
Environment International 196 (2025) 109303

Available online 24 January 2025
0160-4120/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full length article

Exposure to climate change-related extreme events in the first year of life 
and occurrence of infant wheezing

Silvia Maritano a,b,* , Lorenzo Richiardi a , Sofia Quaglia a, Franca Rusconi c , Milena Maule a,  
Giovenale Moirano a,d

a Cancer Epidemiology Unit, Medical Science Department, University of Turin and CPO Piemonte, Via Santena 7, 10126, Turin, Italy
b University School for Advanced Studies IUSS Pavia, Palazzo del Broletto, Piazza della Vittoria, 27100 Pavia, PV, Italy
c Department of Mother and Child Health, Azienda USL Toscana Nord Ovest, Pisa, Italy
d Barcelona Supercomputing Center (BSC), Barcelona, Spain

A R T I C L E  I N F O

Handling Editor: Hanna Boogaard

A B S T R A C T

Introduction: Climate change increases the intensity and frequency of extreme events, which will most impact 
younger generations. Within the NINFEA birth cohort, we investigated the relationship between exposure to such 
events during the first year of life and infant respiratory health.
Methods: The NINFEA cohort study recruited pregnant women across 11 years in Italy, allowing for climatic 
variability exploitation by birth place and time. We combined geocoded addresses with climate data, to derive 
children’s cumulative exposure to the following extreme events during their first year: (i) heatwaves (i.e. 3 +
consecutive days, with maximum temperature > 35 ◦C); (ii) days with wildfire PM2.5 >15 μg/m3 and (iii) daily 
precipitation > 100 mm; (iv) months with exceptional drought. Logistic regression models estimated the rela
tionship between each exposure and wheezing at 6–18 months, adjusting for individual and contextual factors.
Results: Wheezing prevalence in the cohort was 17.6%. The exposure to each additional heatwave in the first year 
of life increased wheezing risk by 16%, with an odds ratio (OR) of 1.16 and a 95% Confidence Interval (CI) of 
1.00;1.35. The OR for each month of extreme drought exposure was 1.10, 95%CI 0.95; 1.26. Results for wildfire 
PM2.5 were unclear with wider confidence intervals (OR for each high exposure day:1.36, 95% CI 0.85; 2.16). 
Wheezing was not associated with extreme precipitation.
Conclusions: Exposure to multiple extreme events, especially heatwaves, in the first year of life is associated with 
later infant respiratory health suggesting the need to implement climate change mitigation policies to protect 
long-term health.

1. Introduction

Human-caused climate change (CC) affects the frequency and in
tensity of extreme events, such as heatwaves, drought, floods, and 
wildfires around the globe (Lee et al., 2023), which have potential acute 
and long-term health consequences. Among them, CC-related extreme 
events have been linked to a higher risk of overall mortality, acute in
juries, and hospital admissions in the following days and weeks (Perera 
and Nadeau, 2022; Costello et al., 2009). Nevertheless, estimating the 
health burden of exposure to CC-related extreme events is complex since 
they can cumulate over the life course, leading to a greater burden of 
exposure and possibly long-term health threats (Costello et al., 2009). In 
addition, the occurrence of CC-related extreme events varies widely over 

space, time, and generations. The most vulnerable populations dispro
portionately feel the health consequences of such exposures. Those 
include infants and children, pregnant women, the elderly, individuals 
with underlying diseases, and those living in poverty, disadvantaged 
circumstances, or vulnerable regions (Organization WH. Climate 
Change: World Health Organization;, 2023). Some areas of the world are 
considered particularly vulnerable to CC. The Mediterranean Basin is 
warming 20 % faster than the global average. Its mean temperature is 
projected to increase by 2.2 ◦C when the world exceeds 1.5 ◦C above pre- 
industrial levels (Bleu UMaP, 2020). Significant climatic shifts are un
derway in the region, leading to a rising frequency and intensity of 
extreme weather events, including episodes of storms and floods alter
nating with heatwaves and droughts, which consequently amplify the 
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susceptibility to wildfires (Bleu UMaP, 2020). An increasing body of 
evidence suggests that children’s respiratory health might be affected by 
CC-related events (Helldén et al., 2021; Perera and Nadeau, 2022). 
Heatwaves, wildfires, and extreme precipitation have been linked to 
increased hospitalization for respiratory diseases in young children 
(Perera and Nadeau, 2022; Kline and Prunicki, 2023; Makrufardi et al., 
2023). Nevertheless, several studies addressing these associations 
concentrate on single exposure types and investigate their short-term 
effects on acute outcomes (Perera and Nadeau, 2022; Helldén et al., 
2021; Kline and Prunicki, 2023; Makrufardi et al., 2023). Limited in
formation is available on the long-term respiratory health trajectories 
and/or early signs of impaired respiratory health resulting from cumu
lative exposure to multiple extreme events (Kline and Prunicki, 2023). 
Even less is known about the consequences of exposures occurring in 
specific windows of susceptibility, despite being established that early 
life events can affect the health status later in life (Jaddoe et al., 2020). 
Implementing a life-course approach could prove beneficial in bridging 
these knowledge gaps (Burrows and Fussell, 2022).

