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ABSTRACT

Introduction Asthma represents a significant global
public health concern, especially in children, due to its high
prevalence and burden on the healthcare system. Early-life
exposures, particularly to antibiotics and bronchiolitis, have
been independently linked to an increased risk of wheezing
and subsequent asthma. Despite extensive research on
these risk factors, their interplay and combined impact
throughout early childhood remains unclear. This study
aims to clarify these relationships by investigating the
mediating role of recurrent wheezing in the inception of
childhood asthma.

Methods A retrospective birth-cohort study was
conducted using data from the Italian Pedianet database,
including children followed for at least 5years. Exposure to
antibiotics and bronchiolitis during the first year, episodes
of wheezing between ages 1-4, and asthma diagnoses
from age 5 onward were identified in outpatient records.
Mediation analysis assessed the association between
early-life exposures and asthma risk, with recurrent
wheezing considered a potential mediator.

Results Among 121 255 children, 2.33% developed
asthma after age 5. Our results support the hypothesis
that early-life bronchiolitis and antibiotic use increase
asthma risk through an indirect pathway mediated by
recurrent wheezing, which accounts for the majority of

the effect (up to 74%), and a direct pathway, independent
of wheezing, which may reflect mechanisms such as
immune dysregulation, airway remodelling or microbiome
alterations. The strong mediated component underscores
recurrent wheezing as a clinically relevant marker and key
target for preventive strategies. Nonetheless, the presence
of a residual direct effect suggests that interventions
focusing exclusively on wheezing may not entirely
eliminate asthma risk (up to 70%), even though they could
substantially reduce it.

Conclusions Our findings highlight the importance

of preventing bronchiolitis and wheezing to reduce

asthma incidence, supporting antibiotic stewardship and
respiratory syncytial virus immunisation as public health
interventions.

1

WHAT IS ALREADY KNOWN ON THIS TOPIC

= A huge body of literature has deeply studied the
key risk factors and predictors of childhood asth-
ma. Antibiotic exposure in the first year of life has
been linked to disrupted gut microbiota and in-
creased wheezing and asthma risk, with a duration
and dose-response effect. Bronchiolitis, primarily
caused by respiratory syncytial virus, is a leading
early-life respiratory infection associated with later
wheezing and subsequent asthma. Both antibiotics
and bronchiolitis independently raise wheezing risk,
and these three conditions synergistically contribute
to asthma development.

WHAT THIS STUDY ADDS

= To our knowledge, our study is the first to examine
the early-life course epidemiology of childhood asth-
ma by analysing the independent and joint roles of
antibiotics and bronchiolitis in the development of
wheezing and asthma. No study applied the media-
tion analysis in a large paediatric cohort using data
from the outpatient clinical practice, quantifying the
attributable risk of each factor and the preventable
risk if recurrent wheezing is prevented.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings support prioritising early-life respiratory
health as a pathway to asthma prevention. Future
policies should focus on integrated strategies during
infancy to improve long-term paediatric respiratory
health. Furthermore, our study strongly supports
the growing evidence in developing targeted anti-
biotic stewardship and respiratory syncytial virus
immunisation campaigns. Based on our results, if
nirsevimab were effective in reducing bronchiolitis
in the community setting, this would be reflected in
a significant reduction of asthma incidence up to 5
years in a measure of the nirsevimab impact on the
population (expected around 40%) multiplied by the
percentage eliminated found in this study (approxi-
mately 70%).
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INTRODUCTION
Asthma is a chronic inflammatory disease of the airways,
characterised by bronchial hyperreactivity, mucus over-
production, airway remodelling and airway narrowing.1
It affects 5%-10% of the paediatric population, posing a
substantial burden on disease management.” > Growing
evidence links early-life antibiotic exposure (prenatal
and postnatal) to disruption of the developing gut micro-
biome and a 23%-52% increased risk of respiratory and
allergic conditions, including wheezing and childhood
asthma.*™® This risk is further influenced by factors such
as antibiotic type, treatment duration and dosage. For
instance, Lee et al found that antibiotic exposure for
more than 3days in the first year of life increases the
risk of asthma.” Children exposed to antibiotics within
their first 2 years of life are more likely to develop asthma
by the age of 7.5, with the odds rising with the number
of courses received.® Moreover, early-life antibiotic use,
particularly within the first year of life, has been associ-
ated with higher odds of early, persistent and late-onset
wheezing, ranging from fourfold to onefold increase,
respectively.” A dose-response relationship was observed,
with antibiotic exposure prevalence rising from 3.6% in
children without wheezing to 10% in those with more
than three episodes.w

Viral bronchiolitis is the most frequent infection of the
respiratory tract and the leading cause of hospitalisation
and death in infants under 1 year of age.'' The most
common cause is the respiratory syncytial virus (RSV),
which affects over 60% of infants in the first year of life
and almost all children in the first 24 months.'* Hospi-
talised bronchiolitis is associated with subsequent asthma
diagnoses in 20%-30% of cases, with a greater likelihood
observed in children hospitalised for more than 3 days."”
Furthermore, children with bronchiolitis, regardless of
severity, have a threefold increased risk of developing
wheezing and/or asthma compared with those without
bronchiolitis."* A recent study has demonstrated a strong
relationship between bronchiolitis and wheezing, indi-
cating a 43% reduction in wheezing risk if bronchiolitis
was absent."” Despite its viral aetiology, bronchiolitis is
frequently treated with antibiotics, although thisapproach
is generally inappropriate and unsupported by clinical
guidelines. Moreover, although a recent study found that
both a history of bronchiolitis and early-life antibiotic
use independently raise the risk of developing paediatric
asthma by approximately twofold, their combined impact
is less well established. Notably, when these two factors
co-occur, they appear to act synergistically, substantially
increasing the likelihood of asthma-related outcomes by
nearly five-fold.” Evidence suggests that this association
may be driven by the inappropriate use of antibiotics to
treat bronchiolitis, interfering with normal lung develop-
ment in young children, thereby increasing the risk of
subsequent respiratory issues, including asthma.'®

