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Abstract

Background: Acute bronchiolitis is the leading cause of hospitalization in infants, and
air pollutants represent arisk factor for its development. This work aims to investigate
the role of air pollution, considering conventional and nonconventional indicators, in
the development of bronchiolitis in three urban areas in the Po Valley, Northern Italy.
Methods: This multicentric, observational, retrospective, cohort study included in-
fants under 12 months who were referred to the Pediatric Emergency Department of
Bologna, Belluno, and Biella and diagnosed with bronchiolitis from 2016 to 2019. Data
on daily ground-level mass concentrations of particulate matter (PM,, and PM, ;) and
gaseous pollutants in the three areas, and additionally of organic carbon (OC) and
elemental carbon (EC) in Bologna, were retrieved and assessed for possible relation-
ships with the occurrence of bronchiolitis.

Results: A total of 1316 patients were enrolled. All conventional air quality indicators
(NO,, PM,,, and PM, ;) showed statistically significant associations with the occur-
rence of referrals due to bronchiolitis. The highest impacts were observed for OC
and EC, the carbonaceous components of PM, which were only measured in Bologna.
Considering the conventional indicators, the strongest associations were found be-
tween 4-week moving average concentrations and weekly hospital admission, and the
strongest associations were found considering NO, and PM, ..

Conclusion: This study indicates that medium-term exposure to higher levels of air
pollution increases the risk of the development of bronchiolitis. In particular, the best
association results between bronchiolitis admissions and the exposure to the carbo-

naceous fraction of PM, ..

Abbreviations: AIC, Akaike's information criterion; BIC, Bayesian information criterion; C,H,, benzene; Cl, confidence interval; CO, carbon monoxide; EC, elemental carbon; IRRs,
incidence rate ratios; NO, NO, nitrogen oxides; O3, ozone; OC, organic carbon; OR, odds ratio; PED, Pediatric Emergency Department; PM, particulate matter; PM10, particulate matter
with an aerodynamic diameter of 10 pm; PM2.5, particulate matter with an aerodynamic diameter of 2.5 um; RDAI, Respiratory Distress Assessment Instrument; ROS, reactive oxygen
species; RSV, respiratory syncytial virus; RV, rhinovirus; SO, SO, sulfur oxides; SOA, secondary organic aerosol; SSOU, Short-Stay Observation Unit; WHO, World Health Organization.
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| INTRODUCTION

-.3 It is well established that bronchiolitis can predispose to
subsequent wheezing episodes, whereas the link with the onset of
asthma is unclear.* Bronchiolitis presents a seasonal pattern, with
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. Exposure to air pollutants is ubiquitous, and accord-
ing to the World Health Organization (WHO),

“o

rates,and herproximity o grounhevel particuate matter (M)

Air pollutants with the most significant negative effects on
health include PM, classified into PM with a diameter smaller than
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lutants in the development and severity of bronchiolitis is unclear.

T
o
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| MATERIALS AND METHODS

N

.1 | Study design and setting

This is a multicentric, observational, retrospective, cohort study, in
cluding infants under 12months referred for bronchiolitis from 1st
in the Pediatric Emergency
Department (PED) of three Italian centers: IRCCS-AOUBO Policlinico
of S.Orsola in Bologna, the “Nuovo Ospedale degli Infermi” i

>S5

Key Message

This study, conducted in three urban areas in the Po Valley
in Italy, reveals that exposure to high levels of air pollu-
tion increases the risk of bronchiolitis; in particular, with
bronchiolitis admissions linked to exposure to the carbona-
ceous fraction of fine PM, .. This finding indicates that the
carbonaceous fraction may serve as a more accurate proxy
for the associations between air pollution and bronchiolitis
than the classical mass concentration. Children are particu-
larly vulnerable to pollutants, and their exposure should be
minimized in areas most affected by anthropogenic pol-
lution sources through the implementation of mitigation
policies.