We focused on the potential chronic and long-term impacts of CC- 
related extreme events, hypothesizing that such exposures may impact 
the development of the immature adaptive immune system as well as 
airway structure and function during this critical early period. Infant 
wheezing was identified as the outcome of interest since early childhood 
wheezing episodes, particularly if recurrent, predict asthma develop
ment and lung function in later life (Melén et al., 2024). In this study, we 
leveraged geo-referenced data from the Italian NINFEA (Nascita e 
Infanzia: gli Effetti dell’Ambiente) birth cohort (Richiardi et al., 2007), 
which enrolled participants from rural and urban areas of most Italian 
Regions over eleven years, to assess the effects of early life exposures to 
CC-related extreme events, on later infant respiratory health. Specif
ically, this study aimed to investigate the association between cumula
tive exposure to different extreme events occurring in the first year of 
life, namely high temperatures, drought, extreme precipitations, and 
wildfire-related Particular Matter PM2.5 (i.e. all the suspended Partic
ular Matter with a diameter lower than 2.5 µm), and self-reported infant 
wheezing occurrence, taking advantage of the variability of climatic 
conditions given the time and place of birth of the cohort’s children.

2. Methods

2.1. Study population

The study population is part of the Italian NINFEA birth cohort. The 
project enrolled approximately 7500 mothers during pregnancy across 
the whole country for 11 years (2005–2016). To be included in the study 
women needed to have sufficient knowledge of the Italian language and 
Internet access availability. Women who were aware of the project and 
volunteered to participate completed the baseline questionnaire (Q1) at 
enrolment, which could have occurred at any time during pregnancy, 
and are followed up with their children through questionnaires 6 (Q2) 
and 18 (Q3) months after delivery and when the children turn 4 (Q4), 7 
(Q7), 10 (Q10), 13 (Q13) and 16 (Q16) years of age. Information on the 
follow-up response proportion at each questionnaire is available as a 
technical report on the project website (NINFEA, 2005). Further infor
mation on the study design has been published previously (Richiardi 
et al., 2007).

As for this study we were interested in early wheezing episodes we 
only used information from the Q1 and Q3 questionnaires of the NINFEA 
database (version 2022.11). All children for whom information on 
wheezing between 6 and 18 months of age was available in Q3 were 
included in the current study.

The Ethical Committee of the San Giovanni Battista Hospital and 
CTO/CRF/Maria Adelaide Hospital of Turin approved the NINFEA study 
(approval No. 45 and following amendments) and written informed 
consent was obtained from all the participants.

2.2. Exposure definition

We considered exposure to extreme temperatures and precipitations, 
drought, and wildfires. The frequency and intensity of these extreme 
events can vary over space and time and are directly affected by CC. We 
geo-referenced through Google Maps Application Programming Inter
face (API) service the addresses of mothers during pregnancy assessed in 
Q1 and matched them with spatio-temporal gridded data extracted from 
the following datasets: (i) the ERA5 reanalysis dataset (Hersbach et al., 
1940); (ii) the Global SPEI (Standardised Precipitation Evapotranspira
tion Index) database v. 2.9 (Serrano et al., 2010) and (iii) the SILAM 
(System for Integrated Modeling of Atmospheric Composition model) 
(Toll et al., 2015). We provide more specific information on the datasets 
used to derive the indicators, such as units of measurement and grid 
resolution in the Appendix, Table A1. For all children in the study, we 
derived their exposure history from the day of birth until the first 
birthday for the four CC-related extreme events listed above. We 
considered a one-year window, i.e. the first year of life, to ensure that all 
children were exposed to all four seasons, thus accounting for the sea
sonality of the exposures. We applied multiple definitions of extreme 
events, using multiple cutoff points supported by relevant literature 
(Sherwood and Huber, 2010; Tusting, 2020). Additionally, indices rec
ommended by the Expert Team on Climate Change Detection and 
Indices (ETCCDI) (Karl et al., 1999) were used as a reference whenever 
possible.