Notably, children with wheezing have nearly fourfold
increased risk of developing asthma by age 8."” This asso-
ciation is consistent with the understanding that asthma

often first presents with wheezing symptoms during
the preschool years, serving as an early clinical indi-
cator. Recurrent wheezing episodes, particularly those
triggered by viral infections such as RSV and human
rhinovirus (HRV), may therefore signal a higher risk of
progressing to asthma. Indeed, a history of bronchiolitis,
most commonly caused by RSV in the first year of life, is
a well-established predictor of both recurrent wheezing
and asthma development.'®

Given that (1) early-life antibiotic exposure increases
the risk of both wheezing and asthma, (2) bronchiol-
itis is associated with an increasing risk of wheezing and
asthma and (3) wheezing is a significant predictor of
asthma, it is clinically relevant to disentangle their indi-
vidual and combined contributions to childhood asthma.
This study aims to quantify the direct and indirect effects
of first year of life antibiotics and bronchiolitis exposures
on asthma, implementing mediation analysis to assess the
role of recurrent wheezing as a potential mediator.

MATERIALS AND METHODS

Data source

Children were enrolled from Pedianet (http://www.
pedianet.it), an independent network of more than
200 family paediatricians (FPs). The database collects
demographic, clinical and prescription data linked with
an anonymised ID from children whose parents/guard-
ians have provided informed consent and are under the
care of participating FPs. Data, generated during routine
clinical practice, are stored and validated anonymously
in compliance with Italian regulations at a secure data
repository in Padova (Veneto region). Pedianet repre-
sents approximately 4% of the annual Italian paediatric
population, which has already been described.'

Study design and study population

Study design

This retrospective, birth-cohort, observational study
included children born between 2004 and 2019 and
followed for at least 5 years. Children who did not adhere
to the recommended child-well visits'’ or without contin-
uous follow-up from birth to the fifth year of life were
excluded. Children with preterm birth and/or low birth
weight (LBW) were also excluded from the cohort. Prev-
alent asthma cases diagnosed before the fifth year of age
have been excluded from the analysis (figure 1).

Exposures definition and assessment

Exposure to antibiotic therapy was defined as having
received at least one antibiotic prescription during the
first year of life. All the antibiotic therapies (Anatom-
ical Therapeutic Chemical code J01) prescribed during
this period were retrieved from FPs’ electronic medical
records included in the Pedianet database.

Exposure to bronchiolitis was defined as having at least
one documented episode of bronchiolitis in the first
year of life. Bronchiolitis cases were identified based on
medical diagnosis recorded in outpatient primary care
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Pedianet children that
adhered to the well-child
visits
N =465 798

A 4

Children born between
2004 and 2019
N =293 186

Children not followed since
birth
N=119273

Children not followed for at
least 5 years
N =136 157

Children born preterm or
with low-birth weight*
N=10755

Prevalent asthma cases
before the fifth year of age
N =4147

\ 4

Final cohort
N =121255

Figure 1 Flow chart of the cohort under study. *When birth
weight data were unavailable, but a weight measurement
within the first 2 months of life was recorded, the LBW
status was imputed using an estimation model. This model
predicted LBW based on the first available measurement,
accounting for the time elapsed since birth, the infant sex
and the date of the recorded measurement. The model
performance was evaluated through discrimination (area
under the receiver operating characteristic curve=0.97) and
calibration (Hosmer-Lemeshow p<0.0001), demonstrating
excellent predictive accuracy. LBW, low birth weight.

using International Classification of Diseases, 9th revi-
sion - Clinical Modification (ICD-9-CM) codes (466.0,
466.1, 466.11), or through free text in medical charts,
following a previously validated approach developed by
our research group.”

To assess the combined effect of antibiotic exposure
and bronchiolitis, we defined a fourlevel categorical
variable:

» Reference level: no antibiotics exposure and no
bronchiolitis.

» Level 1: only antibiotic exposure.

» Level 2: only bronchiolitis.

» Level 3: both antibiotic exposure and bronchiolitis.

Mediator definition

A wheezing episode was defined as any medical diag-
nosis of wheezing recorded in the outpatient primary
care visits identified either with ICD-9-CM codes (519.11,
786.07), or through free text in medical charts, as previ-
ously reported by our research group.” Only episodes
occurring between the second and fourth years of life
were considered. Recurrent wheezing was defined as two
episodes occurring within a l-year period and was treated
as the mediator of interest.”'

Outcome definition
The primary outcome was the incident medical diagnosis
of asthma after the age of five, according to guidelines,’
defined as any paediatrician-diagnosed recorded with
ICD-9-CM code 493.%, or through free text in medical
charts, as previously reported by our research group.*
The date of asthma onset was defined as the first diag-
nosis recorded after the fifth birthday.

All cases identified via free-text search were then indi-
vidually reviewed to ensure correct classification.

Covariates

Covariates of interest were identified from electronic
medical records reported in Pedianet. They included sex
(male or female), familiarity of atopy or asthma (yes or
no), the presence of eczema or atopic dermatitis in the
first year of life (yes or no),5 and the area deprivation
index as a proxy of socioeconomic status.*

Patient and public involvement

Given the retrospective observational nature of the
study, patient and public have not been involved in the
design, conduct, reporting or dissemination plans of our
research.

Statistical methods

The sociodemographic and clinical characteristics of the
enrolled children were summarised using frequencies
and percentages, stratified by the presence or absence of
wheezing and/or asthma.

