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Abstract
Bronchiolitis is one of the leading causes of hospitalization among infants. 
Established risk factors include young age, prematurity, and exposure to tobacco 
smoke. Emerging evidence suggests that air pollution may also contribute to the bur-
den of respiratory diseases. However, its link with bronchiolitis hospitalizations re-
mains debated. To address this, we conducted a systematic review and meta-analysis 
to assess whether exposure to air pollutants is associated with an increased risk of 
hospitalization for bronchiolitis in infants. A systematic review and meta-analysis 
were conducted following the PRISMA guidelines. PubMed, Embase, and Web of 
Science were searched up to May 2024. Eligible studies examined the relationship 
between air pollutants and bronchiolitis hospitalizations in infants up to 2 years of 
age. Meta-analyses were performed to estimate the association between pollutant 
levels and hospitalization risk. Out of 788 identified studies, 23 met the inclusion 
criteria. Studies were heterogeneous regarding design, adjustment for confound-
ers, and statistical approaches. Particulate matter with diameter ≤2.5 μm (PM2.5) or 
≤10 μm (PM10) and nitrogen dioxide (NO2) were the most studied pollutants, with 
positive associations found between short-, medium-, and long-term exposure and 
increased hospitalization risk. Meta-analyses showed a 2%–9% increase in hospitali-
zation risk for exposure to PM2.5, PM10, and NO2; however, statistical significance 
was reached only for short-term exposure to PM10. In contrast, data on sulfur diox-
ide, carbon monoxide, ozone, and black carbon were sparse and inconsistent. PM2.5, 
PM10, and NO2 are likely relevant risk factors for an increased risk of hospitalization 
for bronchiolitis in infants. Further research using a standardized approach is needed 
to clarify the role of other pollutants in bronchiolitis.
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1  |  INTRODUC TION

Bronchiolitis is the leading cause of hospitalization in infancy. In 
contrast to other respiratory infections, this condition often leads to 
hospitalization even in infants without chronic diseases. Therefore, 
the identification and management of risk factors might be highly 
relevant.1 Young age, infection due to Respiratory Syncytial Virus 
(RSV), prematurity, low birth weight, first- and second-hand expo-
sure to cigarette smoke, and lack or interruption of breastfeeding 
are traditionally considered the main risk factors for hospitalization 
in otherwise healthy infants.2,3

Air pollution has emerged as a relevant, potentially modifiable 
environmental factor associated with the development and severity 
of respiratory diseases.4 Pollutants such as particulate matter (PM), 
nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO), 
ozone (O3), and black carbon (BC). These pollutants, which mainly 
originate from traffic emissions, industrial processes, residential 
heating, and other combustion sources, have been identified as risk 
factors for inflammatory respiratory conditions, such as asthma ex-
acerbation or decreased lung function. Moreover, these pollutants 
might also increase the risk of respiratory infectious diseases, includ-
ing bronchitis.5–8

Due to the functional and anatomical immaturity of their respira-
tory and immune systems, infants are particularly susceptible to the 
effects of air pollutants.9

Some studies have highlighted the possible role of air pollut-
ants in bronchiolitis, such as in its severity or in the use of emer-
gency care.10 However, the association between air pollutant levels 
and bronchiolitis severity (especially hospitalization) is debated.11 
Therefore, we conducted a systematic review and a meta-analysis 
to synthesize existing evidence on the association between air pol-
lution and the risk of hospitalization and other bronchiolitis-related 
outcomes in infants.

2  |  MATERIAL S AND METHODS

This study was conducted following the PRISMA 2020 guidelines, and 
its protocol was preregistered in the International Prospective Register 
of Systematic Reviews (PROSPERO, code CRD42023461870).

2.1  |  Information sources and search strategy

A systematic literature search was conducted in databases includ-
ing PubMed, Embase, and Web of Science up to 31 May 2024. The 
search strategy employed a combination of terms comprising “bron-
chiolitis,” “RSV,” “infants,” “child,” “pediatric,” “air pollution,” “particu-
late matter,” “nitrogen dioxide,” “sulfur dioxide,” “carbon monoxide,” 
“ozone,” “black carbon,” “air pollutants.” The full literature search 
strings for each database are provided in the Data S1. To ensure a 

thorough search, reference lists of included studies were also re-
viewed to identify additional relevant studies.

2.2  |  Inclusion criteria and study selection

We included all original studies published in English analyzing the 
association between air pollution and bronchiolitis in infants up to 2 
years of age. There were no restrictions on the type of air pollutant or 
the time lag between air pollution exposure and bronchiolitis. The di-
agnosis of bronchiolitis and definition of hospitalization was taken for 
granted from the original studies. We excluded studies reporting data 
on bronchiolitis combined with other respiratory diseases, as well as 
studies that pooled data from patients both younger and older than 
2 years of age. In this review, studies that included only outpatients or 
that did not report data on inpatients separately were not considered.

Three authors independently conducted the initial selection of 
titles and abstracts, retrieved the articles, and assessed their rele-
vance. Disagreements during this process were resolved through 
discussion or consultation with a further reviewer.

2.3  |  Data extraction

An excel-based data extraction form was used to collect information 
from the selected studies, comprising the name of the first author 
and year of publication, study design and geographical location of 
the study, sample size, age and sex of patients, type, duration and 
metrics of exposure to air pollutants, confounders and other risk fac-
tors for bronchiolitis, and bronchiolitis course. The different sources 
for air pollutant levels and patient data were also considered.

Data of the selected studies were extracted independently by 
three reviewers using a standardized form to ensure consistency and 
accuracy. Disagreements during this process were resolved through 
discussion or consultation with a further reviewer.