Ponderano (Biella) and the Hospital of S. Martino in Belluno. The
IRCCS AOUBO in Bologna is a University tertiary-care Pediatric

The three centers are located at the boundaries of a hypothetical
triangle covering much of the Po Valley in Northern Italy (Figure 1).
Biella, with 44,000 residents, lies in the northeast (420 meters asl),
near the Alps; Belluno, with 36,000 residents, is in the northwest

—

390 meters asl), near the Alpine Dolomites; Bologna, with 390,000
inhabitants (or 1 million, including the urban area), lies in the south-

ern Po plain (50 meters asl), near the Apennines.

The epidemiological season for bronchiolitis coincides with the
winter months, while there is a significant decrease to a low number

of cases during summer.
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ZAMAET AL.

FIGURE 1 Map of the domain of this
case study, Po Valley, Northern Italy.

N

.2 | Clinical data collection and participants

For each patient, we considered the following data:

(Table S1).

Based on the data collected, the severity index of bronchiolitis

|14

according to Baraldi et al.”"—considering the respiratory rate, re-

spiratory effort, oxygen saturations, feeding, and apnea— and the

et al.®—considering the respiratory rate, the

presence of distress, the use of accessory respiratory muscles, and

the thoracic auscultation—were calculated. _

-. Discharge criteria require independence from respiratory

supports and adequate O, saturation levels, stable clinical condi-
tions, adequate oral intake of liquids and feed, and family capable of
managing symptoms and therapy at home.

N

.3 | Airquality data

_ Measurements are performed according to the EU

Directive 2008/50, following the international standards UNI EN
ISO 12341:2023 and 14211:2025 for PM and NO,, respectively.

In line with the criteria set by the European Environment Agency,

|

(Sunset Laboratory Inc., Oregon, USA) following the

5
=
[0¢]
3
I .‘L

It is characterized by a semi-graphitic chem-
ical structure and is frequently co-emitted with primary OC. Given
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4 | Statistical data analysis
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-. The Spearman's rank correlation coefficients were computed
for pollutants and visits, and the results were considered to select

the best setting for multivariable analysis.
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ratios (IRRs) were computed together with their 95% confidence in-

tervals (95%Cl). The scatter plot was used to graphically compare
fitted values and observed values, and the R? for this evaluation was
computed. The Akaike's information criterion (AIC), the Bayesian in-

formation criterion (BIC), the log-likelihood, and McFadden's pseudo
2

o)

were computed for model comparison. Box plots and line plots
with 95% Cls were also used to represent the data. The p value

w

| RESULTS

w

.1 | Clinical population

_ RSV was tested in 732 patients, result-

ing positive in 409 patients (55.9%). The clinical and demographic
characteristics of the total population divided into the three centers
are described in Table 1.

w

.2 | Air quality
The time-series of concentrations for the main pollutants
(Figures $1-S4) indicate that there is generally minimal inter-annual
variability in air quality indicators during the years analyzed. All the
considered parameters show consistent minima and maxima (with
few exceptions) in the different years and a seasonal evolution of the
concentration levels peaking in the central months of the epidemic
season in all three selected cities.

The summary statistics for air quality indicators presented in
Figure 2 (panels (A), (B), and (C)) indicate significantly higher lev-
els of pollution in Bologna compared to Biella and Belluno, with all

£1001). While Biella

has higher NO, levels than Belluno, it records lower PM levels. The

3.3 | Epidemiological analysis and predictive
modeling

(Tables S2 and S3).

-
o
=%
o
>
=
ES
<
ko]
[}
[y
o
S
=
o
wn
—+
3]
=
wn
=
o
L
<
4]
(5]
>
Eh
o
o
S
~

QL
0
0
[e}
=}
Q
=4
o
3
c w0
o
[0]
-+
2
o
o
=}
N
2
[0
[0
=
3
o
<
>
o
QU
<
o
=
Q
o
)
[a)
o
>
[a)
o
3
=+
=
QU
(=4
o
>
@«
o
=
QL
=

a
c
o
=

<
5
o
o
QU
-+
o
=
w
o
=4
a
3
I}
o
=

<
=
o
w

k=)
-
=h
o
a
3
1]
@
o
=
wv
2
I
a
)
<
ol
o

s}
I}
a

’

o
o
«
%3
o
=}
=
0]
[0}
=
0]
0
@
o
=}
3
o
Q.
®
o
—
=
9]
0
[¢]
3
o
Q.
o
0
[a]
o
=}
4
[=
)
=
[0
Q.
<
Q
3
o
c
n
[a]
o
3

=x
=}
I
=
o
>
w
]
=
[=a
>
U]
s
<
L
o
j=a
)
kel
QL
=
o)
3
V]
o+
0]
=
w
c
@
>
oQ
jo
o8]
—+
[\8)
—
=3
o
3
L
-
>
=
(0]
(0]
c
=
o
j )
=}

areas.