Mediation analysis was conducted to decompose the
total effect of early-life exposures on asthma into direct
and indirect effects, with recurrent wheezing serving as
the mediator. Specifically, Cox regression was used to
model the time-to-asthma outcome, yielding HRs and
95% CI. Logistic regression was applied to model the
binary mediator (recurring wheezing), providing ORs
and 95% Cls.'” ** This approach allowed us to estimate
the direct effect of antibiotic and bronchiolitis exposures
on asthma, while accounting for the mediating role of
recurrent wheezing (figure 2).

In the mediation analysis, children without recurrent
wheezing were used as the reference group compared
with those with recurrent wheezing. The analysis was
implemented in R using the regmedint package, based on
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Figure 2 Conceptual diagram of the mediation model. TE
is the relationship between the exposure and the outcome,
while pNDE represents this relationship when controlling by
the effect of the mediator. The indirect effect (tNIE) is equal
to E/M out of M/O. E/M, relationship between exposure and
mediator; M/O, relationship between mediator and outcome;
pNDE, pure natural direct effect; TE, total effect; tNIE, total
natural indirect effect.

the methodological framework proposed by Valeri and
VanderWeele.? 2

Sensitivity and stratified analyses have been performed
(online supplemental eMethods). We followed the
STrengthening the Reporting of OBservational studies
in Epidemiology guidelines. All statistical analyses were
performed using SAS software, V.9.4 (SAS Institute) and
R Statistical Software V.3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Cohort description

Among the 121255 children included in the cohort, 2830
(2.33%) were diagnosed with asthma after age 5, reaching
5.56% (6977/125 402) when considering prevalent cases
(table 1, figure 1). Overall, 62563 (52%) were male, and
socioeconomic deprivation was evenly distributed across
the cohort. A total of 674 children (0.56%) had a famil-
iarity of atopy or asthma, while 12578 (10%) were diag-
nosed with eczema or atopic dermatitis during their first
year of life (table 1). Antibiotic use was widespread, with
nearly half of the children receiving at least one prescrip-
tion during their first year of life. The most prescribed
antibiotic was amoxicillin, both alone and with clavulanic
acid, accounting for approximately 60% of all antibiotic
prescriptions (online supplemental eTable 1). Bronchi-
olitis was a commonly diagnosed condition, affecting
8726 children (7%), and 5995 (5%) experienced both
bronchiolitis and antibiotic exposure during the first
year of life.

Wheezing affected 21% of our paediatric population,
with 4738 out of 25803 (18%) wheezing children classi-
fied as having recurrent wheezing. Across the spectrum
from no wheezing to wheezing and recurrent wheezing,
an increasing trend was observed in several characteris-
tics: male sex (50%, 56% and 60%), familiarity of atopy
or asthma (0.51%, 0.70% and 0.76%), eczema or atopic
dermatitis (9%, 14% and 16%), antibiotic use (44%, 53%

3

and 60%) and bronchiolitis diagnoses (6%, 12% and
17%).

A similar pattern was observed across exposure levels:
the proportion of unexposed children (ie, those with no
antibiotics and no bronchiolitis) decreased from those
with isolated wheezing to those with recurrent wheezing
(54%, 43% and 35%). In contrast, high exposure levels
(i.e., both antibiotics and bronchiolitis) were positively
associated with more frequent wheezing episodes (4%,
8% and 12%).

Children with asthma (2.33% of the cohort) differed
from asthma-free children in several characteristics: they
were more frequently male (64% vs 51%), had a higher
prevalence of family history of atopy or asthma (0.78%
vs 0.55%), were more frequently diagnosed with eczema
or atopic dermatitis (17% vs 10%), had higher antibiotic
use (52% vs 46%) and experienced more bronchiolitis
(10% vs 7%) (table 1).

Mediation analysis

Figure 3 illustrates the mediation effects of recurrent
wheezing on the association between exposure to anti-
biotics and/or bronchiolitis and the development of
asthma. The total effect of these exposures on asthma
risk ranged from a 24% increase (HR 1.24, 95% CI 1.13
to 1.36) for antibiotic use alone to a 51% increase (HR
1.51, 95%CI 1.15 to 1.99) for the exposure to bronchi-
olitis and to 48% (HR 1.48, 95% CI 1.23 to 1.79) for the
combined exposure.

The indirect effect mediated by recurrent wheezing
varied by exposure type: it accounted for 6% (OR 1.06,
95%CI 1.05 to 1.17) of the asthma risk in children
exposed only to antibiotics, 28% (OR 1.28, 95% CI 1.12
to 1.45) in those exposed only to bronchiolitis, and
32% (OR 1.32, 95% CI 1.20 to 1.45) in those with both
exposures.

The direct effects (i.e., independent of wheezing)
also showed an increased risk of asthma: 17% (HR 1.17,
95% CI 1.07 to 1.28) for antibiotics exposure only, 19%
(HR 1.19,95% CI 0.86 to 1.63) for bronchiolitis alone and
13% (1.13,95% CI 0.90 to 1.41) for combined exposures.

Notably, recurrent wheezing mediated approximately
one-third of the asthma risk associated with antibiotic use,
and a larger proportion, 64% and 74%, when bronchiol-
itis was the primary or combined exposure, respectively.
The proportion eliminated, reflecting the hypothetical
reduction in asthma risk if recurrent wheezing were
prevented, suggests that 6%—70% of the exposure-related
asthma risk could potentially be avoided.