2.4  |  Outcomes

The primary outcome was the risk of hospitalization. Secondary out-
comes were the incidence or severity of bronchiolitis and the need 
for medical care both in infants with bronchiolitis.

Key message

This review explores the association between air pollu-
tion and hospitalization risk in infants with bronchiolitis, 
highlighting recent findings and potential public health 
implications.
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2.5  |  Quality assessment

The quality of the included studies was assessed using the 
Newcastle Ottawa Scale (NOS). Three reviewers independently 
conducted the quality assessment. Any discrepancies were re-
solved through discussion. For comparability, we evaluated adjust-
ment for both individual and environmental confounders, giving 
the highest score to studies that accounted for known risk factors 
for bronchiolitis, for example, age, sex, prematurity, and/or birth 
weight.12

2.6  |  Data synthesis and statistical analysis

Air pollutant exposure was categorized into short-term (within 
1 week), medium-term (within 1 month), and long-term (over 
1 month). The characteristics of the included studies were reported 
using descriptive tables. A narrative synthesis of the main results 
was conducted.

Meta-analyses were performed with exposures categorized 
into short-term, medium-term, and long-term. When different lag 
times within the above-mentioned categories were reported across 
studies, the longest lag was selected for analysis (e.g. if a study re-
ported 0–1, 0–2, and 0–7 days, the latter lag was used for the meta-
analysis of short-term exposure). This choice was made considering 
the potential cumulative effect of air pollution on pediatric respi-
ratory diseases, as suggested by Zheng et al.13 Meta-analyses (and 
any potential subgroups analyses) were conducted when at least 
three studies reported the same pollutant and comparable lag times. 
Additionally, sensitivity analyses were performed using the shortest 
lag to assess the robustness of the results. The chosen measure of 
effect size was the odds ratio (OR), as the main reported measure. 
Specifically, of the 13 studies included in one or more meta-analyses, 
10 reported ORs, one reported relative risk (RR), one reported haz-
ard ratio (HR), and one reported percentage change. The percentage 
change was converted into an OR, while the RR and HR were used as 
direct approximations of ORs, under the assumption of a low base-
line risk for the outcomes analyzed.14 When studies reported both 
adjusted and unadjusted measures, the adjusted measures were used 
in the analyses. To maximize the available evidence, studies were 
combined for the analyses, even though they had different designs. 
Heterogeneity was assessed using the I2 statistic, and for values ex-
ceeding 50%, a random-effects model was applied. Publication bias 
was assessed using Egger's test. Meta-analyses were conducted in R 
software15 using the package meta.

3  |  RESULTS

A total of 788 studies were initially identified. After the articles 
screening, 23 articles were included in the systematic review and 
13, considering the various combinations of pollutants and lag peri-
ods, were included in eight separate meta-analyses (Figure 1). Study 

characteristics are summarized in Table 1, while the results of the 
quality assessment are reported in Table S1.

3.1  |  Study design

All studies employed an observational design: eight case-crossover 
studies,16–23 six cohort studies,10,24–28 five case–control studies,29–33 
three time-series studies,34–36 and one ecological study.37 Clinical 
data were prospectively collected in two studies only.10,28

3.2  |  Geographic area and income classification

Eight studies were conducted in Europe (Italy N = 5,10,17,24,28,34 Spain 
N = 1,25 France N = 122 and Belgium N = 133); six in Asia (Malaysia 
N = 1,16 China N = 3,20,35,36 Vietnam N = 1,27 and Israel N = 123); seven 
in North America (United States N = 6,18,19,26,29,30,31 and Canada 
N = 132). One study was conducted in South America (Chile)37 and 
one in Oceania (Australia).21

According to the World Bank classification,38 four stud-
ies were conducted in upper middle-income countries,16,20,35,36 
one in a lower middle-income country27 and 18 in high-income 
countries.17–19,21–26,28–34,37

3.3  |  Air pollutants

Air pollution data were sourced from government and environ-
mental agencies or satellite data. A total of seven studies used 
monitoring stations to collect data on air quality.16,17,19,24,30–32 
Eight studies relied on models, such as chemical transport mod-
els or satellite-based models, to estimate pollutant concentra-
tions.10,18,21,22,25,28,29,34 Additionally, eight studies combined both 
monitoring stations and models.20,23,26,27,33,35–37 Exposure metrics 
varied but commonly included daily or weekly average concentra-
tions of pollutants.

Sixteen studies investigated the relation-
ship between bronchiolitis PM with diameter ≤2.5 μm 
(PM2.5),

10,17–20,23,24,26,27,29,30,32,33,36,37 12 studies focused on 
PM with diameter ≤10 μm (PM10),

10,16,17,22–24,28,32–36 and two on 
PM2.5–10.20,36

Fifteen studies examined the association with nitrogen ox-
ides (NO or NO2),

17,19,21–26,28,30–33,35 six with CO,19,25,26,28,30,32 six 
with O3,25,28,30,32,35,36 and five with SO2.22,28,32,35,36 Two studies 
additionally investigated benzene,24,28 and two studies examined 
BC.32,33

3.4  |  Health data sources

Five studies10,17,22,24,28 used data from pediatric emergency depart-
ments, four20,23,32,34 from national or regional hospital discharge 
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records, three25,27,33 from general or multi-hospital systems, 
seven18,19,26,29–32 from cohort or birth registries linked to hospital 
records, and four21,25,35,36 from hospital admission data from spe-
cific units within hospitals.

Four studies10,21,25,33 analyzed samples of fewer than 500 par-
ticipants, eight17,23–28,34 examined samples ranging from 500 to 
10,000 participants, and 1118–20,22,29–32,35–37 included samples of 
over 10,000 participants.