We computed the following indicators referred to each child’s first 
year of life: (i) the number of days with maximum temperature above 
35 ◦C hereafter defined as SU35, or (ii) 30 ◦C (SU30); (iii) the number of 
heatwaves (HW), defined as more than three consecutive days with 
maximum temperature above 35 ◦C; (iv) the number of months with a 
SPEI index lower than − 2.0, defined as exceptional drought, (v) − 1.6, 
extreme drought and (vi) − 1.3, severe drought, following the drought 
severity definition adopted in the Lancet Countdown Report of 2023 
(Romanello et al., 2023); (vii) the number of days with maximum daily 
precipitation above 50 mm ((PR50), or (viii) 100 mm (PR100); (ix) the 
number of days with PM 2.5 from wildfires concentration above the 
WHO daily 15 µg/m3 and annual (x) 5 µg/m3 threshold limits. For 
additional information on the indicators and their data sources refer to 
Supplementary Material, Table S1.

2.3. Outcome assessment

The main outcome of interest was wheezing between 6 and 18 
months of life, as assessed in Q3 when the child turned 18 months of age. 
All questions on wheezing present in the questionnaires were based on 
the standardized questionnaire of the International Study of Asthma and 
Allergies in Childhood (ISAAC) study (Solé et al., 1998). Specifically, we 
considered infant wheezing as a binary outcome based on whether the 
mother indicated wheezing among the conditions listed in the following 
question: “Indicate which of the following episodes did your child have 
between the 6th and 18th month of life [..] Wheezing or whistling in the 
chest”.

We also considered, as a secondary outcome, whether a physician 
had diagnosed the wheezing episodes that children experienced be
tween the ages of 6 and 18 months. The question was worded as follows: 
“Have the episodes of wheezing/whistling in the chest that your child 
experienced between the 6th and 18th month of age ever been diag
nosed by a pediatrician at least once?”.

2.4. Statistical analysis

We fitted three logistic regression models, considering increasing 
sets of potential confounders, and adopting a complete case approach. 
Since some mothers joined the NINFEA cohort with more than one child 
we adopted robust standard errors, clustered by the maternal ID. Model 
1 was the crude unadjusted model. In Model 2 we adjusted for the 
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following individual-level variables, based on the information provided 
by the mothers during the baseline assessment (Q1): pre-pregnancy 
maternal smoke (yes vs. no), maternal education (divided into three 
levels: no/primary; secondary school; graduation or postgraduate de
gree); parity as a continuous variable; maternal age at delivery, and 
maternal ever asthma (yes vs. no). Model 3 was adjusted for the same 
individual-level variables considered in Model 2 and for additional 
contextual factors (i.e. depending on their residence address): the cli
matic zone of residence according to the Köppen-Geiger climate classi
fication at a 1-km resolution for the 1980–2016 period (Beck et al., 
2018), degree of urbanization (rural vs. urban), according to the GHS 
Settlement Model layers (GHS-SMOD) indicator (Florczyk et al., 2019); 
and the Italian macro-area of residence (north, center and south/ 
islands).

2.5. Sensitivity analyses

First, to address the potential over-reporting of wheezing by the 
mothers and as a proxy of severity and recurrence of wheezing episodes, 
we conducted a sensitivity analysis on the cohort participants who had 
the information on whether a physician had diagnosed the wheezing 
episodes between 6 and 18 months of age. Second, given the partial 
overlap between the periods of the exposure (i.e. first year of life) and 
the outcome assessment (i.e. 6–18 months of life), we conducted a 
sensitivity analysis focusing exclusively on exposures occurring within 
the first 6 months of life. We adopted Models 1, the crude model, and 
Model 3, further adjusted for the month of birth to account for the 
seasonality of exposure. Lastly, since participants might have moved 
between the baseline assessment (Q1) and the period of the outcome 
assessment (Q3) we performed a sensitivity analysis by restricting the 
analysis to participants who did not change their residence address be
tween Q1 and Q3.

2.6. Stratified analyses

We conducted some stratified analyses to investigate whether the 
relationship between exposure to extreme events and infant wheezing 
was different according to socioeconomic status (Pizzi et al., 2024) 
(SES), degree of urbanization (Schröder et al., 2015), and child sex 
(Mandhane et al., 2005), as assigned at birth. We used maternal edu
cation as a proxy of the SES and explored its role in potentially miti
gating the consequences of extreme events exposure on health. We 
conducted a stratified analysis dividing the cohort into two subsets 
based on the maternal level of education, dichotomized in high school 
(or lower) and university (or higher). Due to the possible differences in 
the exposure occurrences and their consequences according to the de
gree of urbanization, we conducted a stratified analysis on the urban and 
rural/peri-urban groups according to the corresponding GHS-SMOD 
classification of the residence area (Commission et al., 2019). The ana
lyses were also stratified according to child sex as assigned at birth (male 
and female) and assessed through questionnaires.

All the analyses were carried out using R software (version 4.3.1.) 
(Team RC, 2013).