. These models were
employed for two main reasons: (a) to determine whether the rela-
tionship between air quality indicators and bronchiolitis is consistent
even only at the Bologna site, which has a significantly larger dataset
compared to Biella and Belluno; and (b)
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samples, Model 6 showed the highest R? value (=
tionship between NO, and OC in Bologna, while Model 5 exhibited
a similar performance with an R? value of 0.43 for the relationship
between NO, and EC.

For Models 3, 4, 5, and 6 (referred to data from Bologna), this
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ZAMAET AL.

TABLE 1 Clinical and demographic

WILEY-L2°™

characteristics of the study population. LG LT G GO0
Patients, n (%) 1316 (100) 1078 (100) 161 (100) 77 (100)
Male, n (%) 776 (59) 650 (60.3) 87 (54) 39 (50.6)
Age mean +SD, months .I. .I. .I. III
Weight+SD, kg 69+2.2 72+21 5.2+1.5 5.8+2.8
Ethnicity, n (%)
Caucasian 943(7.7)  772(7L6)  109(677)  62(80.5)
African 180(13.7) 155 (14.4) 15(9.3) 10 (13)
Asian 139 (10.6) 137 (12.7) 0 2(2.6)
Not defined 54 (4) 14 (1.3) 37(23) 3(3.9)
Prematurity n (%) - - - -
GA <34 weeks n (%) 53 (47.3) 40 10 3
Risk factors®, n (%) 68(5.2) 54 (5) 12(7.5) 2(2.6)
Feeding
Breastfeeding 315 (48.2) 204 (19) 83 (51.6) 28 (36.4)
Mixed feeding 226 (34.6) 183 (17) 37 (23) 6(7.8)
Formula feeding 113(17.2) 76 (7.1) 27 (16.8) 10 (13)
Eating difficulties 685 (52.1) 518 (48) 128 (80) 39 (54.9)
Days from symptoms onset, II. 4+2.6 4+2 4+1.2
mean+SD
Previous access, n (%) 237 (18) 181 (16.8) 40 (24.8) 16 (20.8)
Severityb, n (%)
Mild 946 (73.5) 837(77.6)  55(42) 54(70.1)
Moderate 304 (23.6) 216 (20) 66 (50.4) 22 (28.6)
Severe 36(2.9) 25(2.3) 10(7.6) 1(1.3)
Clinical score€, n (%)
Mild 1005(78.5)  893(82.8) 69 (50) 44(66.7)
Moderate 263 (20.5) 179 (16.6) 62 (44.9) 22(33.3)
Severe 13 (1) 6(0.6) 7 (5.1) 0(0)
Pneumonia, n (%) 134 (10.2) 114 (10.6) 11 (6.8) 9(11.7)
Other complications®, n (%) 9(0.7) 6(0.6) 3(1.9) 0(0)

“Risk factors: previous apnea, previous episodes of wheezing, chronic lung disease, congenital
heart disease, immunodeficiency, and severe neurological or muscular pathology.

bAccording to Baraldi et al.**

‘Modified by Basile et al.*®

9Other complications: sepsis, pneumothorax, and pleural effusion.

S

| DISCUSSION

well-known polluted hotspot in Europe. The analysis included both

conventional (NO,, PM, ;, and PM, ) and nonconventional air qual-
ity indicators, specifically OC and EC. These components of the
carbonaceous fraction of atmospheric PM are associated with spe-
cific pollution sources such as vehicular traffic and biomass burning
within the study area.