3.5  |  Definition of bronchiolitis

Fourteen studies used International Classification of Diseases (ICD) 
codes to identify bronchiolitis cases.18–20,23,26,27,29–32,34–37 Two stud-
ies defined bronchiolitis on a clinical basis,10,22,31 while seven did not 
provide a specific definition.16,17,21,24,25,28,33

3.6  |  Confounders

All except for three studies16,24,37 adjusted for confounders. 
Despite there being no standardized set of confounders across 

the studies, the most commonly included factors were seasonal-
ity, weather conditions, socioeconomic status, parental smoking, 
pre-existing health conditions, and demographic variables like age 
and sex (Table 1).

3.7  |  Air pollutants and hospitalization

The main associations (direct, inverse, or absent) between air pol-
lutants and hospitalization are provided in the Table S2. A narrative 
summary of these associations is provided below.

3.7.1  |  PM2.5

Eight studies17,19,20,23,24,27,31,36 investigated the association between 
short-term exposure to PM2.5 and the risk of hospitalization.

All except for two studies found a tendency toward an as-
sociation between higher levels of PM2.5 and an increased risk 
of hospitalization. In all these studies, associations were statisti-
cally significant only when considering exposures on some days 
or lags.

F I G U R E  1 Literature review process.

Records identified from Pubmed, 
Embase, Web of Science:
n = 788

Records removed before 
screening:

Duplicate records removed 
n = 248

Records screened
n = 540

Records excluded after title and 
abstract screening
n = 467

Reports sought for retrieval
n = 73

Reports assessed for eligibility
n = 31 Reports excluded:

n = 4 (outpatients)
n = 4 (no separated data on 
bronchiolitis)

Studies included in the 
systematic review
n = 23

Identification of studies via databases and registers
noitacifitnedI

Sc
re

en
in

g
In

cl
ud

ed

Reports not retrieved
n = 42
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Dondi et al.24 found no overall association with short-term expo-
sure in most of the 9 years studied. However, a significant positive 
correlation was observed for the 2013–2014 season.

Gallo et  al.17 reported a positive and significant association 
up to 2 days prior to hospitalization, with a trend of decreasing 
association as the lag increased. Lei et al.20 identified a positive, 
significant association with exposure occurring 1 day before ad-
mission and across a cumulative lag of 0–4 days before. Liang 
et al.36 found positive, significant associations across most of the 
time lags analyzed, including both single-day and cumulative lags 
(0–1, 0–2, and 0–3 days), whereas Luong et al.27 reported a pos-
itive, significant association only when considering exposure on 
Day 3. Yitshak-Sade et al.23 highlighted a progressively increasing 
risk up to 7 days, with a significant cumulative effect over this pe-
riod. The two investigations by Karr et al.19,31 found no increased 
risk.

Nine studies17,24,26,29–33,37 investigated medium- or long-term 
exposure to PM2.5 and risk of hospitalization. Five studies24,26,29,30,37 
found positive, significant associations, while four studies17,31–33 re-
ported no associations for the lags considered. Dondi et  al.24 and 
Karr et al.30 reported significant associations over a 1-month period. 
Girguis et al.,29 Karr et al.,30 Kennedy et al.26 and Terrazas et al.37 
observed a significant correlation with 1-year or lifetime exposure. 
Van Brusselen et al.33 reported high risk with 1-month exposure but 
with high variability in risk estimates and no statistical significance. 
Gallo et al.17 and two studies by Karr et al.31,32 did not find signifi-
cant associations for periods such as 7–14 days, 2 months, or lifetime 
exposure.

3.7.2  |  PM10

Six studies15,17,27,31,34 investigated the association between short-
term exposure to PM10 and the risk of hospitalization. Of these, 
five17,27,31,34 reported a significant positive association on some days 
or lags.

Carugno et  al.34 reported a significantly increased hospital-
ization risk up to 1 week before admission. Gallo et al.17 and Liang 
et al.27 identified significant associations within the first few days. 
Segala et al.31 and Yitshak-Sade et al.34 also reported elevated risks 
in the longer cumulative lags, such as 0–4 and 0–7, rather than the 
shorter ones like 0–1 or the first days before admission.

Six studies16,17,32–35 investigated the association between medi-
um- or long-term exposure to PM10 and the risk of hospitalization. 
One study16 found positive, significant results, two17,32 studies 
found no association, and three33–35 some associations on certain 
days or lags. Abdul Rahman et  al.16 found a positive association 
with lifetime exposure. Carugno et al.34 and Van Brusselen et al.33 
reported an increased risk for medium-term (1 month) exposure. 
Leung et al.35 found some associations at specific percentile levels 
of air pollutant.

Gallo et al.17 and Karr et al.32 reported no significant association.

3.7.3  |  NO or NO2

Six studies17,19,21–24 investigated the association between short-term 
exposure to NO or NO2 and the risk of bronchiolitis, with three stud-
ies17,22,23 finding significant positive associations on certain days or 
lags considered in the week before exposure. Gallo et al.17 reported 
a significant increase in risk for exposures on certain days of the 
week, while Segala et al.22 and Yitshak-Sade et al.23 identified a sig-
nificant increase in risk when considering cumulative lags of 0–4 and 
0–7 days, respectively.

Nine studies16,17,25,26,30–33,35 investigated the association be-
tween medium- or long-term exposure to NO or NO2 and the risk 
of bronchiolitis. One study26 found positive, significant results with 
1-year exposure, six found no association, and two found some asso-
ciations at certain levels of pollutant35 or location.33

3.7.4  |  SO2

One study22 investigated the association between short-term expo-
sure to SO2 and the risk of bronchiolitis, finding a significant associa-
tion at both lag 0–1 and lag 0–4.