Sensitivity and stratified analysis

The results of the stratified analyses are summarised in
figure 4. The observed increased risk in wheezing-free
children, but not in those with wheezing, highlights the
significant role of wheezing, not just recurrent wheezing,
in mediating the effect of antibiotics and bronchiolitis
exposure on asthma risk.
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tNIE 1.28 (1.12 - 1.45)
1.32 (1.20 - 1.45)

Antibiotics  Bronchiolitis  Level
Recurrent O 0 0 Ref
wheezing - . o |
] 0 1 2
PM PE
| 1 1 3
64.02 % 62 %
73.76 % 70 %
pNDE 1.19 (0.86 — 1.63) $
1.13 (0.90 - 1.41)
Antibiotics & - Asthma
bronchiolitis
TE 1.51 (1.15 - 1.99)
1.48 (1.23 - 1.79)

Figure 3 Mediation diagram for the association between at least one antibiotic prescription and bronchiolitis in the first
year of life, recurrent wheezing between the second and fourth years of life, and asthma onset after the fifth year of life. PE,
percentage eliminated; PM, portion mediated; pNDE, pure natural direct effect; tNIE, total natural indirect effect; TE, total effect.

Among children with wheezing, including only
those with isolated wheezing but excluding recurrent
wheezing cases, no association was found between the
exposure levels of interest and asthma onset. In contrast,
among wheezing-free children, the results confirmed
the estimates observed in the overall cohort, showing
an increasing asthma risk with higher exposure levels.

HR (95% CI)

No antibiotics & no bronchiolitis 1 (Reference)

-] - ] ] -
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Bronchiolitis no antibiotics

Bronchiolitis & Antibiotics

No antibiotics & no bronchiolitis
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Bronchiolitis no antibiotics

Bronchiolitis & Antibiotics

No antibiotics & no bronchiolitis
Antibiotics & no bronchiolitis
Bronchiolitis no antibiotics

Bronchiolitis & Antibiotics

No antibiotics & no bronchiolitis
Antibiotics & no bronchiolitis
Bronchiolitis no antibiotics

Bronchiolitis & Antibiotics

1.18(1.10 - 1.26)
1.51(1.24 - 1.85)
1.47 (1.28 - 1.69)

1 (Reference)
1.23(1.11 - 1.36)
1.24 (0.86 - 1.77)
1.17 (0.91 - 1.50)

1 (Reference)
0.92 (0.83 - 1.01)
1.02 (0.80 - 1.31)
0.97 (0.82 - 1.15)

1 (Reference)
0.92(0.82 - 1.04)
0.92 (0.67 - 1.26)
0.90 (0.72-1.11)

0.6

Specifically, HR was 1.23 (95% CI 1.11 to 1.36) for chil-
dren exposed only to antibiotics, 1.24 (95% CI 0.86 to
1.77) for those exposed only to bronchiolitis, and 1.17
(95% CI 0.91 to 1.50) for those exposed to both antibi-
otics and bronchiolitis. Results were also consistent in
the sensitivity analysis, in which exposure was defined as
having filled at least two antibiotic prescriptions within

*

*

L 4

&
\ g

——

0.8 1 12 1.4 1.6 1.8 2

Figure 4 Forest plot showing HRs with corresponding 95% Cls for the risk of developing asthma, adjusted for sex, area
deprivation index, history of atopy or asthma and diagnosis of eczema or atopic dermatitis in the first year of life. The analysis
was conducted in (1) the entire cohort, (2) children without wheezing, (3) children with wheezing and (4) wheezing children
excluding those with recurrent wheezing.
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the first year of life, alone or in combination with bron-
chiolitis (online supplemental eFigure 1).

DISCUSSION

In our Italian paediatric cohort of 121255 children
followed for at least 5 years, early-life exposure to anti-
biotics and bronchiolitis was common; 41% received
antibiotics alone, and 5% experienced both exposures.
Wheezing between the ages of 2 and 5 was reported
in 21% of children, with 18% experiencing recurrent
episodes. Asthma was diagnosed in 2.3% of the cohort.
After adjusting for sex, atopy, eczema and socioeconomic
status, asthma risk increased by 24% in children exposed
only to antibiotics and by 48% in those exposed to both
antibiotics and bronchiolitis, compared with unexposed
peers. Moreover, although the combined exposure to
antibiotic use and bronchiolitis showed a slightly lower
point estimate than bronchiolitis alone, the overlap-
ping Cls indicate that these effects are not meaningfully
different. Recurrent wheezing emerged as a key medi-
ator, accounting for 29%-74% of the excess asthma risk.
These findings emphasise the central role of recurrent
wheezing in the transition from early-life exposures to
asthma and suggest that preventing bronchiolitis and
antibiotic prescriptions could reduce asthma risk by up
to 70%.

Both antibiotic use and bronchiolitis are recognised
risk factors for wheezing and asthma, with preschool
wheezing being a major contributor to asthma onset.”” ™’
While previous studies explored these associations
separately, our analysis is among the first to assess their
combined effect and quantify the mediating role of recur-
rent wheezing to asthma onset after age five. Using medi-
ation analysis, we show that recurrent wheezing explains
more than half of asthma risk in children exposed to
bronchiolitis, highlighting its pivotal role in this pathway.

Previous research supports these findings. Teijeiro and
Gomez reported that respiratory viruses responsible for
bronchiolitis, such as RSV and rhinovirus, along with
timing and severity of infection, and a child’s atopic
status, are key determinants of asthma risk.”” Recurrent
wheezing following bronchiolitis episodes significantly
increases the likelihood of later asthma.”’ RSV causes
60%-80% of bronchiolitis cases in infancy, particularly in
winter, while rhinovirus circulates year-round.”** RSV is
more likely to have a causal role in asthma development,
whereas rhinovirus may act as a marker of susceptibility.?’
Rhinovirus-induced bronchiolitis has also been identi-
fied as a strong predictor of recurrent wheezing, which
itself is closely associated with later asthma.*® %%

