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Summary
Background The joint impact of exposure to multiple urban environmental factors on asthma remains unclear.

Methods We analysed data from 14 European cohorts to assess the impact of the urban exposome on asthma inci-
dence across the life course. We linked three external exposome domains (air pollution, built environment, ambient
temperature) to the participants’ home addresses at baseline. We performed k-means clustering within each domain
and assessed associations of clusters with asthma adjusting for potentially relevant covariates in cohort-specific
analyses, with subsequent separate meta-analyses for birth and adult cohorts. An environmental risk score using a
coefficient-weighted sum approach was used to assess the impact of combining the three domains.

Findings A total of 7428 incident asthma cases were identified among 349,037 participants (from birth up to age 70+).
Overall, we observed higher risks of asthma for clusters characterized by high particulate matter and nitrogen dioxide
exposure in adults (OR et = 1.13, 95%CI:1.01-1.25), and clusters characterized by high built-up area and low levels
of greenness in both children and adults (OR e, = 1.36, 95%CI: 1.14-1.64 for birth cohorts and OR e, = 1.15, 95%
CI: 1.03-1.28 for adult cohorts, respectively). The joint exposure using the environment risk score combining the
three domains was consistently associated with higher risks of incident asthma (ORyer, = 1.13, 95%CI: 1.07-1.20
for birth cohorts, ORpyera = 1.15, 95%CI: 1.10-1.20 for adult cohorts per 20% increase). On average 11.6% of the
incident asthma cases could be attributed to environmental risk score above cohort-specific median levels.

Interpretation Multiple environmental exposures jointly contribute to incident asthma risk across the life course.
Urban planning accounting for these factors may help mitigate asthma development.

Funding This study was funded by the European Union’s Horizon 2020 research and innovation program under
agreement No 874627 (EXPANSE).

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

Several environmental exposures have been identified as risk
factors for asthma onset. However, most evidence comes from
single-exposure analyses, which fail to capture the complex,
real-life patterns of multiple exposures. We searched PubMed
and Web of Science for peer reviewed studies using the search
term ((“Exposure” and “Environment”) AND (“Exposome”))
AND (“Asthma” and “Epidemiology”) from inception up to
September 30th, 2024. Only three studies have reported the
association between multiple environmental exposures and
asthma using exposomic approaches. Two studies were limited
to a single cohort with cross-sectional analysis, and one
combined data from six cohorts; they varied in their exposure
assessment methods, and focused solely on asthma-related
prevalence outcomes, rather than asthma incidence.

Added value of this study

This study analysed data from 14 European cohorts with
harmonized exposure assessments. We included asthma
incidence data across the lifespan, from birth to old age, and
leveraged this data for longitudinal analyses. To address the
complexity of real-life exposure patterns, we applied
clustering methods to evaluate the joint associations of
multiple environmental exposures.

Implications of all the available evidence

Our finding provides evidence that multiple environmental
exposures jointly contribute to incident asthma risk across the
life course. Integrating these factors into urban planning and
policy development may help mitigate asthma onset and
promote healthier living environments.
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Introduction

Asthma is one of the most common chronic non-
communicable diseases worldwide."” Due to the com-
plex etiology of asthma, a better understanding of
potentially modifiable risk factors is desired to develop
efficient public health primary and secondary preventive
measures.>* Notably, asthma prevalence is higher in
urban compared to rural settings. As 50% of the global
population is currently living in urban settings and this
is expected to increase up to 70% by 2050, it is essential
to evaluate the impact of the urban environment on
asthma.®” Several exposures related to the urban envi-
ronment have been identified as risk factors for asthma,
including traffic-related air pollution,* environmental
tobacco smoke’ and social deprivation.”” However, pre-
vious studies typically focused on single exposures,
which do not reflect the complexity of multi-exposure
patterns in real life.