Two studies investigated the association between medium- or 
long-term exposure to SO2 and the risk of bronchiolitis, with one32 
finding a significant association for both medium-  (1 month) and 
long-term (lifetime) exposure, and another35 finding some associa-
tion at certain levels of SO2.

3.7.5  |  CO

One study19 investigated the association between short-
term exposure to CO and the risk of bronchiolitis, finding no 
association.

Four studies15,26,30,32 investigated the association between me-
dium- or long-term exposure to CO and the risk of bronchiolitis. Two 
studies found a significant association21,24 while two reported no 
association.16,23

3.7.6  |  O3

Four studies16,30,32,35 investigated the association between medium- 
or long-term exposure to O3. None found significant associations.

3.7.7  |  C6H6

One study24 investigated the association between short- and 
medium-term exposure to benzene and the risk of bronchiolitis, find-
ing a positive, significant association with 1 week and with 1 month 
exposure.
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3.7.8  |  BC

Two studies32,33 investigated the association between medium- or 
long-term exposure to black carbon and the risk of bronchiolitis, 
finding no significant association.

3.8  |  Air pollutants and other outcomes

The main associations (direct, inverse or absent) between air pollut-
ants and secondary bronchiolitis-related outcomes are provided in the 
Table S2. A narrative summary of these associations is provided below.

Secondary outcomes included measures of bronchiolitis severity 
and additional health impacts due to air pollution.

Girguis et al.18 reported a significantly elevated risk from PM2.5 
exposure 1 day beforefirst clinical encounter (defined as hospital-
ization, observational stay or emergency department visit), but no 
association considering four- and seven-day intervals.

Milani et al.10 assessed the severity of bronchiolitis, finding pos-
itive, significant PM2.5 exposure effects at lags of 2 and 5 days, but 
not consistently across other days or when considering the average 
exposure of the week preceding recruitment. Nenna et al.28 evalu-
ated the incidence of RSV bronchiolitis among infants hospitalized 
for bronchiolitis and found a significant positive association with 
benzene exposure in the previous week. Gallo et al.17 analyzed PED 
presentations and found similar results to those observed in hos-
pitalizations, with associations observed for PM2.5, PM10, and NO2. 
Terrazas et  al.37 focused on case fatality rates and hospital stay 
lengths, both of which were found not to be associated PM2.5.

3.9  |  Meta-analyses

Eight meta-analyses were conducted, including three for PM2.5 
(short-, medium-, and long-term exposure), two for PM10 (short- and 
medium-term), and three for NO2 (short-, medium-, and long-term 
exposure). The pooled estimates from the meta-analysis suggested 
positive associations between exposure to air pollutants and the risk 
of bronchiolitis-related hospitalization, with odds ratios ranging from 
1.02 to 1.09, and statistical significance was reached only in one 
case. Specifically, for PM2.5, the ORs were 1.02 (95% CI: 0.97–1.06; 
I2 = 87%) for short-term exposure, 1.02 (95% CI: 0.94–1.10; I2 = 73%) 
for medium-term exposure, and again 1.02 (95% CI: 0.97–1.06; 
I2 = 87%) for long-term exposure. For PM10, the pooled estimates 
showed an OR of 1.07 (95% CI: 1.05–1.09; I2 = 38%) for short-term 
exposure and 1.02 (95% CI: 0.97–1.06; I2 = 53%) for medium-term ex-
posure. For NO2, the ORs were 1.09 (95% CI: 0.95–1.25; I

2 = 91%) for 
short-term exposure, 1.05 (95% CI: 0.99–1.11; I2 = 88%) for medium-
term, and 1.06 (95% CI: 1.00–1.12; I2 = 91%) for long-term exposure. 
The corresponding forest plots are presented in Figures  S1–S3. 
Sensitivity analysis considered the shorter lag period instead of the 
cumulative exposure in the short-term analysis. Results were similar, 
showing positive trends without statistical significance (Figures S4). 

Substantial heterogeneity was observed across all analyses, with 
I2 values indicating a high variability between studies. To explore 
potential sources of heterogeneity, we conducted sensitivity analy-
ses by pooling only studies with the same design, yielding similar 
results without a reduction in heterogeneity (Figures  S5 and S6). 
No evidence of publication bias was found in the meta-analyses, 
as all Egger's test p-values were greater than  .05 (Figures S1–S3). 
However, due to the limited number of studies included in the meta-
analyses (<10), funnel plots were not used.39 The low number of 
studies included in each meta-analysis was insufficient to perform 
subgroup analyses.

4  |  DISCUSSION

This systematic review analyzed the available evidence on the asso-
ciation between air pollutant levels and hospitalization in infants with 
bronchiolitis. Additionally, it synthesized data regarding air pollutant 
exposure and its impact on other clinical outcomes in these patients. 
The main findings of this study may be summarized as follows: (1) 
an increasing number of studies have investigated the association 
between air pollutants and hospitalization due to bronchiolitis over 
the last years; (2) a relevant variability among studies exists regarding 
study design, adjustment for confounders, and statistical approaches; 
(3) several positive associations have been observed between both 
long- and short-term exposure to particulate matter or nitrogen ox-
ides and risk for hospitalization and other bronchiolitis-related out-
comes; and (4) little evidence is available regarding other air pollutants 
and risk of hospitalization or other clinical outcomes.

