):738-747.

39.	 Sampath V, Shalakhti O, Veidis E, et al. Acute and chronic impacts 
of heat stress on planetary health. Allergy. 2023;78(8):2109-2120.

https://orcid.org/0000-0001-6656-9193
https://orcid.org/0000-0001-6656-9193
https://orcid.org/0000-0002-2146-2955
https://orcid.org/0000-0002-2146-2955
https://orcid.org/0000-0002-4448-3468
https://orcid.org/0000-0002-4448-3468
https://orcid.org/0000-0001-5085-5179
https://orcid.org/0000-0001-5085-5179
https://orcid.org/0000-0001-5085-5179
https://orcid.org/0000-0003-1555-9379
https://orcid.org/0000-0003-1555-9379
https://orcid.org/0000-0001-8020-019X
https://orcid.org/0000-0001-8020-019X
https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/publications/i/item/9789240034228


1758 

40.	 Agache I, Sampath V, Aguilera J, et  al. Climate change and 
global health: a call to more research and more action. Allergy. 
2022;77(5):1389-1407.

41.	 D'Amato M, Molino A, Calabrese G, Cecchi L, Annesi-Maesano 
I, D'Amato G. The impact of cold on the respiratory tract and its 
consequences to respiratory health. Clin Transl Allergy. 2018;8:20.

42.	 Han A, Deng S, Yu J, Zhang Y, Jalaludin B, Huang C. Asthma trig-
gered by extreme temperatures: from epidemiological evidence to 
biological plausibility. Environ Res. 2023;216(Pt 2):114489.

43.	 Shea BJ, Reeves BC, Wells G, et al. AMSTAR 2: a critical appraisal 
tool for systematic reviews that include randomised or non-
randomised studies of healthcare interventions, or both. BMJ. 
2017;358:j4008.

44.	 Zheng XY, Orellano P, Lin HL, Jiang M, Guan WJ. Short-term expo-
sure to ozone, nitrogen dioxide, and sulphur dioxide and emergency 
department visits and hospital admissions due to asthma: a sys-
tematic review and meta-analysis. Environ Int. 2021;150:106435.

45.	 Higgins J, Morgan R, Rooney A, et al. Risk of bias in non-randomized 
studies-of exposure (ROBINS-E). Launch Version; 2022.

46.	 Sterne JA, Hernán MA, Reeves BC, et al. ROBINS-I: a tool for as-
sessing risk of bias in non-randomised studies of interventions. 
BMJ. 2016;355:i4919.

47.	 Pace ND, Multani JK. On the reporting of odds ratios and risk ra-
tios. Nutrients. 2018;10(10):1512.

48.	 DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin 
Trials. 1986;7(3):177-188.

49.	 Hartung J, Knapp G. A refined method for the meta-analysis 
of controlled clinical trials with binary outcome. Stat Med. 
2001;20(24):3875-3889.

50.	 Rücker G, Schwarzer G, Carpenter JR, Schumacher M. Undue reli-
ance on I(2) in assessing heterogeneity may mislead. BMC Med Res 
Methodol. 2008;8:79.

51.	 Schünemann H, Brożek J, Guyatt G, Oxman A. EditorsGRADE 
handbook for grading quality of evidence and strength of recommen-
dations. The GRADE Working Group; 2013.

52.	 Balmes JR, Earnest G, Katz PP, et al. Exposure to traffic: lung func-
tion and health status in adults with asthma. J Allergy Clin Immunol. 
2009;123(3):626-631.

53.	 Brown MS, Sarnat SE, DeMuth KA, et al. Residential proximity to 
a major roadway is associated with features of asthma control in 
children. PloS One. 2012;7(5):e37044.

54.	 Chang J, Delfino RJ, Gillen D, Tjoa T, Nickerson B, Cooper D. 
Repeated respiratory hospital encounters among children with 
asthma and residential proximity to traffic. Occup Environ Med. 
2009;66(2):90-98.

55.	 Cook AG, deVos AJ, Pereira G, Jardine A, Weinstein P. Use of a 
total traffic count metric to investigate the impact of roadways on 
asthma severity: a case-control study. Environ Health. 2011;10:52.

56.	 Delfino RJ, Chang J, Wu J, et al. Repeated hospital encounters for 
asthma in children and exposure to traffic-related air pollution 
near the home. Ann Allergy Asthma Immunol. 2009;102(2):138-144.