3. Results

3.1. Study population

The study population included 5704 children for whom we had in
formation on wheezing between 6 and 18 months. A flow diagram 
describing the progression from the initially enrolled mother–child pairs 
to the ultimate study composition is reported in the Appendix, Fig. A1. 
Table 1 summarises the distribution of the outcome and all the variables 
used as covariates in the analysis of the study population.

Due to missing information about residence or residence outside the 
Italian territory, we could not calculate exposures for 411 subjects. The 

complete case approach led us to exclude individuals with missing co
variate information. Missingness however did not exceed 6.9 % for all 
the variables included in the models, resulting in a final sample of 4916 
children for the main analysis. Fig. 1 summarises the distribution of 
individual exposure to extreme events in the first year of life.

3.2. Exposure to extreme events and wheezing occurrence

As reported in Table 2, we found an increased risk of infant wheezing 
for exposure to extreme temperatures. Specifically, the risk of wheezing 
increased by 4 % for each additional day of exposure to temperatures 
exceeding 35◦C (SU35) in all the models adopted with an odds ratio 
(OR) of 1.04, and a 95 % confidence interval (CI) from 1.01 to 1.07. The 
95 % percentile for the SU35 indicator in our cohort corresponded to 4 
days, while the median level of exposure corresponded to 0 days (results 
not shown). The OR comparing the 5 % of children with the highest 
exposure to days with temperatures exceeding 35◦C with the median 
level of exposure would be 0.13 (95 %CI 0.04; 0.24), corresponding to 
13 (95 % CI from 4 to 24) extra cases of wheezing every 100 children, as 
the estimated prevalence of wheezing predicted by model 3 at the me
dian level of exposure was 14.7 %.

Table 1 
The main characteristics of the study population (n = 5704).

Variable mean (SD1); n◦ (%) missing n◦ (%)

Maternal smoke during pregnancy ​ 41 (0.7 %)
no 4951 (86.8 %) ​
yes 712 (12.5 %) ​
Maternal education ​ 42 (0.7 %)
high school or lower 2032 (35.7 %) ​
university or more 3630 (63.6 %) ​
Parity ​ 275 (4.8 %)
nulliparous 3960 (69.4 %) ​
multiparous 1469 (25.8 %) ​
Maternal asthma ​ 146 (2.6 %)
no 5187 (90.9 %) ​
yes 371 (6.5 %) ​
Maternal age at delivery (years) 33.3 (4.23) ¡

Climatic zone of residence3 ​ 381 (6.8 %)
Temperate, dry summer 1461 (25.6 %) ​
Temperate, no dry season 3785 (66.4 %) ​
Arid 41 (0.7 %) ​
Cold 26 (0.4 %) ​
Degree of urbanization ​ 392 (6.9 %)
rural/periurban 2420 (42.2 %) ​
urban 2902 (50.9 %) ​
Infant wheezing4 ​ ​
no 4698 (82.4 %) ​
yes 1006 (17.6 %) ​
Physician-diagnosed wheezing5 ​ 112 (2.0 %)
no 4701 (82.4 %) ​
Yes 891 (15.6 %) ​
Italian macro-area of residency ​ 25 (0.4 %)
north 3845 (67.4 %) ​
center 1280 (22.5 %) ​
south and islands 554 (9.7 %) ​

1SD: Standard Deviation
2EHII: Equivalised Household Income Indicator, categorized in high and middle- 
low according to the tertiles of the 2011 EUSILC- Italian distribution of the 
equivalized total disposable household income.
3Climatic zone according to the Köppen-Geiger climate classification, defined as 
follows:
Temperate, dry summer: Temperate climate with dry and warm/hot summer.
Temperate, no dry season: Temperate climate, no dry season, warm/hot sum
mer.
Arid: Arid climate, steppe, cold.
Cold: Cold climate, no dry season, warm summer.
4Wheezing occurrence between 6 and 18 months as reported by the mothers in 
the questionnaire compiled when the child turned 18 months of age.
5Reported diagnosis by a physician of wheezing between 6 and 18 months, 
assessed in the questionnaire compiled when the child turned 18 months of age.
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Fig. 1. Exposure to CC-related events in the study population: Histograms represent the absolute frequency of exposure to episodes of high temperatures, months of 
drought, and days of exposure to high PM2.5 from wildfire concentrations and extreme rainfall over the first year of life of children included in the main analysis 
sample (n = 4916).
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Similarly, wheezing risk increased by 16 % for each heatwave event, 
OR: 1.16 (95 % CI: 1.00; 1.35) in all the models adopted. We found 
weaker evidence indicating an increased wheezing risk associated with 
being exposed to excessively dry months. Model 3 showed odds 
increased by 10 % (95 %CI: 0.95; 1.26) for each month of exposure to 
exceptional drought, while ORs for extreme and severe drought expo
sures were slightly lower but with narrower CIs. Results were weaker 
and less consistent for each additional day of exposure to PM2.5 levels 
above 15 µg/m3, model 3 OR was 1.36 (95 % CI: 0.85–2.13). Exposure to 
extreme precipitation was not associated with infant wheezing.