This systematic review highlighted that more than half of the 
studies on air pollutants and bronchiolitis were published in the last 
6 years, updating the evidence provided by a previous systematic 
review published in 2018.11 This finding reflects an increased scien-
tific interest on the effects of air pollutants on the health of young 
individuals.40 On the other hand, the current analysis found a per-
sisting heterogeneity across both recent and older studies, covering 
aspects such as study design, choice of pollutants, selection of lag 
periods, and measurement of effect size. We claim the development 
and use of a standardized approach for future studies investigating 
the potential role of air pollutants in bronchiolitis.

PM2.5, PM10, and NO2 were the most frequently investigated 
pollutants. Most individual studies found an increase in hospitaliza-
tions with short-, medium-, and long-term exposure to these pollut-
ants. Similarly, the meta-analyses showed a positive trend toward an 
association between PM2.5, PM10, and NO2 levels and risk for hos-
pitalization. The high heterogeneity observed among studies might 
partially underlie the lack of a statistical significance. The evidence 
regarding SO2, CO, O3, and BC is more limited, preventing the pool-
ing of results. Furthermore, the few available data are inconsistent 
and do not allow us to draw conclusions about their association with 
hospitalization risk.

Most studies investigating the associations between air pol-
lutants and other clinical outcomes different from hospitalization 
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point out that higher levels of these pollutants are associated with 
higher incidence and severity of bronchiolitis. This association indi-
rectly and further supports the association between higher levels 
of air pollutants and a higher risk for hospitalization in infants with 
bronchiolitis.

These epidemiological findings support a relationship between 
air pollutants exposure and bronchiolitis in infants. This link was 
also previously speculated by experimental research investigations 
and physiology studies in infants.41 Exposure to particulate matter 
and gaseous pollutants may increase oxidative stress and modulate 
airway inflammation, altering cytokine expression and impairing im-
mune defenses.42 Due to the synergistic effect of viral infection and 
air pollutants, the burden of these processes might be especially rel-
evant in infants whose small airways are more prone to acute com-
plications of excessive inflammation.43

The results of this study should be considered in view of some 
relevant limitations. As previously mentioned, the variability in study 
designs, exposure assessment methods, and control for confound-
ers complicates direct comparisons across studies. Accordingly, 
meta-analysis results should be cautiously considered given these 
limitations. A high statistical heterogeneity was found in all meta-
analyses, which persisted in the sensitivity analyses. Moreover, 
the use of estimates instead of the direct measure of ORs might 
overestimate the associations. On the other hand, only three out 
of the 13 (<25%) studies included in the meta-analyses did not re-
port OR data. In addition, only a minority of studies included in the 
meta-analyses presented a low risk of bias. Additionally, reliance on 
fixed-site monitoring data may not accurately reflect individual-level 
exposures. Of note, only one study contemporaneously considered 
different air pollutants, adjusting for their potential concurrent ef-
fects. Since levels of various air pollutants may be correlated, the 
relationship between a specific pollutant and bronchiolitis outcomes 
might be misinterpreted. Finally, about four out of five studies were 
conducted in high-income countries. Only four studies were con-
ducted in middle-income and one in lower-middle-income countries. 
Considering the high levels of air pollutants observed in developing 
countries and that many of these countries present limited health 
resources, new studies are needed to investigate the burden of mor-
bidity associated with air pollutants exposure in infants with bron-
chiolitis in these countries.

Despite these limitations, this study has potentially relevant 
implications, underscoring the importance of addressing air pollu-
tion as a public health priority, particularly for protecting vulnerable 
populations such as infants. Given that some of the air pollutants 
associated with hospitalization are well-established traffic-related 
compounds (e.g., NO2), traffic mitigation strategies might play a rele-
vant role in limiting the burden of bronchiolitis in infants.

Policymakers should consider implementing stricter regulations 
on air pollutant emissions and promoting measures to reduce ex-
posure, especially in urban areas. Public awareness campaigns for 
caregivers of young infants should also inform them of the risks of 
air pollution in this age group and encourage protective measures 
such as limiting outdoor activities during high air pollution periods. 

The role of indoor air purifiers to reduce the burden of bronchiolitis 
needs clarification too.44 Finally, the respective roles of CO2 emis-
sions and climate change, respectively, in worsening either global or 
individual health should be disentangled too, possibly through a pro-
pensity analysis or machine learning approach.

5  |  CONCLUSION

This study points out that patients under 2 years of age affected by 
bronchiolitis are particularly vulnerable to the adverse effects of air 
pollution. Although our meta-analysis found statistical significance 
only for the association between short-term exposure to PM10 and 
bronchiolitis-related hospitalizations, most of the included studies 
still documented positive associations between elevated levels of 
particulate matter and gaseous pollutants and increased hospitaliza-
tion risk, particularly for short- and medium-term exposures. These 
findings underscore the critical need for public health interventions 
to improve air quality and protect susceptible populations.

AUTHOR CONTRIBUTIONS
Anna Comotti: Writing – original draft; formal analysis; investiga-
tion; writing – review and editing. Ilaria Alberti: Investigation; writ-
ing – original draft; formal analysis; writing – review and editing. 
Giulia Carla Immacolata Spolidoro: Investigation; writing – review 
and editing. Emilia Vassilopoulou: Writing – review and editing. 
Carlo Agostoni: Writing – review and editing. Matteo Bonzini: 
Writing – review and editing. Michele Carugno: Writing – review 
and editing. Gregorio Paolo Milani: Conceptualization; supervision; 
writing – original draft; methodology; formal analysis; writing – re-
view and editing.

ACKNOWLEDG MENTS
The authors have nothing to report. Open access publishing facili-
tated by Universita degli Studi di Milano, as part of the Wiley - CRUI-
CARE agreement.