To our knowledge, only three studies so far have
investigated the joint impact of multiple environmental
exposures and asthma-related outcomes from an expo-
some perspective.'"* Of these, two studies were con-
ducted among children and one among adults. These
studies applied a clustering approach to identify sub-
groups with distinct multi-exposure profiles and linked
these to asthma-related outcomes. However, each of
these studies included different types of environmental
exposure, making it challenging to compare the identi-
fied exposure profiles across studies. In addition, two
studies were restricted to single cohorts and one study
combined data from six existing cohorts. All of these
studies assessed the asthma outcome at one single
timepoints and none investigated incident asthma.
Therefore, there is a need for further studies using
harmonized analyses of multiple cohorts and longitu-
dinal designs to evaluate the joint effect of multiple
environmental exposures.

The aim of the current study was to investigate the
association of both single and joint environmental expo-
sures from three major domains (air pollution, built
environment, ambient temperature) with incident asthma,
i.e., new-onset asthma. As a secondary aim, we estimated
the proportion of incident asthma cases that was attrib-
utable to joint exposures. We included mature birth co-
horts (birth cohorts with follow-up examinations up to
young adulthood) as well as adult cohorts. This study was
conducted within the ‘EXposome Powered tools for
healthy living in urbAN SEttings (EXPANSE)’ project,
which focuses on investigating the complex mixture of the
urban environment on cardio-metabolic and pulmonary
diseases in Europe using an exposome approach.'*

Methods

Study population and design

We included data from 14 European cohorts, including
six birth cohorts: BAMSE" (Sweden), PIAMA'® (The
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Netherlands), GINIplus and LISA" (Germany), Krakow
birth cohort™ (Poland), ELSPAC-CZ" (Czech Republic)
and eight adult cohorts: CEANS* (Sweden), GCAT”
(Spain), NEMESIS-2#? (The Netherlands), SALIA*
(Germany), PONS* (Poland), HAPIEE* (Czech Repub-
lic), Lifelines®*® (The Netherlands), Estonian Biobank?
(Estonia). Geographical locations for all cohorts are
shown in Fig. 1.

Additional information regarding the design and
population of the included cohorts is provided in the
Supplementary methods. Ethical approval was obtained
from the local authorized institutional review boards,
with detailed information for each cohort in the
Supplementary material. In adult cohorts, we excluded
participants with prevalent asthma or prevalent chronic
pulmonary obstructive disease (COPD) at baseline. Data
from each cohort were extracted and recoded according
to a shared protocol within the EXPANSE project.* The
analysis for each cohort was run at the local institution
using shared scripts and results were meta-analysed at
Karolinska Institutet.

Outcome assessment

Asthma outcomes were determined based on either
questionnaire” or linkage to local register databases
(based on International Classification of Diseases, Ninth
Revision (ICD-9) or Tenth Revision (ICD-10)* depend-
ing on data availability). Cohort-specific definitions are
described in Supplementary Table S1. In brief, six co-
horts used the MeDALL definition”* (BAMSE, GINI,
LISA, PIAMA, Lifelines, SALIA), three cohorts used the
self-reported  doctor-diagnosed  asthma  (Krakow,
HAPIEE, NEMESIS-2) and five cohorts used ICD codes
(ELSPAC-CZ, CEANS, EstBB, GCAT, PONS). Incidence
of asthma was defined as positive when the participants
without asthma at baseline fulfilled the criteria for
asthma for the first time during the follow-up period.

Exposure assessment

Environmental exposure surfaces covering the whole
European region were developed within the EXPANSE
project using a harmonized protocol.”” Three main do-
mains of the environment, i.e., air pollution, built
environment and ambient temperature were considered
in the current analysis (Table 1 and Supplementary
methods). Briefly, the air pollution domain covers par-
ticulate matter with median aerodynamic diameters less
than 2.5 pm (PM;;) and less than 10 pm (PM;), ni-
trogen dioxide (NO,) and ozone (O;); the built envi-
ronment domain covers normalized differential
vegetation index (NDVI), distance to green space ac-
cording to Corine (GSC_DIS), distance to the blue space
(BSI_DIS and BSS_DIS), imperviousness (IMP, repre-
senting the percentage of soil sealing per area unit, as a
proxy of grey spaces) and artificial light at night (LAN);
the ambient temperature domain covers annual and
season-specific average temperature (warm season is
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Fig. 1: Geographical distribution of included cohorts. Note: The light blue areas indicate countries with participating cohorts. The red dots
indicate mature birth cohorts and the blue squares indicate adult cohorts. The locations for cohorts with multiple centers may not be accurately

reflected on the map due to space limitations.

defined as April to September, cold season is defined as
October to March) averages of daily temperatures as well
as the standard deviation of temperature deviations. For
NDVI, IMP and LAN, 500 m buffers were used in the
main analysis as a balance between capturing proximate
environmental influences and broader neighbourhood
effects’ with 300 m and 100 m buffers used in sensi-
tivity analyses.