3.3. Sensitivity analyses

In the Appendix, Table A2 we present the analysis results for the 
4828 subjects for whom we had data on physician-diagnosed wheezing 
episodes between 6 and 18 months of age. These results align with those 

for self-reported wheezing. The results of the analyses focusing exclu
sively on 6 months of life exposures are reported in the Appendix, 
Table A3 In this case, the results were similar to the main analysis 
although most estimates had larger confidence intervals. However, we 
did not find an association of extreme drought exposure with wheezing 
in this analysis, while the estimates for exposure to high PM2.5 from 
wildfires were higher. The results of the analyses conducted on the 
subgroup of children who did not change their address between Q1 and 
Q3 are reported in Appendix, Table A4. Minor changes were observed, 
with slightly stronger estimates noted for heat and heatwave exposure. 
In the subgroup of this analysis, model 3 showed an OR for heatwaves 
exposure of 1.21 (95 %CI 1.04––1.42) compared with 1.16 (95 %CI 
1.00–1.35) in the main analysis.

3.4. Stratified analyses

Exposure to CC-related extreme events was similarly frequent among 
children of mother with low–high school education and those with 
mother with high education.. Results of the analyses stratified according 
to the maternal education l, degree of urbanization, and sex are reported 
in the Appendix, Table A5-A7. The associations between exposure to 
extreme events and the risk of infant wheezing did not vary substantially 
by maternal education strata (Table A5). Living in urban areas was 
instead associated with a higher frequency of exceptional droughts and a 
lower frequency of exposure to extreme precipitations and PM2.5 from 
wildfires. The estimates slightly changed according to the degree of 
urbanization, with a higher wheezing risk for exposure to high tem
peratures and heatwaves in children living in urban environments 
(Table A6). Similarly, we did not find relevant differences according to 
child sex (Table A7) but a slightly higher wheezing risk for exposure to 
heatwaves and exceptional drought in males.

4. Discussion

We found a positive association between the exposure to multiple 
CC-related extreme events − specifically, high temperatures and drought 
during the first year of life and the occurrence of infant wheezing be
tween 6 and 18 months of age. Results for the exposure to PM2.5 from 
wildfires were weak and non-consistent while no association was 
observed for extreme precipitations.

Acute respiratory health outcomes have been previously linked to 
CC-related extreme events exposures and children have been identified 
as a particularly vulnerable population (Makrufardi et al., 2023). This 
susceptibility to external environmental stressors might be attributed to 
a respiratory system still under development (Schittny, 2017). However, 
those previous studies mainly evaluated short-term outcomes such as 
hospitalization rates or symptom exacerbations (Makrufardi et al., 
2023). Here, we focused on the potential medium- and long-term effects 
of early-life exposure to CC-related extreme events by evaluating their 
impact on infant wheezing over an extended timeframe, encompassing 
several months. Infant wheezing is a good predictor of future respiratory 
health especially, but not solely, when recurrent (Melén et al., 2024). As 
a proxy of symptom severity and recurrence, we repeated the analyses 
on doctor-diagnosed wheezing episodes, which confirmed our results.

We were interested in understanding whether cumulative exposure 
to extreme CC-related events in early life may potentially have long- 
term health effects. While we did not investigate the specific mecha
nisms involved, we can speculate on possible explanations. The positive 
association found between exposure to extreme temperatures and 
wheezing might be due to increased exposure to proinflammatory 
airway stressors associated with extreme heat. High temperatures can 
prolong pollen seasons and increase pollen production, leading to 
airway sensitization and more severe allergic respiratory disorders 
(Wright, 2020). Urban heat also raises ground-level ozone concentra
tions, a pro-inflammatory and oxidative compound linked to increased 
asthma risk (Sheffield et al., 2011). Additionally, higher temperatures 

Table 2 
Odd Ratios (ORs) and corresponding 95 % Confidence Interval (CI) of wheezing 
between 6–18 months for indicators of CC-related extreme events (n = 4916).