FUNDING INFORMATION
This study was partially supported by the Italian Ministry of Health 
(Ricerca Corrente 2025).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

PEER RE VIE W
The peer review history for this article is available at https://​www.​
webof​scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​pai.​
70102​.

E THIC AL APPROVAL
Ethics approval was not required for this systematic review, as it 
involved the analysis of previously published studies. Registration: 
PROSPERO, code CRD42023461870.

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/pai.70102
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/pai.70102
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/pai.70102


    |  11 of 12COMOTTI et al.

ORCID
Emilia Vassilopoulou   https://orcid.org/0000-0002-2665-5908 
Gregorio Paolo Milani   https://orcid.org/0000-0003-3829-4254 

R E FE R E N C E S
	 1.	 Manti S, Staiano A, Orfeo L, et al. UPDATE – 2022 Italian guide-

lines on the management of bronchiolitis in infants. Ital J Pediatr. 
2023;49:19. doi:10.1186/s13052-022-01392-6

	 2.	 Florin TA, Plint AC, Zorc JJ. Viral bronchiolitis. Lancet. 
2017;389(10065):211-224. doi:10.1016/S0140-6736(16)30951-5

	 3.	 NICE Guideline. Bronchiolitis in children: diagnosis and manage-
ment. 2015. https://​www.​nice.​org.​uk/​Guida​nce/​NG9

	 4.	 Bălă GP, Râjnoveanu RM, Tudorache E, Motișan R, Oancea C. 
Air pollution exposure—the (in)visible risk factor for respiratory 
diseases. Environ Sci Pollut Res Int. 2021;28(16):19615-19628. 
doi:10.1007/s11356-021-13208-x

	 5.	 Baek J, Kash BA, Xu X, Benden M, Roberts J, Carrillo G. Association 
between ambient air pollution and hospital length of stay among 
children with asthma in South Texas. Int J Environ Res Public Health. 
2020;17(11):3812.

	 6.	 Kim KN, Kim S, Lim YH, Song IG, Hong YC. Effects of short-term 
fine particulate matter exposure on acute respiratory infection in 
children. Int J Hyg Environ Health. 2020;229:113571. doi:10.1016/j.
ijheh.2020.113571

	 7.	 Paunescu AC, Casas M, Ferrero A, et al. Associations of black car-
bon with lung function and airway inflammation in schoolchildren. 
Environ Int. 2019;131:104984. doi:10.1016/j.envint.2019.104984

	 8.	 Zheng X-Y, Ding H, Jiang L-N, et al. Association between air pol-
lutants and asthma emergency room visits and hospital admissions 
in time series studies: a systematic review and meta-analysis. PLoS 
One. 2015;10:e0138146. doi:10.1371/journal.pone.0138146

	 9.	 Brumberg HL, Karr CJ, AAP Council on Environmental Health. 
Ambient air pollution: health hazards to children. Pediatrics. 
2021;147(6):e2021051484.

	10.	 Milani GP, Cafora M, Favero C, et al. PM2.5, PM10 and bronchiolitis se-
verity: a cohort study. Pediatr Allergy Immunol. 2022;33(10):e13853. 
doi:10.1111/pai.13853

	11.	 King C, Kirkham J, Hawcutt D, Sinha I. The effect of outdoor air 
pollution on the risk of hospitalisation for bronchiolitis in infants: a 
systematic review. PeerJ. 2018;6:e5352. doi:10.7717/peerj.5352

	12.	 Wells GA, Shea B, O'Connell D, et al. The Newcastle-Ottawa Scale 
(NOS) for assessing the quality of nonrandomised studies in meta-
analyses. http://​www.​ohri.​ca/​progr​ams/​clini​cal_​epide​miolo​gy/​ox-
ford.​asp

	13.	 Zheng J, Yang X, Hu S, Wang Y, Liu J. Association between short-
term exposure to air pollution and respiratory diseases among chil-
dren in China: a systematic review and meta-analysis. Int J Environ 
Health Res. 2022;32(11):2512-2532. doi:10.1080/09603123.2021.
1974822

	14.	 Higgins JPT, Thomas J, Chandler J, et al., eds. Cochrane Handbook 
for Systematic Reviews of Interventions (Version 6.4). Cochrane; 2023. 
https://​train​ing.​cochr​ane.​org/​handbook

	15.	 R Core Team. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing; 2020. https://​
www.​r-​proje​ct.​org/​

	16.	 Abdul Rahman SR, Ismail S, Sahani M, Ramli MF, Latif MT. A case 
crossover analysis of primary air pollutants association on acute re-
spiratory infection (ARI) among children in urban region of Klang 
valley, Malaysia. Ann Trop Med Public Health. 2017;10:44-55.

	17.	 Gallo E, Bressan S, Baraldo S, et  al. Increased risk of emergency 
department presentations for bronchiolitis in infants exposed to air 
pollution. Risk Anal. 2023;43(6):1137-1144. doi:10.1111/risa.14007

	18.	 Girguis MS, Strickland MJ, Hu X, et al. Exposure to acute air pol-
lution and risk of bronchiolitis and otitis media for preterm and 

term infants. J Expo Sci Environ Epidemiol. 2018;28(4):348-357. 
doi:10.1038/s41370-017-0006-9

	19.	 Karr C, Lumley T, Shepherd K, et  al. A case-crossover study 
of wintertime ambient air pollution and infant bronchiolitis. 
Environ Health Perspect. 2006;114(2):277-281. doi:10.1289/
ehp.8313