The gut and respiratory microbiomes likely contribute
to these associations. Early microbial colonisation and
the development of the respiratory tract microbiota are
critical for immune system maturation.”” Delayed micro-
biota development has been linked to instability and
increased susceptibility to infections.”® Antibiotic use
in infancy can disrupt microbial diversity, influencing

immune regulation, particularly the balance between T
helper cells and regulatory T cells.” This disruption may
increase the risk of allergic diseases, including asthma,
supporting the hygiene hypothesis.'"” The Dutch KOALA
cohort study demonstrated that infants exposed to antibi-
otics had gut microbiota patterns associated with eczema
and wheezing by age two, reinforcing the connection
between antibiotic-driven microbiome alterations and
immune-related respiratory outcomes.*’

Despite accumulating evidence, a 2022 review and a
2019 WHO expert panel concluded that evidence linking
RSV lower respiratory tract infections to asthma remains
inconclusive.”” However, if a causal relationship does
exist, preventive strategies must be prioritised globally.
Our findings contribute to this evolving discussion. The
recent nationwide rollout of nirsevimab in Italy marks an
important step in RSV prevention. Real-world evidence
from 2025 showed a 27% reduction in wheezing in the
first year following nirsevimab introduction, demon-
strating its effectiveness in preventing RSV infections and
related complications. This effect reflects the decrease
of bronchiolitis, which represents the main risk factor
for subsequent wheezing development. These outcomes
align with Advisory Committee on Immunization Prac-
tices (ACIP) recommendations supporting its use in all
eligible infants.*! Future studies should examine the
long-term effects of RSV immunoprophylaxis not only on
acute illness but also on downstream conditions such as
asthma.

Our previous research during the COVID-19 lockdown,
which effectively delayed bronchiolitis onset, revealed a
30% reduction in wheezing incidence.” Furthermore,
this study showed that effective prevention of recurrent
wheezing could reduce asthma risk by at least 70% in the
general paediatric population. These results reinforce
the importance of early-life interventions that target the
underlying triggers of wheezing and asthma.

A major strength of our study is the use of real-
world primary care data, which ensures comprehensive
coverage and reflects actual clinical practice. Additionally,
our methodological framework enabled exploration of
complex interrelationships among exposures, mediators
and outcomes, moving beyond simple exposure-outcome
models to provide a more nuanced understanding of
asthma development.

Nonetheless, some limitations must be acknowledged.
First, the mediation analysis was constrained by software
limitations, which prevented the use of isolated wheezing
as a mediator in time-to-event models. To address this,
we performed wheezing-stratified analyses, which consis-
tently supported the role of wheezing as a mediator.
Second, asthma diagnosis was based on clinical coding,
which may have led to some degree of misclassification of
undiagnosed cases. We deliberately chose not to include
respiratory medication data to avoid further misclas-
sification, a decision that may have led to conservative
estimates. Third, the analysis was restricted to children
followed from birth with at least 5 years of follow-up. This
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restriction was implemented to ensure reliable ascertain-
ment of incident asthma, as diagnoses made before the
age of b may be less specific due to transient wheezing
phenotypes in early childhood. Although this approach
reduced the sample size and may have led to an overrep-
resentation of healthier children in the analytic cohort,
such selection would be expected to bias results towards
the null rather than inflate associations. Moreover,
previous studies have shown that Pedianet birth cohorts
are representative of national birth cohorts, thereby
limiting the risk of substantial selection bias.** Finally,
as with all observational studies, residual confounding
cannot be excluded, particularly in relation to environ-
mental exposures or unmeasured parental behaviours.

CONCLUSIONS

Our findings highlight the crucial role of early-life events,
specifically antibiotic use and bronchiolitis, in shaping
long-term respiratory health. Recurrent wheezing serves
as a key mediator linking these early exposures to asthma.
Public health strategies aimed at preventing bronchi-
olitis through immunoprophylaxis and promoting judi-
cious antibiotic use may significantly reduce the burden
of asthma. These findings should inform future clinical
guidelines and policy interventions targeting respiratory
health in early childhood.

Author affiliations

‘Department of Statistics and Quantitative Methods, Division of Biostatistics,
Epidemiology and Public Health, Universita degli Studi di Milano-Bicocca, Milan,
[taly

%Department of Cardio-Thoraco-Vascular Sciences and Public Health, University of
Padua Unit of Biostatistics, Epidemiology and Public Health, Padua, Italy
®Department of Women’s and Children’s Health, University of Padua, Padua, Italy
“Neonatal Intensive Care Unit, Department of Women's and Children’s Health,
Institute of Pediatric Research, University of Padua, Padua, Italy