Scale1 Model 12 OR 
(95 % CI)

Model 23 OR 
(95 % CI)

Model 34 OR 
(95 % CI)

SU355 Number of 
days

1.04 (1.01; 
1.07)

1.04 (1.01; 
1.07)

1.04 (1.01; 
1.07)

SU305 Number of 
days

1.01 (1.00; 
1.01)

1.01 (1.00; 
1.01)

1.01 (1.00; 
1.01)

HW5 Number of 
events

1.16 (1.00; 
1.35)

1.16 (1.00; 
1.35)

1.16 (1.00; 
1.35)

Exceptional 
drought5

Number of 
months

1.13 (0.99; 
1.29)

1.13 (0.98; 
1.29)

1.10 (0.95; 
1.26)

Extreme 
drought5

Number of 
months

1.05 (1.01; 
1.06)

1.04 (1.01; 
1.08)

1.03 (0.99.; 
1.08)

Severe 
drought5

Number of 
months

1.03 (1.00; 
1.06)

1.03 (1.00; 
1.07)

1.03 (1.00; 
1.06)

PR505 Number of 
days

1.01 (0.97; 
1.06)

1.01 (0.97; 
1.06)

1.03 (0.98; 
1.08)

PR1005 Number of 
days

0.97 (0.74; 
1.28)

0.97 (0.74; 
1.27)

1.02 (0.77; 
1.34)

PM2.5 >15 µg/ 
m35

Number of 
days

1.37 (0.89; 
2.10)

1.38 (0.87; 
2.18)

1.36 (0.85; 
2.16)

PM2.5 >5 µg/ 
m35

Number of 
days

1.07 (0.98; 
1.16)

1.07 (0.98; 
1.16)

(0.98; 1.17)

1The exposure scale of the unitary increment to which each ORs refers. i.e. the 
increase of one day/month/event of exposure during the first year of life.
2Model 1: the crude model.
3Model 2: model adjusted for pre-pregnancy maternal smoke; maternal educa
tion; parity; maternal age at delivery; and maternal asthma.
4Model 3: model adjusted for all the variables considered in Model 2; area of 
residence in Italy, Climatic zone according to the Köppen-Geiger climate clas
sification, and degree of urbanization.
5The indicators are defined as follows:
SU35: Number of days in the first year of life with maximum temperature above 
35 ◦C.
SU30: Number of days in the first year of life with maximum temperature above 
30 ◦C.
HW: Number of times in the first year of life with more than three consecutive 
days with maximum temperature above 35 ◦C.
Exceptional drought: Number of months in the first year of life with Standard
ized Precipitation and Evapotranspiration Index (SPEI) below − 2.0.
Extreme drought: Number of months in the first year of life with Standardized 
Precipitation and Evapotranspiration Index (SPEI) below − 1.6.
Severe drought: Number of months in the first year of life with Standardized 
Precipitation and Evapotranspiration Index (SPEI) below − 1.3.
PR50: Number of days in the first year of life with total daily precipitation above 
50 mm.
PR100: Number of days in the first year of life with total daily precipitation 
above 100 mm.
PM > 15 µg/m3: Number of days in the first year of life with PM 2.5 concen
tration above 15 µg/m3.
PM > 5 µg/m3: Number of days in the first year of life with PM 2.5 concentration 
above 5 µg/m3.
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may encourage children to spend more indoor time (Nguyen et al., 
2021), increasing exposure to indoor pollutants like tobacco smoke and 
moulds. The increased risk of wheezing associated with drought may be 
attributed to elevated air pollution levels from dust, smoke, and sus
pended particulate matter during prolonged droughts (Brand et al., 
2008). The cumulative pollutant exposure can irritate the respiratory 
system and impair lung development, raising the risk of respiratory 
conditions such as asthma and bronchitis. This mechanism might 
partially explain the lack of effect for drought that we found when 
considering exposures over 6 months, which might not have been long 
enough to translate into respiratory consequences. Additionally, 
drought episodes can lead to high concentrations of airborne allergens 
like pollen, exacerbating respiratory issues in susceptible individuals. 
Our results were less clear for what concerns the exposure to PM2.5 
linked to wildfire smoke, which is a direct airway irritant, and infant 
wheezing risk. Although estimates for wildfire-related PM2.5 exposure 
were positive, confidence intervals were wide, likely due to the limited 
number of participants exposed to PM2.5 levels exceeding WHO 
thresholds. We did not find associations between extreme precipitation 
events and respiratory health.

While the current study is exploratory, our findings underscore the 
potential public health implications of early-life exposure to climate- 
related risk factors, particularly for extreme heat and droughts. The 
observed association between extreme heat exposure and wheezing risk 
reinforces the need for strategies to protect children from extreme 
weather events, especially during critical developmental periods. 
Incorporating these findings into clinical practice should encourage 
healthcare providers to consider environmental factors when managing 
at-risk pediatric patients. The absolute risk of wheezing increase in the 
population might be high, around 13 % (95 %CI: 4 %; 24 %) for highly 
exposed children (i.e. those exposed to 4 + days of temperature 
exceeding 35 ◦C in their first year of life) compared to the non-exposed 
ones. Since CC is expected to lead to a rise in the number of hot days and 
heatwaves, the percentage of the population facing extreme heat expo
sures in the first year of life is projected to grow. Moreover, since early- 
life wheezing is a known predictor of future respiratory health, our re
sults raise the possibility that CC-related extreme events exposure in 
infancy may have long-lasting effects on respiratory outcomes. Further 
research is needed to fully quantify the magnitude and clinical signifi
cance of these long-term impacts.