57.	 Epstein TG, Ryan PH, LeMasters GK, et  al. Poor asthma control 
and exposure to traffic pollutants and obesity in older adults. Ann 
Allergy Asthma Immunol. 2012;108(6):423-428.

58.	 Escamilla-Nuñez MC, Barraza-Villarreal A, Hernandez-Cadena L, 
et al. Traffic-related air pollution and respiratory symptoms among 
asthmatic children, resident in Mexico City: the EVA cohort study. 
Respir Res. 2008;9(1):74.

59.	 Lindgren P, Johnson J, Williams A, Yawn B, Pratt GC. Asthma ex-
acerbations and traffic: examining relationships using link-based 
traffic metrics and a comprehensive patient database. Environ 
Health. 2016;15(1):102.

60.	 Margolis HG, Mann JK, Lurmann FW, et  al. Altered pulmonary 
function in children with asthma associated with highway traffic 
near residence. Int J Environ Health Res. 2009;19(2):139-155.

61.	 Meng YY, Wilhelm M, Rull RP, English P, Nathan S, Ritz B. Are fre-
quent asthma symptoms among low-income individuals related to 
heavy traffic near homes, vulnerabilities, or both? Ann Epidemiol. 
2008;18(5):343-350.

62.	 Sinclair AH, Melly S, Tolsma D, et al. Childhood asthma acute pri-
mary care visits, traffic, and traffic-related pollutants. J Air Waste 
Manag Assoc. 2014;64(5):561-567.

63.	 Dondi A, Betti L, Carbone C, et al. Understanding the environmen-
tal factors related to the decrease in pediatric emergency depart-
ment referrals for acute asthma during the SARS-CoV-2 pandemic. 
Pediatr Pulmonol. 2022;57(1):66-74.

64.	 Friedman MS, Powell KE, Hutwagner L, Graham LM, Teague WG. 
Impact of changes in transportation and commuting behaviors 
during the 1996 summer Olympic games in Atlanta on air quality 
and childhood asthma. JAMA. 2001;285(7):897-905.

65.	 Hopke PK, Croft D, Zhang W, et al. Changes in the acute response 
of respiratory diseases to PM2.5 in New York State from 2005 to 
2016. Sci Total Environ. 2019;677:328-339.

66.	 Kim H, Kim H, Lee JT. Effect of air pollutant emission reduc-
tion policies on hospital visits for asthma in Seoul, Korea; quasi-
experimental study. Environ Int. 2019;132:104954.

67.	 Lee JT, Son JY, Cho YS. Benefits of mitigated ambient air quality 
due to transportation control on childhood asthma hospitalization 
during the 2002 summer Asian games in Busan, Korea. J Air Waste 
Manag Assoc. 2007;57(8):968-973.

68.	 Li Y, Wang W, Wang J, Zhang X, Lin W, Yang Y. Impact of air pol-
lution control measures and weather conditions on asthma during 
the 2008 summer Olympic games in Beijing. Int J Biometeorol. 
2011;55(4):547-554.

69.	 Quintyne KI, Kelly C, Sheridan A, Kenny P, O'Dwyer M. Impact of 
COVID-19 lockdown restrictions: ambient NO2 and asthma hospi-
tal admissions. Ir Med J. 2021;114(7):413.

70.	 Sigala I, Giannakas T, Giannakoulis VG, et al. Effect of COVID-19-
related lockdown οn hospital admissions for asthma and COPD 
exacerbations: associations with air pollution and patient charac-
teristics. J Pers Med. 2021;11(9):867.

71.	 Chen H, Li Q, Kaufman JS, et  al. Effect of air quality alerts on 
human health: a regression discontinuity analysis in Toronto, 
Canada. Lancet Planet Health. 2018;2(1):e19-e26.

72.	 Meng YY, Yue D, Molitor J, Chen X, Su JG, Jerrett M. Reductions 
in NO2 and emergency room visits associated with California's 
goods movement policies: a quasi-experimental study. Environ Res. 
2022;213:113600.

73.	 Alhanti B, van Wendel de Joode B, Soto Martinez M, et  al. 
Environmental exposures contribute to respiratory and allergic 
symptoms among women living in the banana growing regions of 
Costa Rica. Occup Environ Med. 2022;79(7):469-476.