Acknowledgements The authors gratefully acknowledge the contributions of

all Pedianet family paediatricians (Pedianet): Eva Alfieri, Michela Alfiero Bordigato,
Angelo Alongi, Biagio Amoroso, Rosaria Ancarola, Barbara Andreola, Giampaolo
Anese, Roberta Angelini, Maria Grazia Apostolo, Giovanna Argo, Giovanni Avarello,
Lucia Azzoni, Maria Carolina Barbazza, Patrizia Barbieri, Gabriele Belluzzi, Eleonora
Benetti, Filippo Biasci, Franca Boe, Stefano Bollettini, Francesco Bonaiuto, Anna
Maria Bontempelli, Matteo Bonza, Sara Bozzetto, Andrea Bruna, lvana Brusaterra,
Massimo Caccini, Laura Cali, Sonia Camposilvan, Laura Cantalupi, Luigi Cantarutti,
Chiara Cardarelli, Giovanna Carli, Sylvia Carnazza, Massimo Castaldo, Stefano
Castelli, Monica Cavedagni, Giuseppe Egidio Cera, Chiara Chillemi, Francesca
Cichello, Giuseppe Cicione, Carla Ciscato, Mariangela Clerici Schoeller, Samuele
Cocchiola, Giuseppe Collacciani, Valeria Conte, Roberta Corro', Rosaria Costagliola,
Nicola Costanzo, Sandra Cozzani, Giancarlo Cuboni, Giorgia Curia, Caterina D'alia,
Vito Francesco D'Amanti, Antonio D'Avino, Roberto De Clara, Lorenzo De Giovanni,
Annamaria De Marchi, Gigliola Del Ponte, Tiziana Di Giampietro, Giuseppe Di
Mauro, Giuseppe Di Santo, Piero Di Saverio, Mattea Dieli, Marco Dolci, Mattia
Doria, Dania El Mazloum, Maria Carmen Fadda, Pietro Falco, Mario Fama, Marco
Faraci, Maria Immacolata Farina, Tania Favilli, Mariagrazia Federico, Michele Felice,
Maurizio Ferraiuolo, Michele Ferretti, Mauro Gabriele Ferretti, Paolo Forcina, Patrizia
Foti, Luisa Freo, Ezio Frison, Fabrizio Fusco, Giovanni Gallo, Roberto Gallo, Andrea
Galvagno, Alberta Gentili, Pierfrancesco Gentilucci, Giuliana Giampaolo, Francesco
Gianfredi, Isabella Giuseppin, Laura Gnesi, Costantino Gobbi, Renza Granzon, Mauro
Grelloni, Mirco Grugnetti, Antonina Isca, Urania Elisabetta Lagrasta, Maria Rosaria
Letta, Giuseppe Lietti, Cinzia Lista, Ricciardo Lucantonio, Francesco Luise, Enrico
Marano, Francesca Marine, Lorenzo Mariniello, Gabriella Marostica, Sergio Masotti,
Stefano Meneghetti, Massimo Milani, Stella Vittoria Milone, Donatella Moggia,
Angela Maria Monteleone, Pierangela Mussinu, Anna Naccari, Imnmacolata Naso,
Flavia Nicoloso, Cristina Novarini, Laura Maria Olimpi, Riccardo Ongaro, Maria

Maddalena Palma, Angela Pasinato, Andrea Passarella, Pasquale Pazzola, Monica
Perin, Danilo Perri, Silvana Rosa Pescosolido, Giovanni Petrazzuoli, Giuseppe
Petrotto, Patrizia Picco, Ambrogina Pirola, Lorena Pisanello, Daniele Pittarello,
Elena Porro, Antonino Puma, Maria Paola Puocci, Andrea Righetti, Rosaria Rizzari,
Cristiano Rosafio, Paolo Rosas, Bruno Ruffato, Lucia Ruggieri, Annamaria Ruscitti,
Annarita Russo, Pietro Salamone, Daniela Sambugaro, Luigi Saretta, Vittoria Sarno,
Valentina Savio, Nico Maria Sciolla, Rossella Semenzato, Paolo Senesi, Carla
Silvan, Giorgia Solda, Valter Spanevello, Sabrina Spedale, Francesco Speranza,
Sara Stefani, Francesco Storelli, Paolo Tambaro, Giacomo Toffol, Gabriele Tonelli,
Silvia Tulone, Angelo Giuseppe Tummarello, Cristina Vallongo, Sergio Venditti, Maria
Grazia Vitale, Concetta Volpe, Francescopaolo Volpe, Aldo Vozzi, Giulia Zanon, Maria
Luisa Zuccolo.

Contributors Guarantors, RB and AC, accept full responsibility for the finished
work and/or the conduct of the study, had access to the data and controlled the
decision to publish; Conceptualisation: RB and AC; Data curation and formal
analysis: RB, AC and SB; Writing—original draft preparation: RB and AC; Writing—
review and editing: CC, EB, CDC and CG. EB and AC contributed as co-last.

Funding This work is supported by grants from the Ministero dell’universita

e della ricerca (P20224MZE4), PNRR 2022-NAZ-0524—PRIN 2022 under the
National Recovery and Resilience Plan (PNRR), Mission 4, Component 2, Investment
1.1—Call 1409/22: Covid-19 and Acute Respiratory Infections: the Clinical and
Epidemiological Changes in the Pediatric Population (the CARICE project); CUP:
H53D23007460001.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.
Ethics approval Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data may be obtained from a third party and are not
publicly available.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: https://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Riccardo Boracchini https://orcid.org/0009-0002-8339-9485
Costanza Di Chiara https://orcid.org/0000-0002-3586-0612
Anna Cantarutti https://orcid.org/0000-0002-3700-780X

REFERENCES

1 Papi A, Brightling C, Pedersen SE, et al. Asthma. Lancet
2018;391:783-800.

2 Chipps BE, Bacharier LB, Farrar JR, et al. The pediatric asthma
yardstick: Practical recommendations for a sustained step-up in
asthma therapy for children with inadequately controlled asthma.
Ann Allergy Asthma Immunol 2018;120:559-79.

3 Gilobal Initiative for Asthma. GINA: interim guidance about covid-19
& asthma. n.d. Available: https://ginasthma.org/covid-19

4 Kahhaleh FG, Barrientos G, Conrad ML. The gut-lung axis
and asthma susceptibility in early life. Acta Physiol (Oxf)
2024;240:e14092.

5 Cantarutti A, Amidei CB, Bonaugurio AS, et al. Early-life exposure to
antibiotics and subsequent development of atopic dermatitis. Expert
Rev Clin Pharmacol 2022;15:779-85.

8 Boracchini R, et al. BMJ Public Health 2026;4:6003442. doi:10.1136/bmjph-2025-003442

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1sanb Aq 9z0z Areniged ST uo wod fwg yiresyalgndlwg//:sdny woly pspeojumod "920z Arenigad TT U0 Ziy€00-5202-Udiwg/oeTT 0T Se paysiignd 1siy :yieaH alignd g


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0002-8339-9485
https://orcid.org/0000-0002-3586-0612
https://orcid.org/0000-0002-3700-780X
http://dx.doi.org/10.1016/S0140-6736(17)33311-1
http://dx.doi.org/10.1016/j.anai.2018.04.002
https://ginasthma.org/covid-19
http://dx.doi.org/10.1111/apha.14092
http://dx.doi.org/10.1080/17512433.2022.2092471
http://dx.doi.org/10.1080/17512433.2022.2092471

3 BMJ Public Health

6

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Villmones HC, Haug ES, Ulvestad E, et al. Species Level
Description of the Human lleal Bacterial Microbiota. Sci Rep
2018;8:4736.