For each participant, exposure at the baseline home
address was extracted by cohort analysts. For exposure
in the air pollution and ambient temperature domains,
where annual average data were available, we assigned
the annual average of the year prior to the baseline
address as the main exposure. In cases where baseline
investigations occurred before the availability of expo-
sure surfaces (BAMSE, CEANS, PIAMA, GINIplus-
LISA, ELSPAC_CZ, SALIA), the value of the exposure at
the earliest available year was assigned (2000 for air
pollution and 2003 for ambient temperature). For

exposure in the built environment domain, the year of
available exposure value closest to the baseline year was
assigned. Detailed cohort-specific baseline year and in-
dex year used for exposure assignment was shown in
Supplementary Table S2.

Covariates

Covariates were selected a priori based on literature**
following the disjunctive cause criterion—including
variables that potentially are a cause of the exposure, the
outcome, or both. Additionally, covariate definitions
were chosen based on the best available information in
each cohort and were harmonized across cohorts to
ensure consistency. In the mature birth cohorts, the
models were adjusted depending on the availability in
the cohorts for time-invariant covariates (sex, maternal
and paternal asthma and/or hay fever, nationality,
parental education, breastfeeding, presence of older
siblings at birth, daycare attendance, and maternal
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Domain Exposure Spatial resolution Temporal coverage
Air pollution PM, 5 100 x 100 m Annual (2000-2019)
PM1o 100 x 100 m Annual (2000-2019)
NO, 100 x 100 m Annual (2000-2019)
03 100 x 100 m Annual (2000-2019)
Built environment Greenness (NDVI, 500mbuffer) 250 x 250 m Annual average for 2000, 2005, 2010, 2015, 2020
Greenness SD (NDVI 500mbuffer) 250 x 250 m Annual average for 2000, 2005, 2010, 2015, 2020
Distance to nearest green space (from Corine database) 100 x 100 m Annual average for 2000, 2006, 2012, 2018
Distance to blue and fresh water 100 x 100 m Annual average for 2013
Impervious surface (500 m buffer) 100 x 100 m Annual average for 2006, 2009, 2012, 2015, 2018
Light at night (500 m buffer) 100 x 100 m Annual average for 2000, 2005, 2010, 2015, 2020
Ambient temperature Mean temperature of the year 1x1km Annual (2003-2020)
Standard deviation of the temperature of the year 1x1km Annual (2003-2020)
Mean temperature of the warm season® 1x1km Annual (2003-2020)
Standard deviation of the temperature of the warm season 1x1km Annual (2003-2020)
Mean temperature of the cold season® 1x1km Annual (2003-2020)
Standard deviation of the temperature of the cold season 1x1km Annual (2003-2020)

Abbreviation: nitrogen dioxide (NO,); particulate matter with median aerodynamic diameters <2.5 pm (PM, 5); particulate matter with median aerodynamic diameters <10 pm (PM,); Ozone (0s);
normalized difference vegetation index (NDVI). *Warm season is defined as April to September, cold season is defined as October to March.

Table 1: External exposome variables in the current study.

smoking during pregnancy) and time-varying covariates
(age (indicators for time interval as dummy variable),
parental smoking at home, active smoking, furry pets at
home, mold/dampness at home and usage of gas
cooking). In the adult cohorts, the models were adjusted
depending on the availability in the cohorts for time-
invariant covariates at baseline: age, sex, smoking sta-
tus, body mass index (BMI), marital status, educational
level, employment status, and area-level socioeconomic
status.