To our knowledge, this is the first study that used individual data to 
explore the relationship between exposure to multiple CC-related 
extreme events and possible mid and long-term respiratory health in 
childhood. We took advantage of conducting our study in the NINFEA 
birth cohort which recruited participants across 11 years and living in 
both urban and rural areas of the entire Italian territory. These charac
teristics and the possibility to account for seasonality through exposure 
definition enabled us to exploit the wide exposure variability due to 
children’s date and place of birth. Ultimately, the adoption of a life- 
course framework, allowed us to analyze the potentially long-term ef
fect of the cumulative exposure to CC-related extreme events over the 
first year of life and to adjust for multiple individual and contextual 
potential confounders.

This study has some limitations. First, as the wheezing occurrence 
was assessed at 18 months of age, covering the 12 months between 6 and 
18 months of age, in some cases, it might have preceded the exposures (i. 
e. wheezing episodes occurring between 7 and 12 months of the child). 
We used 12-month exposure and outcome windows to avoid con
founding by seasonality, which cannot be completely controlled for. 
Results of the sensitivity analyses, focusing on the first six months of 
exposure only, are consistent with those of the main analysis, even if 
there was a diluted effect for drought. On the other hand, although 
commonly employed in epidemiological investigations, self-reported 
wheezing could potentially lead to misclassification, as parents might 
label isolated instances of audible breathing as wheezing (Al-Shamrani 
et al., 2019). However, our results were supported by those of the 

sensitivity analyses on physician-confirmed wheezing, which might also 
represent, among the wheezing episodes, those with greater and more 
frequent symptoms. Additionally, although we had information on 
maternal asthma, which had a small confounding effect in our analysis, 
we lacked information on paternal asthma, which might be a potential 
confounder. Another limitation concerns the relatively low exposure 
resolution, which ranged from 0.1x0.1 (for PM 2.5) to 0.5x0.5 degrees 
(for SPEI), corresponding in Italy to around 8x8 to 41x41 km respec
tively, did not allow us to account for small-scale weather variability. 
However, our study’s large temporal and spatial coverage allowed for 
sufficient exposure heterogeneity. As our exposure assessment is based 
on residential addresses, potential misclassification arises from not ac
counting for children’s mobility or time spent outside their home loca
tion during the study period. Future studies incorporating individual- 
level mobility tracking could refine exposure estimates. We also 
lacked data on certain specific variables, such as overall PM levels and 
indoor air pollution, which could have impacted the outcome. However, 
we adjusted Model 3 for the degree of urbanization, climatic zone of 
residency, and Italian macro-area, which we think could capture the 
distribution of environmental-related confounders.

5. Conclusions

The positive association between the exposure to multiple CC-related 
extreme events, mainly high temperatures and drought, during the first 
year of life and infant wheezing occurrence suggest that the study of the 
mid and long-term health impacts of CC-related exposures and their 
underlying mechanisms warrants consideration in future investigations. 
It is important to delineate the direct and indirect health impacts of 
exposure to CC-related extreme events and to identify vulnerable pop
ulations and exposure windows. Recurrent wheezing episodes, due to 
their elevated prevalence, impact on later respiratory health, and 
sensitivity to environmental exposures, serve as a case study 
(Mathiarasan and Hüls, 2021). While many environmental exposures 
disproportionally affect children living in socio-economic disadvantage 
[37], our analyses stratified for maternal education, used here as a proxy 
for socioeconomic context, revealed no significant variations in the as
sociations between exposure to CC-related extreme events and wheezing 
across different socio-economic strata. This suggests that living in a 
more advantaged context alone might not be enough to prevent the 
adverse effects of extreme events at an early age. Therefore, focusing 
solely on adaptation capacity may be insufficient, if not adequately 
supported by strong CC mitigation strategies. These observed early-life 
implications suggest that climate change is already impacting popula
tion health. Policymakers need to acknowledge these effects and take 
urgent action to safeguard the health of present and future generations.
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2018. Present and future Köppen-Geiger climate classification maps at 1-km 
resolution. Scientific Data. 5 (1), 180214.

Bleu UMaP, 2020. State of the Environment and Development in the Mediterranean. 
United Nations Environment Programme and Mediterranean. Action Plan and Plan 
Bleu.

Brand, P.L.P., Baraldi, E., Bisgaard, H., Boner, A.L., Castro-Rodriguez, J.A., Custovic, A., 
et al., 2008. Definition, assessment and treatment of wheezing disorders in preschool 
children: an evidence-based approach. European Respiratory Journal. 32 (4), 
1096–1110.