	20.	 Lei J, Chen R, Liu C, et al. Fine and coarse particulate air pollution 
and hospital admissions for a wide range of respiratory diseases: a 
nationwide case-crossover study. Int J Epidemiol. 2023;52(3):715-
726. doi:10.1093/ije/dyad056

	21.	 Mohammed NI, Everard ML, Ayres JG, Barker NJ, Litchfield IJ. A 
preliminary assessment of the role of ambient nitric oxide expo-
sure in hospitalization with respiratory syncytial virus bronchiol-
itis. Int J Environ Res Public Health. 2016;13(6):578. doi:10.3390/
ijerph13060578

	22.	 Ségala C, Poizeau D, Mesbah M, Willems S, Maidenberg M. 
Winter air pollution and infant bronchiolitis in Paris. Environ Res. 
2008;106(1):96-100. doi:10.1016/j.envres.2007.05.003

	23.	 Yitshak-Sade M, Yudovitch D, Novack V, Tal A, Kloog I, Goldbart 
A. Air pollution and hospitalization for bronchiolitis among young 
children. Ann Am Thorac Soc. 2017;14(12):1796-1802. doi:10.1513/
AnnalsATS.201703-191OC

	24.	 Dondi A, Manieri E, Betti L, et al. Exposure to outdoor air pollution 
and risk of hospitalization for bronchiolitis in an urban environment: 
a 9-year observational study. Pediatr Pulmonol. 2023;58(10):2786-
2794. doi:10.1002/ppul.26583

	25.	 Esplugues A, Ballester F, Estarlich M, et  al. Outdoor, but not in-
door, nitrogen dioxide exposure is associated with persistent cough 
during the first year of life. Sci Total Environ. 2011;409(22):4667-
4673. doi:10.1016/j.scitotenv.2011.08.007

	26.	 Kennedy CM, Pennington AF, Darrow LA, et  al. Associations of 
mobile source air pollution during the first year of life with child-
hood pneumonia, bronchiolitis, and otitis media. Environ Epidemiol. 
2018;2(1):e007. doi:10.1097/EE9.0000000000000007

	27.	 Luong LTM, Dang TN, Thanh Huong NT, et al. Particulate air pol-
lution in Ho chi Minh city and risk of hospital admission for acute 
lower respiratory infection (ALRI) among young children. Environ 
Pollut. 2020;257:113424. doi:10.1016/j.envpol.2019.113424

	28.	 Nenna R, Evangelisti M, Frassanito A, et al. Respiratory syncytial 
virus bronchiolitis, weather conditions and air pollution in an Italian 
urban area: an observational study. Environ Res. 2017;158:188-193. 
doi:10.1016/j.envres.2017.06.014

	29.	 Girguis MS, Strickland MJ, Hu X, et  al. Chronic PM2.5 exposure 
and risk of infant bronchiolitis and otitis media clinical encounters. 
Int J Hyg Environ Health. 2017;220(6):1055-1063. doi:10.1016/j.
ijheh.2017.06.007

	30.	 Karr C, Lumley T, Schreuder A, et  al. Effects of subchronic and 
chronic exposure to ambient air pollutants on infant bronchiolitis. 
Am J Epidemiol. 2007;165(5):553-560. doi:10.1093/aje/kwk032

	31.	 Karr CJ, Rudra CB, Miller KA, et al. Infant exposure to fine partic-
ulate matter and traffic and risk of hospitalization for RSV bron-
chiolitis in a region with lower ambient air pollution. Environ Res. 
2009;109(3):321-327. doi:10.1016/j.envres.2008.11.006

	32.	 Karr CJ, Demers PA, Koehoorn MW, Lencar CC, Tamburic L, Brauer 
M. Influence of ambient air pollutant sources on clinical encounters 
for infant bronchiolitis. Am J Respir Crit Care Med. 2009;180(10):995-
1001. doi:10.1164/rccm.200901-0117OC

	33.	 Van Brusselen D, De Troeyer K, van Vliet MP, et al. Air pollution and 
bronchiolitis: a case-control study in Antwerp, Belgium. Eur J Pediatr. 
2024;183(5):2431-2442. doi:10.1007/s00431-024-05493-8

	34.	 Carugno M, Dentali F, Mathieu G, et  al. PM10 exposure is asso-
ciated with increased hospitalizations for respiratory syncytial 
virus bronchiolitis among infants in Lombardy, Italy. Environ Res. 
2018;166:452-457. doi:10.1016/j.envres.2018.06.016

	35.	 Leung SY, Lau SYF, Kwok KL, Mohammad KN, Chan PKS, 
Chong KC. Short-term association among meteorological 

https://orcid.org/0000-0002-2665-5908
https://orcid.org/0000-0002-2665-5908
https://orcid.org/0000-0003-3829-4254
https://orcid.org/0000-0003-3829-4254
https://doi.org//10.1186/s13052-022-01392-6
https://doi.org//10.1016/S0140-6736(16)30951-5
https://www.nice.org.uk/Guidance/NG9
https://doi.org//10.1007/s11356-021-13208-x
https://doi.org//10.1016/j.ijheh.2020.113571
https://doi.org//10.1016/j.ijheh.2020.113571
https://doi.org//10.1016/j.envint.2019.104984
https://doi.org//10.1371/journal.pone.0138146
https://doi.org//10.1111/pai.13853
https://doi.org//10.7717/peerj.5352
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://doi.org//10.1080/09603123.2021.1974822
https://doi.org//10.1080/09603123.2021.1974822
https://training.cochrane.org/handbook
https://www.r-project.org/
https://www.r-project.org/
https://doi.org//10.1111/risa.14007
https://doi.org//10.1038/s41370-017-0006-9
https://doi.org//10.1289/ehp.8313
https://doi.org//10.1289/ehp.8313
https://doi.org//10.1093/ije/dyad056
https://doi.org//10.3390/ijerph13060578
https://doi.org//10.3390/ijerph13060578
https://doi.org//10.1016/j.envres.2007.05.003
https://doi.org//10.1513/AnnalsATS.201703-191OC
https://doi.org//10.1513/AnnalsATS.201703-191OC
https://doi.org//10.1002/ppul.26583
https://doi.org//10.1016/j.scitotenv.2011.08.007
https://doi.org//10.1097/EE9.0000000000000007
https://doi.org//10.1016/j.envpol.2019.113424
https://doi.org//10.1016/j.envres.2017.06.014
https://doi.org//10.1016/j.ijheh.2017.06.007
https://doi.org//10.1016/j.ijheh.2017.06.007
https://doi.org//10.1093/aje/kwk032
https://doi.org//10.1016/j.envres.2008.11.006
https://doi.org//10.1164/rccm.200901-0117OC
https://doi.org//10.1007/s00431-024-05493-8
https://doi.org//10.1016/j.envres.2018.06.016