Statistical analysis

We applied both single exposure models and multi-
exposure analyses to estimate the association between
environmental exposures and asthma incidence. We
included all participants with available exposure data at
the baseline (birth for the birth cohorts), missing values
in the covariates were coded as a separate category in the
model.

For the single exposure analysis, we assessed asso-
ciations using discrete time-hazard models or Cox pro-
portional hazards models depending on the cohort data
structure. For cohorts without exact asthma onset
timing, we used discrete time-hazard models (also often
referred to as a pooled logistic regression model),
dividing follow-up into discrete intervals between
questionnaires. The response variable was a binary in-
dicator of asthma onset during each interval modelled
with a logit function. For cohorts with exact asthma
onset timing, we used Cox proportional hazards models
with age as the time scale. The proportional hazards
assumption was tested using Schoenfeld residuals. The
survival time was defined from cohort entry (time

www.thelancet.com Vol 54 July, 2025

origin) to the first asthma diagnosis, censoring at the
end of follow-up or loss to follow-up. In the second step,
we conducted random-effects meta-analyses® for each
exposure to combine the mean estimates (Odds ratio
from discrete time hazard model and Hazard ratio from
the Cox model) by cohort types.

For the cohort-specific multi-exposure analyses, we
applied the k-means clustering (Hartigan and Wong
algorithm®) for the predefined three domains (air
pollution, built environment, ambient temperature)
separately.” To facilitate comparisons between different
cohorts, the number of clusters per domain was defined
as three a priori, and clusters were further labelled based
on the most discriminatory exposures as well as con-
sistency across cohorts. In multi-exposure association
analyses, the identified clusters were assigned to each
participant and further used as exposures in the
regression model using the same covariates as in
the single exposure analysis as well as clusters from the
other two domains to obtain independent effect esti-
mates for each domain.

To further explore the cohort-specific joint impact of
the three domains of the urban environment on the risk
of asthma, we calculated an “environmental risk score”
for each participant using the formula***":

ZJn:lCU xﬁj

ERS;= 7
Zj:lﬂj

x 100

C} represents the cluster assignment for participants in
the exposome domain j, while §; is the coefficients for
this cluster obtained from the multi-exposure regression
model. The score is standardized by dividing the sum of
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all coefficients and then multiplied by 100. A higher
value of the individual weighted environmental risk
score can be interpreted as exposure to a more hazard-
ous environment. The environmental risk score was
modelled as a continuous exposure with the same
adjustment as the single exposure model. To explore the
potential non-linear relationship, we applied natural
splines in the adjusted model with three to six degrees
of freedom. The results were essentially the same across
the models comparing the Akaike Information Criterion
values so we presented the simplest model (three de-
grees of freedom). For the position of the knots, we
followed a quantile-based approach, placing the two in-
ternal knots at approximately the 33rd and 67th per-
centiles of the exposure distribution.

We explored potential modifications of associations
between the environmental risk score and asthma by sex
and age groups, with differences between subgroups

assessed using the formula: #; — §, + 1.96x / SE? + SE3,

where f, and f, are the coefficients of subgroups, SE1
and SE2 are the standard errors of subgroups. Age groups
were defined as preschool and school age (birth to 10
years), adolescence and young adulthood (10-30 years),
adulthood (30-50 years), and elderly (older than 50 years).
We also estimated the population attributable fraction of
asthma as the percentage of cases that could be avoided
within the population if the environmental risk score
would be reduced to median of the cohort—specific level.

The Miettinen’s formula PAF =% was used,
where RRy, s is the adjusted relative risk (RR) of asthma
for a binary environmental risk score (using the median
as cut-off), and Pc is the prevalence of cases in the cohorts
with environmental risk score larger than 50%. In the
current study we used OR from the discrete time hazard
model or HR from the Cox model as a proxy of the RR.
95%Cls for the PAF were calculated using the Delta
method.