Burrows, K., Fussell, E., 2022. A life course epidemiology approach to climate extremes 
and human health. The Lancet Planetary Health. 6 (7), e549–e550.

Commission, E., Centre, J.R., Freire, S., Corbane, C., Zanchetta, L., Schiavina, M., et al., 
2019. GHSL data package 2019 – Public release GHS P2019: Publications. Office.

Costello, A., Abbas, M., Allen, A., Ball, S., Bell, S., Bellamy, R., et al., 2009. Managing the 
health effects of climate change: <em>Lancet</em> and University College 
London Institute for Global Health Commission. The Lancet. 373 (9676), 
1693–1733.

Florczyk, A.J., Corbane, C., Ehrlich, D., Freire, S., Kemper, T., Maffenini, L., et al., 2019. 
GHSL data package 2019. Luxembourg, Eur. 29788 (10.2760), 290498.

Helldén, D., Andersson, C., Nilsson, M., Ebi, K.L., Friberg, P., Alfvén, T., 2021. Climate 
change and child health: a scoping review and an expanded conceptual framework. 
Lancet Planet Health. 5 (3), e164–e175.

Hersbach H, Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz Sabater, J., Nicolas, 
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Solé, D., Vanna, A.T., Yamada, E., Rizzo, M.C., Naspitz, C.K., 1998. International Study of 
Asthma and Allergies in Childhood (ISAAC) written questionnaire: validation of the 
asthma component among Brazilian children. J Investig Allergol Clin Immunol. 8 
(6), 376–382.

Team RC. R, 2013. A language and environment for statistical computing. R Foundation 
for Statistical Computing. (no Title).

Toll, V., Reis, K., Ots, R., Kaasik, M., Männik, A., Prank, M., et al., 2015. SILAM and 
MACC reanalysis aerosol data used for simulating the aerosol direct radiative effect 

S. Maritano et al.                                                                                                                                                                                                                               

https://cds.climate.copernicus.eu/cdsapp
https://cds.climate.copernicus.eu/cdsapp
https://spei.csic.es/database.html
https://silam.fmi.fi/fires.html?parameter=fireFRPfcst%26region=Europe%26height=0%26sldsize=71%26startpos=0
https://silam.fmi.fi/fires.html?parameter=fireFRPfcst%26region=Europe%26height=0%26sldsize=71%26startpos=0
https://silam.fmi.fi/fires.html?parameter=fireFRPfcst%26region=Europe%26height=0%26sldsize=71%26startpos=0
http://www.phd-sdc.it/
https://doi.org/10.1016/j.envint.2025.109303
https://doi.org/10.1016/j.envint.2025.109303
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0005
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0005
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0005
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0010
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0010
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0010
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0015
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0015
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0015
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0020
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0020
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0020
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0020
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0025
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0025
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0030
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0030
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0035
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0035
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0035
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0035
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0040
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0040
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0045
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0045
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0045
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0055
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0055
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0055
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0055
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0060
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0060
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0065
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0065
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0075
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0075
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0080
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0080
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0080
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0085
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0085
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0085
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0090
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0090
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0090
https://doi.org/10.1164/rccm.202312-2249SO
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0100
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0100
https://www.who.int/news-room/fact-sheets/detail/climate-change-and-health
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0115
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0115
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0120
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0120
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0120
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0125
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0125
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0125
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0130
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0130
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0130
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0130
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0135
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0140
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0140
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0140
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0150
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0150
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0150
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0155
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0155
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0160
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0160
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0160
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0160
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0165
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0165
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0170
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0170


Environment International 196 (2025) 109303

8

with the NWP model HARMONIE for summer 2010 wildfire case in Russia. 
Atmospheric Environment. 121, 75–85.

Tusting, L.S., et al., 2020. “Environmental temperature and growth faltering in African 
children: a cross-sectional study.” The. Lancet Planetary Health 4 (3), e116–e123.

Wright, R.J., 2020. Influences of climate change on childhood asthma and allergy risk. 
The Lancet Child & Adolescent Health. 4 (12), 859–860.

S. Maritano et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0160-4120(25)00054-6/h0170
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0170
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0175
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0175
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0180
http://refhub.elsevier.com/S0160-4120(25)00054-6/h0180

	Exposure to climate change-related extreme events in the first year of life and occurrence of infant wheezing
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Exposure definition
	2.3 Outcome assessment
	2.4 Statistical analysis
	2.5 Sensitivity analyses
	2.6 Stratified analyses

	3 Results
	3.1 Study population
	3.2 Exposure to extreme events and wheezing occurrence
	3.3 Sensitivity analyses
	3.4 Stratified analyses

	4 Discussion
	5 Conclusions
	Contributors
	Data Sharing
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