Lee E, Kwon J-W, Kim H-B, et al. Association Between Antibiotic
Exposure, Bronchiolitis, and TLR4 (rs1927911) Polymorphisms in
Childhood Asthma. Allergy Asthma Immunol Res 2015;7:167-74.
Hoskin-Parr L, Teyhan A, Blocker A, et al. Antibiotic exposure in the
first two years of life and development of asthma and other allergic
diseases by 7.5 yr: a dose-dependent relationship. Pediatr Allergy
Immunol 2013;24:762-71.

Rusconi F, Gagliardi L, Galassi C, et al. Paracetamol and antibiotics
in childhood and subsequent development of wheezing/asthma:
association or causation? Int J Epidemiol 2011;40:662-7.

Goksor E, Alm B, Thengilsdottir H, et al. Preschool wheeze — impact
of early fish introduction and neonatal antibiotics. Acta Paediatr
2011;100:1561-6.

Erickson EN, Bhakta RT, Tristram D, et al. Pediatric bronchiolitis.
2025.

Manti S, Staiano A, Orfeo L, et al. UPDATE - 2022 Italian guidelines
on the management of bronchiolitis in infants. /tal J Pediatr
20283;49:19.

Dumas O, Erkkola R, Bergroth E, et al. Severe bronchiolitis profiles
and risk of asthma development in Finnish children. J Allergy Clin
Immunol 2022;149:1281-5.

Mufioz-Quiles C, Lopez-Lacort M, Diez-Domingo J, et al.
Bronchiolitis, Regardless of Its Etiology and Severity, Is Associated
With Increased Risk of Asthma: A Population-Based Study. J Infect
Dis 2023;228:840-50.

Barbieri E, Cantarutti A, Boracchini R, et al. Wheeze Among
Children Born During COVID-19 Lockdown. JAMA Netw Open
2024;7:€2420792.

Chen I-L, Huang H-C, Chang Y-H, et al. Effect of antibiotic use

for acute bronchiolitis on new-onset asthma in children. Sci Rep
2018;8:6090.

Neuman A, Bergstrom A, Gustafsson P, et al. Infant wheeze,
comorbidities and school age asthma. Pediatr Allergy Immunol
2014;25:380-6.

Binns E, Tuckerman J, Licciardi PV, et al. Respiratory syncytial virus,
recurrent wheeze and asthma: A narrative review of pathophysiology,
prevention and future directions. J Paediatr Child Health
2022;58:1741-6.

Di Chiara C, Barbieri E, Chen YX, et al. Comparative study showed
that children faced a 78% higher risk of new-onset conditions after
they had COVID-19. Acta Paediatr 2023;112:2563-71.

Boracchini R, Canova B, Ferrara P, et al. A silent strain: the unseen
burden of acute respiratory infections in children. Ital J Pediatr
2024;50:167.

Rosas-Salazar C, Chirkova T, Gebretsadik T, et al. Respiratory
syncytial virus infection during infancy and asthma during childhood
in the USA (INSPIRE): a population-based, prospective birth cohort
study. The Lancet 2023;401:1669-80.

Cantarutti A, Barbiellini Amidei C, Valsecchi C, et al. Association

of Treated and Untreated Gastroesophageal Reflux Disease in the
First Year of Life with the Subsequent Development of Asthma. Int J
Environ Res Public Health 2021;18:9633.

Batzella E, Cantarutti A, Caranci N, et al. The Association Between
Pediatric COVID-19 Vaccination and Socioeconomic Position:
Nested Case-Control Study From the Pedianet Veneto Cohort. JMIR
Public Health Surveill 2023;9:e44234.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

VanderWeele TJ, Shrier I. Sufficient Cause Representation of

the Four-way Decomposition for Mediation and Interaction.
Epidemiology 2016;27:€32-3.

Valeri L, VanderWeele TJ. SAS macro for causal mediation analysis
with survival data. Epidemiology 2015;26:e23-4.

Valeri L, Vanderweele TJ. Mediation analysis allowing for exposure-
mediator interactions and causal interpretation: theoretical
assumptions and implementation with SAS and SPSS macros.
Psychol Methods 2013;18:137-50.

Beigelman A, Bacharier LB. The role of early life viral bronchiolitis

in the inception of asthma. Curr Opin Allergy Clin Immunol
2013;13:211-6.

Farley R, Spurling GKP, Eriksson L, et al. Antibiotics for bronchiolitis
in children under two years of age. Cochrane Database Syst Rev
2014;2014:CD005189.

Castro-Rodriguez JA, Garcia-Marcos L. Wheezing and Asthma in
childhood: an epidemiology approach. Allergol Immunopathol (Madr)
2008;36:280-90.

Teijeiro A, Gémez RM. Wheezing-Related Relevant Factors and the
Role of Viral Bronchiolitis. Front Allergy 2021;2:726972.

Backman K, Piippo-Savolainen E, Ollikainen H, et al. Increased
asthma risk and impaired quality of life after bronchiolitis or
pneumonia in infancy. Pediatr Pulmonol 2014;49:318-25.

Calvo C, Garcia-Garcia ML, Blanco C, et al. Role of rhinovirus in
hospitalized infants with respiratory tract infections in Spain. Pediatr
Infect Dis J 2007;26:904-8.