We conducted the following sensitivity analyses: We
(1) tested the robustness of the cluster assignment by
repeating the clustering using simulated datasets for
each cohort (details in Supplementary methods); (2)
calculated the unweighted environmental risk score by
summing up the number of “harmful” clusters (defined
as the clusters with the largest coefficients); (3) stratified
the analysis based on change of residential addresses
during the follow-up period; (4) assessed the associa-
tions with single environmental exposures at the current
address of the various follow-ups instead of the baseline
address in the birth cohorts; (5) tested the association
using different buffer sizes (300 m and 1000 m) for
NDVI, IMP and LAN; (6) conducted back-extrapolation
for the air pollution exposure during 1990-2000 in
selected cohorts (BAMSE, CEANS); (7) re-run the anal-
ysis using follow-up time as time axis and additionally
adjusted for baseline age in CEANS, NEMESIS-2, PONS

and Lifelines; (8) re-run the analysis based on the par-
ticipants without any missing values in the covariates (9)
additionally adjusted for indoor environmental expo-
sures in SALIA and Lifelines (10) stratified by age 4 in
the mature birth cohorts (11) using the doctor diagnosed
asthma instead of the MeDALL definition in the mature
birth cohorts (12) conducted leave-one-out meta-analysis
to test if any single cohort was driving the association.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report. The corresponding author had full access
to all the data in the study and had final responsibility
for the decision to submit for publication.

Results

Characteristics of the included participants are sum-
marized in Table 2. In the birth cohorts, 2506 incident
asthma cases were identified among 17,901 participants
from birth up to young adulthood, while in the adult
cohorts, 4922 incident asthma cases were identified
among 331,136 participants over 2.3 million person-
years. The exposure distributions for each cohort are
presented in Fig. 2. Exposure to particulate matter air
pollution (PM,5, PM;o) was lowest for cohorts from
Northern Europe (BAMSE, CEANS, EstBB) and highest
for cohorts from Poland and the Czech Republic
(ELSPAC_CZ, Krakow, PONS, HAPIEE). For the built
environment domain, the cohort from Spain (GCAT)
had the highest IMP and lowest NDVI levels. Cohorts
established in less populated areas (Lifelines, GINIplus/
LISA North) had lower exposure levels of IMP and LAN.
For the ambient temperature domain, the mean tem-
perature (annual or season-specific) increased from
North to South while no specific patterns were observed
for temperature variations. The correlations between air
pollution domains and built environment domains were
similar across cohorts, with positive correlations between
air pollutants (except Os), IMP and LAN; and negative
correlations between air pollutants (except O3) and NDVI.
Correlations between the air pollution and built envi-
ronment indicators with the ambient temperature
differing between the cohorts (Supplementary Fig. S1).

In the single exposure analysis, we observed signifi-
cant associations between single exposures and asthma
incidence for PM, 5 (ORpera = 1.14, 95%CI: 1.07-1.23
per 5 pg/m?® increase), GSC_DIS (ORyera = 0.92, 95%
CI:0.85-0.99 per 1 km increase) and Temp_SDC
(ORmeta = 0.96, 95%CI:0.93—-0.99 per 1 °C increase) in
the adult cohorts (Supplementary Figs. S2—S4).

In the multi-exposure analysis using k-means clus-
tering, the number of participants in each identified
cluster is presented in Fig. 3A—C. In the air pollution
domain, we identified high particulate-high NO,
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Demographic characteristics of the mature birth cohorts

Basic characteristics BAMSE ELSPAC_CZ GINIplus/LISA North  GINIplus/LISA South  Krakow PIAMA
N 3792 5151 1969 2889 413 3687
Incident Asthma cases, n 827 525 96 203 54 801

Follow-up periods

Female, n (%)

High parental education, n (%)
Parental asthma/hay fever, n (%)

Breastfeeding, n (%)

Daycare attendance, n (%)

Older siblings, n (%)

Maternal tobacco smoking during

pregnancy, n (%)

Environmental tobacco smoking, n (%)

Early life®

Most recent follow-up”

Mold and dampness, n (%)

Early life®
Most recent follow-up®

Furry pets in the home, n (%)

Early life®
Most recent follow-up”
Gas cooking, n (%)

from birth up to 24-
years old

1863 (49.1%)
2011 (53.0%)
1130 (29.8%)
2926 (77.2%)
3035 (80.0%)
1836 (48.4%)
483 (12.7%)

669 (17.6%)
75/2571 (2.9%)