74.	 Baldi I, Robert C, Piantoni F, et  al. Agricultural exposure and 
asthma risk in the AGRICAN French cohort. Int J Hyg Environ 
Health. 2014;217(4–5):435-442.

75.	 Cherry N, Beach J, Senthilselvan A, Burstyn I. Pesticide use and 
asthma in Alberta grain farmers. Int J Environ Res Public Health. 
2018;15(3):526.

76.	 Faria NMX, Facchini LA, Fassa AG, Tomasi E. Pesticides and re-
spiratory symptoms among farmers. Revista De Saude Publica. 
2005;39(6):973-981.

77.	 Fieten KB, Kromhout H, Heederik D, van Wendel de Joode B. 
Pesticide exposure and respiratory health of indigenous women in 
Costa Rica. Am J Epidemiol. 2009;169(12):1500-1506.

78.	 Gunier RB, Raanan R, Castorina R, et al. Residential proximity to 
agricultural fumigant use and respiratory health in 7-year old chil-
dren. Environ Res. 2018;164:93-99.

79.	 Islam JY, Hoppin J, Mora AM, et al. Respiratory and allergic out-
comes among 5-year-old children exposed to pesticides. Thorax. 
2023;78(1):41-49.



1759

80.	 Liu S, Wolters PJ, Zhang Y, et al. Association between greenhouse 
working exposure and bronchial asthma: a pilot, cross-sectional 
survey of 5,420 greenhouse farmers from northeast China. J 
Occup Environ Hyg. 2019;16(4):286-293.

81.	 Mwanga HH, Dalvie MA, Singh TS, Channa K, Jeebhay MF. 
Relationship between pesticide metabolites, cytokine patterns, 
and asthma-related outcomes in rural women workers. Int J 
Environ Res Public Health. 2016;13(10):957.

82.	 Ndlovu V, Dalvie MA, Jeebhay MF. Asthma associated with pes-
ticide exposure among women in rural Western cape of South 
Africa. Amer J of Indus Med. 2014;57(12):1331-1343.

83.	 Pape K, Svanes C, Sejbæk CS, et al. Parental occupational expo-
sure pre- and post-conception and development of asthma in off-
spring. Int J Epidemiol. 2021;49(6):1856-1869.

84.	 Patel O, Syamlal G, Henneberger PK, Alarcon WA, Mazurek JM. 
Pesticide use, allergic rhinitis, and asthma among US farm opera-
tors. J Agromedicine. 2018;23(4):327-335.

85.	 Senthilselvan A, McDuffie HH, Dosman JA. Association of asthma 
with use of pesticides. Results of a cross-sectional survey of farm-
ers. The Am Rev Od Resp Dis. 1992;146(4):884-887.

86.	 Hallit S, Raherison C, Waked M, Salameh P. Association between 
caregiver exposure to toxics during pregnancy and childhood-
onset asthma: a case-control study. Ir J of all, Asth, and Immunol. 
2017;16(6):488-500.

87.	 Hoppin JA, Umbach DM, London SJ, et al. Pesticide use and adult-
onset asthma among male farmers in the agricultural health study. 
Eur Respir J. 2009;34(6):1296-1303.

88.	 Benka-Coker W, Hoskovec L, Severson R, Balmes J, Wilson A, 
Magzamen S. The joint effect of ambient air pollution and agri-
cultural pesticide exposures on lung function among children with 
asthma. Environ Res. 2020;190:109903.

89.	 Karpati AM, Perrin MC, Matte T, Leighton J, Schwartz J, Barr RG. 
Pesticide spraying for West Nile virus control and emergency 
department asthma visits in new York City, 2000. Environ Health 
Perspect Agosto de. 2004;112(11):1183-1187.

90.	 Gharibi H, Entwistle MR, Schweizer D, Tavallali P, Cisneros 
R. The association between 1,3-dichloropropene and asthma 
emergency department visits in California, USA from 2005 to 
2011: a bidirectional-symmetric case crossover study. J Asthma. 
2020;57(6):601-609.

91.	 Bernstein AS, Sun S, Weinberger KR, Spangler KR, Sheffield 
PE, Wellenius GA. Warm season and emergency department 
visits to U.S. Children's hospitals. Environ Health Perspect. 
2022;130(1):17001.