We found a significant correlation between bronchiolitis cases
and exposure to conventional pollutants across three urban areas.
These results are in line with the literature, reporting peaks in bron-
chiolitis cases coinciding with higher exposure to airborne pollutants
levels, although overwhelming evidence is yet least and, in some
cases, conflicting (Table S4).

The main limit of methodological approaches is the difficulty
in assessing exposure to PM, considered the main driver of health
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FIGURE 2 Box plots of daily data concentrations (panels A, B, and C) and monthly median and IQR (panels D, E, and F) of NO,, PM, ., and
PM,,. based on the 2016-2019 period (from September to April).

TABLE 2 Correlation (Spearman's p) between the monthly mobile average of pollutants and the number of visits in the following week.

NO, PM,, PM, 5 oc EC

p p Value p p Value p p Value p p Value p p Value
Bologna .615 <.001 547 <.001 .608 <.001 707 <.001 .638 <.001
Biella .592 <.001 .391 <.001 .387 <.001
Belluno .505 <.001 472 <.001 465 <.001

outcomes related to air poIIution._ size-ranges, such as below 100nm, as well as their potential to
_ generate reactive oxygen species (ROS) and produce oxidative
populations that may be more relevant for health-related issues.  stress have been proposed.?

Indeed, the international air quality standards primarily rely on PM _
mass concentration that integrates all particles within a certain _
bulk chemical composition and size range, providing little informa- _ These components

tion about their specific features connected to actual biological provide valuable insights into the physicochemical properties of
outcomes. PM composition, enabling the tracing of contributions from specific

_ sources and formation mechanisms relevant to the environmental
_.9 The intricate mixture of context of the study.
PM, . and PM,, encompasses liquid and solid particles suspended _ - -

shape, and mixing state.® These particles undergo complex atmo- _

spheric aging processes and display varying levels of toxicity.?2"2> _
_ _ This suggests that exposure to the carbonaceous
_ -26; components of PM may be relevant in determining the worsening of
nevertheless, no definitive alternative has been identified. For  bronchiolitis symptoms. In contrast, the total mass of PM (PM, s or
instance, the mass concentration of certain components of PM, - _
or PM, 5, such as EC, redox-active transition metals, and second- _
ary organic aerosol (SOA), the number concentration in certain _

in the atmosphere, varying in size, chemical composition, origin,
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ZAMAET AL. W] LEY 7 of 10
TABLE 3 Model parameters and goodness-of-fit measures, as introduced in Section 2.4.
95% ClI
Parameter IRR Lower Upper p Value AIC BIC Log-Likelihood Pseudo R?
Model 1 (3 centres, n=2201)
Bologna REF. 8324 8359 -4156 .574
Biella 0.144 0.135 0.155 <.001
Belluno 0.109 0.099 0.120 <.001
NO, 1.072 1.062 1.083 <.001
PM,, 1.050 1.038 1.061 <.001
NO, * PM,, (interaction 0.999 0.998 0.999 <.001
term)
Model 2 (3 centres, n=2201)
Bologna REF. 8292 8326 -4140 .573
Biella 0.165 0.153 0.177 <.001
Belluno 0.109 0.100 0.120 <.001
NO, 1.077 1.069 1.085 <.001
PM, o 1.066 1.055 1.077 <.001
NO, * PM, . (interaction ~ 0.999 0.998 0.999 <.001
term)
Model 3 (Bologna, n=709)
NO, 1.037 1.025 1.049 <.001 4441 4459 -2217 227
PM,, 1.023 1.010 1.037 .001
NO, * PM,, (interaction 1.000 1.000 1.000 995
term)
Model 4 (Bologna, n=687)
NO, 1.043 1.034 1.052 <.001 4289 4307 -2140 .233
PM, ; 1.034 1.023 1.046 <.001
NO, * PM, . (interaction 1.000 0.999 1.000 .025
term)
Model 5 (Bologna, n=543)
NO, 1.079 1.068 1.090 <.001 3434 3451 -1713 .236
EC 4.484 3.401 5912 <.001
NO, * EC (interaction 0.967 0.960 0.975 <.001
term)
Model 6 (Bologna, n=594)
NO, 1.043 1.031 1.056 <.001 3657 3674 -1824 .240
ocC 1.389 1.285 1.501 <.001
NO, * OC (interaction 0.995 0.993 0.997 <.001
term)