847 (22.3%)
255/2571 (9.9%)

488 (12.9%)
538/2571 (20.9%)

from birth up to 19
years old

2493 (48.4%)
1740 (33.8%)
196 (3,8%)

3321 (66.5%)
1268 (24.6%)
1729 (33.6%)
314 (6.1%)

332 (6.4%)
17/984 (1.7%)

602 (11.7%)
314/984 (31.9%)

1146 (22.2%)
507 (51.5%)

from birth up to 15
years old

982 (49.9%)
920 (46.7%)
876 (44.5%)
1015 (51.5%)
51 (2.6%)
1061 (53.9%)
281 (14.3%)

735 (37.3%)
289/1752 (16.5%)

283 (14.4%)
197/1752 (11.2%)

550 (27.9%)
788/1752 (45.0%)

from birth up to 15
years old

1400 (48.5%)
2265 (78.4%)
1750 (60.6%)
2385 (82.6%)
238 (8.2%)

1213 (42.0%)
353 (12.2%)

302 (10.5)
86/2087 (4.1%)

423 (14.6%)
100/2087 (4.8%)

670 (23.2%)
845/2087 (40.5%)

from birth up to 19
years old

206 (49.9%)
266 (64.4%)
108 (26.2%

344 (83.3%

NA

151 (36.6%)
0 (0%)

)
)

38 (9.2%)
51/189 (27.0%)

54 (13.1%)
21/189 (11.1%)

92 (22.3%)
112/189 (59.3%)

From birth up to 20
years old

1780 (48.3%)
1458 (40.1%)
911 (24.7%)

1627 (47.0%)
2040 (57.7%)
1860 (50.6%)
626 (17.1%)

912 (24.7%)
186/2127 (8.7%)

300 (8.2%)
242/2127 (11.4%)

1720 (46.8%)
877/2127 (41.2%)

Former smoker

6967 (36.0%)
7834 (40.5%)

34,350 (28.1%)

Never smoker 65,009 (53.1%)

High education level, n (%) 6009 (31.0%)

6068 (31.3%)

62,307 (50.9%)

High area-level income, n (%) 86,302 (70.5%) NA

4937 (13.0%)
22,437 (59.2%)

9735 (25.7%)

6394 (41.0%)
6326 (40.5%)

57,512 (49.3%)
40,542 (34.8%)

1425 (29.7%)

310 (27.9%)
) 2128 (44.4%)

560 (50.4%

6165 (39.5%) 204 (18.4%)
5351 (343%) NA

36,394 (31.2%)
20,021 (17.2%)

1825 (38.1%)
1506 (31.4%)

4050 (32.8%)
5765 (46.8%)

3665 (29.7%)
8378 (68.0%)

Early life® 477 (12.6%) 2819 (54.7%) 68 (3.5%) 217 (7.5%) 92 (22.3) 3028 (82.4%)

Most recent follow-upb 0/2571 (0) NA 81/1752 (4.6%) 171/2087 (8.2%) 23/189 (12.2%) 1564/2127 (11.4%)
Demographic characteristics of the adult cohorts
Basic characteristics CEANS EstBB_2 EstBB_1 GCAT HAPIEE Lifelines NEMESIS-2 PONS SALIA
N 19,357 122,408 37,890 15,604 1111 116,578 4796 12,329 1063
Incident Asthma cases, n 317 1156 1035 182 76 1865 119 127 45
Follow up years, mean (sd) 12.29 (4.01) 3.61 (0.67) 13.80 (2.82) 7.30 (1.05) 19 (2.01) 6.75 (4.20) 7.88 (2.15) 10.74 (3.25)  23.1 (3.31)
Female, n (%) 11,313 (58.4%) 80,292 (65.6%) 25,082 (66.2%) 9034 (57.9%) 661 (59.5%) 68,398 (58.7%) 2184 (45.5%) 8151 (66.1%) 1063 (100%)
Age, years, mean (sd) 56.75 (11.87) 4334 (15.09)  41.82 (16.58) 50.88 (7.13)  56.04 (6.56) 452 (12.7) 4438 (1236) 5526 (537)  73.32 (2.99)
Smoking status, n (%)