92.	 Campbell SL, Remenyi TA, Williamson GJ, White CJ, Johnston 
FH. The value of local heatwave impact assessment: a case-
crossover analysis of hospital emergency department presen-
tations in Tasmania, Australia. Int J Environ Res Public Health. 
2019;16(19):3715.

93.	 Chen Y, Kong D, Fu J, et  al. Increased hospital admissions for 
asthma from short-term exposure to cold spells in Beijing, China. 
Int J Hyg Environ Health. 2021;238:113839.

94.	 Chen Y, Kong D, Fu J, et al. Associations between ambient tem-
perature and adult asthma hospitalizations in Beijing, China: a 
time-stratified case-crossover study. Respir Res. 2022;23(1):38.

95.	 Fang J, Song J, Wu R, et  al. Association between ambient tem-
perature and childhood respiratory hospital visits in Beijing, 
China: a time-series study (2013-2017). Environ Sci Pollut Res Int. 
2021;28(23):29445-29454.

96.	 Lam HCY, Hajat S, Chan EYY, Goggins WB 3rd. Different sensitivi-
ties to ambient temperature between first-and re-admission child-
hood asthma cases in Hong Kong-a time series study. Environ Res. 
2019;170:487-492.

97.	 Li M, Zhou M, Yang J, Yin P, Wang B, Liu Q. Temperature, tem-
perature extremes, and cause-specific respiratory mortality in 

China: a multi-city time series analysis. Air Qual Atmos Health. 
2019;12(5):539-548.

98.	 Sohail H, Kollanus V, Tiittanen P, Schneider A, Lanki T. Heat, 
heatwaves and cardiorespiratory hospital admissions in Helsinki, 
Finland. Int J Environ Res Public Health. 2020;17(21):7892.

99.	 Wang YC, Lin YK. Temperature effects on outpatient visits of 
respiratory diseases, asthma, and chronic airway obstruction in 
Taiwan. Int J Biometeorol. 2015;59(7):815-825.

100.	 Xu Z, Huang C, Hu W, Turner LR, Su H, Tong S. Extreme tempera-
tures and emergency department admissions for childhood asthma 
in Brisbane, Australia. Occup Environ Med. 2013;70(10):730-735.

101.	 Zhang Y, Peng L, Kan H, et al. Effects of meteorological factors on 
daily hospital admissions for asthma in adults: a time-series analy-
sis. PloS One. 2014;9(7):e102475.

102.	 Zhao Y, Huang Z, Wang S, et al. Morbidity burden of respiratory 
diseases attributable to ambient temperature: a case study in a 
subtropical city in China. Environ Health. 2019;18(1):89.

103.	 Zhu Y, Yang T, Huang S, et  al. Cold temperature and sudden 
temperature drop as novel risk factors of asthma exacerba-
tion: a longitudinal study in 18 Chinese cities. Sci Total Environ. 
2022;814:151959.

104.	 Lam HC, Li AM, Chan EY, Goggins WB 3rd. The short-term asso-
ciation between asthma hospitalisations, ambient temperature, 
other meteorological factors and air pollutants in Hong Kong: a 
time-series study. Thorax. 2016;71(12):1097-1109.

105.	 Wei Q, Zhong L, Gao J, et al. Diurnal temperature range and child-
hood asthma in Hefei, China: does temperature modify the associ-
ation? Sci Total Environ. 2020;724:138206.

106.	 Liu X, He Y, Tang C, et  al. Association between cold spells and 
childhood asthma in Hefei, an analysis based on different defini-
tions and characteristics. Environ Res. 2021;195:110738.

107.	 Huang J, Yang X, Fan F, et  al. Outdoor air pollution and the 
risk of asthma exacerbations in single lag0 and lag1 exposure 
patterns: a systematic review and meta-analysis. J Asthma. 
2022;59(11):2322-2339.

108.	 Orellano P, Quaranta N, Reynoso J, Balbi B, Vasquez J. Effect of 
outdoor air pollution on asthma exacerbations in children and 
adults: systematic review and multilevel meta-analysis. PloS One. 
2017;12(3):e0174050.

109.	 Khreis H, Kelly C, Tate J, Parslow R, Lucas K, Nieuwenhuijsen M. 
Exposure to traffic-related air pollution and risk of development of 
childhood asthma: a systematic review and meta-analysis. Environ 
Int. 2017;100:1-31.

110.	 Han K, Ran Z, Wang X, et al. Traffic-related organic and inorganic 
air pollution and risk of development of childhood asthma: a meta-
analysis. Environ Res. 2021;194:110493.