12 of 12  |     COMOTTI et al.

variation, outdoor air pollution and acute bronchiolitis in children 
in a subtropical setting. Thorax. 2021;76(4):360-369. doi:10.1136/
thoraxjnl-2020-215488

	36.	 Liang Z, You C, Zhang X, et  al. Three exposure metrics of size-
specific particulate matter associated with acute lower respiratory 
infection hospitalization in children: a multi-city time-series anal-
ysis in China. Sci Total Environ. 2022;816:151636. doi:10.1016/j.
scitotenv.2021.151636

	37.	 Terrazas C, Castro-Rodriguez JA, Camargo CA Jr, Borzutzky A. 
Solar radiation, air pollution, and bronchiolitis hospitalizations in 
Chile: an ecological study. Pediatr Pulmonol. 2019;54(9):1466-1473. 
doi:10.1002/ppul.24421

	38.	 World Bank. New World Bank country classifications by income 
level: 2022–2023.

	39.	 Sterne JAC, Sutton AJ, Ioannidis JPA, et al. Recommendations for 
examining and interpreting funnel plot asymmetry in meta-analyses 
of randomised controlled trials. BMJ. 2011;343:d4002.

	40.	 Pedersen M, Giorgis-Allemand L, Bernard C, et  al. Ambient 
air pollution and low birthweight: a European cohort study 
(ESCAPE). Lancet Respir Med. 2013;1(9):695-704. doi:10.1016/
S2213-2600(13)70192-9

	41.	 Goldizen FC, Sly PD, Knibbs LD. Respiratory effects of air pollu-
tion on children. Pediatr Pulmonol. 2016;51(1):94-108. doi:10.1002/
ppul.23262

	42.	 Dondi A, Carbone C, Manieri E, et  al. Outdoor air pollution and 
childhood respiratory disease: the role of oxidative stress. Int J Mol 
Sci. 2023;24(5):4345. doi:10.3390/ijms24054345

	43.	 Dai X, Dharmage SC, Lodge CJ. The relationship of early-life house-
hold air pollution with childhood asthma and lung function. Eur Respir 
Rev. 2022;31(165):220020. doi:10.1183/16000617.0020-2022

	44.	 Dubey S, Rohra H, Taneja A. Assessing effectiveness of air puri-
fiers (HEPA) for controlling indoor particulate pollution. Heliyon. 
2021;7(9):e07976. doi:10.1016/j.heliyon.2021.e07976

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

How to cite this article: Comotti A, Alberti I, Spolidoro GCI, 
et al. Air pollution and hospitalization risk in infants with 
bronchiolitis: A systematic review and meta-analysis. Pediatr 
Allergy Immunol. 2025;36:e70102. doi:10.1111/pai.70102

https://doi.org//10.1136/thoraxjnl-2020-215488
https://doi.org//10.1136/thoraxjnl-2020-215488
https://doi.org//10.1016/j.scitotenv.2021.151636
https://doi.org//10.1016/j.scitotenv.2021.151636
https://doi.org//10.1002/ppul.24421
https://doi.org//10.1016/S2213-2600(13)70192-9
https://doi.org//10.1016/S2213-2600(13)70192-9
https://doi.org//10.1002/ppul.23262
https://doi.org//10.1002/ppul.23262
https://doi.org//10.3390/ijms24054345
https://doi.org//10.1183/16000617.0020-2022
https://doi.org//10.1016/j.heliyon.2021.e07976
https://doi.org/10.1111/pai.70102

	Air pollution and hospitalization risk in infants with bronchiolitis: A systematic review and meta-analysis
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Information sources and search strategy
	2.2  |  Inclusion criteria and study selection
	2.3  |  Data extraction
	2.4  |  Outcomes
	2.5  |  Quality assessment
	2.6  |  Data synthesis and statistical analysis

	3  |  RESULTS
	3.1  |  Study design
	3.2  |  Geographic area and income classification
	3.3  |  Air pollutants
	3.4  |  Health data sources
	3.5  |  Definition of bronchiolitis
	3.6  |  Confounders
	3.7  |  Air pollutants and hospitalization
	3.7.1  |  PM2.5
	3.7.2  |  PM10
	3.7.3  |  NO or NO2
	3.7.4  |  SO2
	3.7.5  |  CO
	3.7.6  |  O3
	3.7.7  |  C6H6
	3.7.8  |  BC

	3.8  |  Air pollutants and other outcomes
	3.9  |  Meta-analyses

	4  |  DISCUSSION
	5  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	ETHICAL APPROVAL
	ORCID
	REFERENCES