O’Callaghan-Gordo C, Bassat Q, Diez-Padrisa N, et al. Lower
respiratory tract infections associated with rhinovirus during infancy
and increased risk of wheezing during childhood. A cohort study.
PLoS One 2013;8:69370.

Verdnica Giubergia D, Martinchuk G, Moreno N, et al. Gravedad

de La Infeccion Por Virus Sincicial Respiratorio En Pacientes Con
Factores de Riesgo y Sin Ellos Articulo Original. 2004;102.
Hasegawa K, Mansbach JM, Bochkov YA, et al. Association of
Rhinovirus C Bronchiolitis and Immunoglobulin E Sensitization
During Infancy With Development of Recurrent Wheeze. JAMA
Pediatr 2019;173:544-52.

Kappelle L, Brand PLP. Severe episodic viral wheeze in preschool
children: High risk of asthma at age 5-10 years. Eur J Pediatr
2012;171:947-54.

Teo SM, Mok D, Pham K, et al. The infant nasopharyngeal
microbiome impacts severity of lower respiratory infection and risk
of asthma development. Cell Host Microbe 2015;17:704-15.

Bosch AATM, de Steenhuijsen Piters WAA, van Houten MA, et al.
Maturation of the Infant Respiratory Microbiota, Environmental
Drivers, and Health Consequences. A Prospective Cohort Study. Am
J Respir Crit Care Med 2017;196:1582-90.

Ahmadizar F, Vijverberg SJH, Arets HGM, et al. Early life antibiotic
use and the risk of asthma and asthma exacerbations in children.
Pediatr Allergy Immunol 2017;28:430-7.

Penders J, Thijs C, van den Brandt PA, et al. Gut microbiota
composition and development of atopic manifestations in infancy:
the KOALA Birth Cohort Study. Gut 2007;56:661-7.

Ma KSK, Tsai SY, El Saleeby CM, et al. Nirsevimab decreased the
subsequent risk of respiratory syncytial virus infection and wheezing
in the 2023-2024 RSV season. Pediatr Res 2025;98:388-90.
Batzella E, Gutierrez de Rubalcava Doblas J, Porcu G, et al.
Childhood BMI trajectories and sociodemographic factors in an
Italian pediatric population. Sci Rep 2025;15:3525.

Boracchini R, et al. BMJ Public Health 2026;4:e003442. doi:10.1136/bmjph-2025-003442

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1sanb Aq 9z0z Areniged ST uo wod fwg yiresyalgndlwg//:sdny woly pspeojumod "920z Arenigad TT U0 Ziy€00-5202-Udiwg/oeTT 0T Se paysiignd 1siy :yieaH alignd g


http://dx.doi.org/10.1038/s41598-018-23198-5
http://dx.doi.org/10.4168/aair.2015.7.2.167
http://dx.doi.org/10.1111/pai.12153
http://dx.doi.org/10.1111/pai.12153
http://dx.doi.org/10.1093/ije/dyq263
http://dx.doi.org/10.1111/j.1651-2227.2011.02411.x
http://dx.doi.org/10.1186/s13052-022-01392-6
http://dx.doi.org/10.1016/j.jaci.2021.08.035
http://dx.doi.org/10.1016/j.jaci.2021.08.035
http://dx.doi.org/10.1093/infdis/jiad093
http://dx.doi.org/10.1093/infdis/jiad093
http://dx.doi.org/10.1001/jamanetworkopen.2024.20792
http://dx.doi.org/10.1038/s41598-018-24348-5
http://dx.doi.org/10.1111/pai.12223
http://dx.doi.org/10.1111/jpc.16197
http://dx.doi.org/10.1111/apa.16966
http://dx.doi.org/10.1186/s13052-024-01754-2
http://dx.doi.org/10.1016/S0140-6736(23)00811-5
http://dx.doi.org/10.3390/ijerph18189633
http://dx.doi.org/10.3390/ijerph18189633
http://dx.doi.org/10.2196/44234
http://dx.doi.org/10.2196/44234
http://dx.doi.org/10.1097/EDE.0000000000000521
http://dx.doi.org/10.1097/EDE.0000000000000253
http://dx.doi.org/10.1037/a0031034
http://dx.doi.org/10.1097/ACI.0b013e32835eb6ef
http://dx.doi.org/10.1002/14651858.CD005189.pub4
http://dx.doi.org/10.1016/s0301-0546(08)75224-8
http://dx.doi.org/10.3389/falgy.2021.726972
http://dx.doi.org/10.1002/ppul.22842
http://dx.doi.org/10.1097/INF.0b013e31812e52e6
http://dx.doi.org/10.1097/INF.0b013e31812e52e6
http://dx.doi.org/10.1371/journal.pone.0069370
http://dx.doi.org/10.1001/jamapediatrics.2019.0384
http://dx.doi.org/10.1001/jamapediatrics.2019.0384
http://dx.doi.org/10.1007/s00431-011-1663-7
http://dx.doi.org/10.1016/j.chom.2015.03.008
http://dx.doi.org/10.1164/rccm.201703-0554OC
http://dx.doi.org/10.1164/rccm.201703-0554OC
http://dx.doi.org/10.1111/pai.12725
http://dx.doi.org/10.1136/gut.2006.100164
http://dx.doi.org/10.1038/s41390-024-03782-4
http://dx.doi.org/10.1038/s41598-025-87997-3

	Recurrent wheezing as a mediator between early-­life exposures and childhood asthma: a mediation analysis in an Italian primary care paediatric cohort
	Abstract
	Introduction﻿﻿
	Materials and methods
	Data source
	Study design and study population
	Study design
	Exposures definition and assessment
	Mediator definition
	Outcome definition
	Covariates

	Patient and public involvement
	Statistical methods

	Results
	Cohort description
	Mediation analysis
	Sensitivity and stratified analysis

	Discussion
	Conclusions
	References