-.23'27 Recent literature supports this, indicating that the highest
pro-inflammatory and oxidative responses occur when urban aero-

sols are dominated by ultrafine, EC-enriched particles from fossil
23

This different impact may be related to their different concentration fuel combustion, even at low overall PM mass concentrations.

ranges observed in our datasets: an increase of one unit of OC con-
centration results in a 15%-30% rise, whereas adding 1pg/m3 of EC
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FIGURE 3 Model 1,2, 3,4, 5, and 6 outcomes. Panels (A) and (B) show the association between the conventional air quality indicators
NO,—PM,, and NO,—PM, . versus bronchiolitis visits by including data collected at the three centers object of the study (reported in the
legend)—Model 1 and Model 2, respectively; while panels (C) and (D) include data collected only in Bologna for the same indicators—Model
3 and Model 4. Panels (E) and (F) show the association between the indicators NO,—EC and NO,—OC versus bronchiolitis visits at Bologna—

Model 5 and Model 6, respectively.

bronchiolitis than short-term exposure. The duration of exposure to

air pollution is a controversial point (Table S4); our data emphasize

the importance of longer exposure. _

Based on these results, we hypothesize that developing strat-

egies to reduce the emissions of air pollution may contribute to
reaching a potential dual purpose: to reduce the burden of bronchi-
olitis during seasonal peaks, but also prospectively they may have
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an impact on the risk of developing asthma, which is a well-known
consequence in a non-negligible proportion of patients with bron-
chiolitis, especially if caused by RSV or Rv.%

Early childhood exposures can affect the airways and immune
system developmental trajectories, with reduced lung function and
asthma pathogenesis. From a pathophysiological perspective, air
quality impairment has been associated with a decrease in CC16,
a biomarker whose decrease has been associated with oxidative
stress and reduced lung function. Airborne pollutants may influ-
ence asthma development through altered immune development,
increased IgE-mediated allergic sensitization, Thl7-associated re-
sponses, and oxidative stress, causing inflammation.*°

These long-term consequences are also confirmed by a recently
published multicohort study showing that exposure to high air pol-
lution levels in the first 3years of life is associated with an increased
risk of developing asthma.®!

This study presents limitations: the experimental design did not
allow for a detailed characterization of specific air pollution fea-
tures that would better define airborne particles based on multiple
physicochemical properties. This hampers the identification of spe-
cific PM characteristics as the primary drivers of health outcomes.
Future epidemiological studies should adopt multi-criteria met-
rics to better understand bronchiolitis development. Additionally,
the separate analysis of healthcare utilization and environmental
data introduces biases due to the ecological design, which relies
on population-level data and limits adjustment for individual expo-
sures and risk factors (e.g., indoor air pollution, comorbidities, and
siblings). Finally, considering the differences in terms of the number
of patients enrolled by the Bologna center compared to Belluno and
Biella, a future study may take advantage of the inclusion of larger

centers to better describe the Po Valley situation.

5 | CONCLUSIONS

This study, conducted in a well-known polluted environment in
Northern Italy, indicates that medium-term exposure to elevated air
pollution increases the risk of acute bronchiolitis.

Our results showed the associations between bronchiolitis ad-
missions and the exposure to the carbonaceous fraction of fine
PM, 5, representing specific anthropogenic combustion sources in
the studied cohort. This finding indicates that the carbonaceous
fraction may serve as a more accurate proxy for the associations
between air pollution and bronchiolitis than the classical mass con-
centration (PM,,, PM, ;).

Children are particularly vulnerable to air pollutants. Therefore,
their exposure should be minimized in areas most impacted by anthro-
pogenic pollution sources, and mitigation policies should be imple-
mented. Additional research is needed to identify the most effective
air quality metrics and the causal mechanisms linking bronchiolitis to
infant exposure to specific sources of air pollution. This clarification
could influence pollutant abatement strategies, allowing a focus on the
most harmful sources for cost reductions and improved effectiveness.
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