111.	 Boogaard H, Patton AP, Atkinson RW, et al. Long-term exposure to 
traffic-related air pollution and selected health outcomes: a sys-
tematic review and meta-analysis. Environ Int. 2022;164:107262.

112.	 Tiotiu AI, Novakova P, Nedeva D, et  al. Impact of air pol-
lution on asthma outcomes. Int J Environ Res Public Health. 
2020;17(17):6212.

113.	 Rodrigues MB, Carvalho DS, Chong-Silva DC, et  al. Association 
between exposure to pesticides and allergic diseases in children 
and adolescents: a systematic review with meta-analysis. J Pediatr 
(Rio J). 2022;98(6):551-564.

114.	 Gilden RC, Harris RL, Friedmann EJ, et  al. Systematic review: 
Association of Pesticide Exposure and Child Wheeze and asthma. 
Curr Pediatr Rev. 2023;19(2):169-178.

115.	 Doust E, Ayres JG, Devereux G, et  al. Is pesticide expo-
sure a cause of obstructive airways disease? Eur Respir Rev. 
2014;23(132):180-192.

116.	 Ratanachina J, De Matteis S, Cullinan P, et al. Pesticide exposure 
and lung function: a systematic review and meta-analysis. Occup 
Med (Lond). 2020;70(1):14-23.



1760 

117.	 Tarmure S, Alexescu TG, Orasan O, et al. Influence of pesticides on 
respiratory pathology - a literature review. Ann Agric Environ Med. 
2020;27(2):194-200.

118.	 Makrufardi F, Manullang A, Rusmawatiningtyas D, Chung KF, Lin 
SC, Chuang HC. Extreme weather and asthma: a systematic review 
and meta-analysis. Eur Respir Rev. 2023;32(168):230019.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.


	The impact of outdoor pollution and extreme temperatures on asthma-­related outcomes: A systematic review for the EAACI guidelines on environmental science for allergic diseases and asthma
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Structured questions and outcome prioritization
	2.2|Search methodology
	2.3|Eligibility criteria and selection of studies
	2.4|Data extraction and ROB assessment
	2.5|Data synthesis and analysis
	2.6|Certainty of the evidence

	3|RESULTS
	3.1|Short-­time exposure to outdoor air pollutants as a risk factor for adverse asthma-­related outcomes (Q1)
	3.1.1|Characteristics of studies included
	3.1.2|Severe asthma exacerbations: asthma-­related ED visits
	3.1.3|Severe asthma exacerbations: asthma-­related hospital admissions

	3.2|Exposure to heavy traffic-­derived pollutants as a risk factor for adverse asthma-­related outcomes (Q2)
	3.2.1|Characteristics of studies included
	3.2.2|Severe asthma exacerbations (asthma-­related ED visits and hospital admissions)
	3.2.3|Asthma control
	3.2.4|Quality of life
	3.2.5|Lung function
	3.2.6|Asthma symptoms and medication use

	3.3|Impact of interventions to reduce pollutant emissions on adverse asthma-­related outcomes (Q3)
	3.3.1|Characteristics of studies included
	3.3.2|Severe asthma exacerbations: asthma-­related ED visits and/or hospital admissions

	3.4|Exposure to outdoor pesticides as a risk factor for new-­onset asthma (Q4)
	3.4.1|Characteristics of studies included
	3.4.2|New-­onset asthma (ever diagnosed by physician)
	3.4.3|Prenatal exposure

	3.5|Exposure to outdoor pesticides as a risk factor for adverse asthma-­related outcomes (Q5)
	3.5.1|Characteristics of studies included
	3.5.2|Asthma exacerbations
	3.5.3|Severe asthma exacerbations: ED visits
	3.5.4|Lung function

	3.6|Exposure to extreme temperatures as a risk factor on adverse asthma-­related outcomes (Q7)
	3.6.1|Characteristics of included studies
	3.6.2|Severe asthma exacerbations: ED admission
	3.6.3|Severe asthma exacerbations: hospital admissions
	3.6.4|Moderate asthma exacerbations
	3.6.5|Asthma mortality


	4|DISCUSSION
	4.1|Main findings
	4.2|Results in the context of previous evidence
	4.3|Limitations and strengths
	4.4|Implications for practice and research

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