Current smoker 4219 (21.8%) 23,049 (18.8%) 10,516 (27.8%) 2884 (18.5%) 241 (21.7%) 18,524 (15.9%) 1243 (25.9%) 2507 (20.3%) 27 (2.5%)

184 (17.3%)
847 (79.7%)

BMI, kg/m?, mean (sd) 25.51 (4.0) 2613 (5.04) 2592 (512) 2726 (453)  27.61 (413) 25.9 (4.18) 2513 (414) 2812 (4.62) 2722 (4.53)
Marital status, n (%)
Single 2624 (13.6%) NA NA 1854 (11.9%) 22 (2.0%) 12,147 (10.4%) 522 (10.9%) 682 (55%) 27 (2.5%)
Married/Living with partner 13,551 (70.0%) NA NA 11,278 (72.3%) 856 (77.0%) 80,446 (77.6%) 2770 (57.8%) 9793 (79.4%) 620 (58.3%)
Divorced/Separated 1618 (8.4%)  NA NA 2029 (13.0%) 156 (14.0%) 6517 (5.6%) 1372 (28.6%) 856 (6.9%) 17 (1.6%)
Widowed 1323 (6.8%)  NA NA 443 (2.8%) 74 (67%) 1426 (1.2%) 132 2.8%) 987 (8.0%) 390 (36.7%)
Currently employed, n (%) 13,057 (67.5%) 63,670 (52.0%) 23,559 (62.2%) 11,600 (74.3%) 366 (32.9%) 90,231 (77.4%) 3686 (76.9%) 5467 (44.3%) 9 (0.8%)

365 (34.3%)
538 (50.6%)

Data are presented as n, n(%), n/N(%) for categorical variables and mean « sd for continuous variables. ®At baseline or during the first year of life if no baseline information is available. "Age 24 years for
BAMSE, age 19 years for ELSPAC_CZ and Krakow, age 15 years for GINIplus/LISA North and South, age 20 years for PIAMA.

Table 2: Basic characteristics of the included cohorts.

clusters (with high levels of PM; 5, PM;9, NO, exposure
but low levels of O3), moderate (intermediate levels of all
pollutants), and low PM-NO2 with elevated O; clusters
across the cohorts (with low levels of PM, 5, PM;4, NO,
exposure but high levels of Os) (Fig. 3 panel D,
Supplementary Fig. S5). In the built environment

www.thelancet.com Vol 54 July, 2025

domain, we identified high greenness-low built-up
clusters (with high levels of NDVI, low levels of GSC,
LAN and IMP), moderate (intermediate levels of all built
environment exposure), and low greenness-highly built-
up clusters (with low levels of NDVI, high levels of GSC,
LAN and IMP), but exposure levels for blue space
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Fig. 2: Distribution of environmental exposures at the baseline across the included cohorts. (A) Air pollution domain (B) Built environment
domain (C) Ambient temperature domain. The cohorts were ordered based on the geographic location from north to south, with mature birth
cohorts in red and adult cohorts in blue. The lower and upper bounds of the box represent the first quartile (Q1) and third quartiles (Q3). The
whiskers extend from the Q1 and Q3 to the smallest and largest data points that lie within 1.5 times the interquartile range (IQR) from Q1 and
Q3, respectively. Abbreviations: PM2.5, particulate matter with median aerodynamic diameters <2.5 pm; PM10, particulate matter with median
aerodynamic diameters <10 pm; NO2, nitrogen dioxide; 03, Ozone; BSI_DIS, distance to the nearest inland fresh water; BSS_DIS, distance to the
nearest sea; GSC_DIS, distance to the nearest green space according to the Corine database; IMP, imperviousness; LAN, light at night;
NDVI_mean, average of the normalized difference vegetation index; NDVI_sd, standard deviation of the normalized difference vegetation index;
Temp_mean, annual average daily temperature; Temp_mean_cold/warm, average of the daily temperature of the cold/warm season; Temp_SD,
standard deviation of the daily temperature of the year; Temp_SD_cold/warm, standard deviation of the daily temperature of the cold/warm
season. Note: Ambient temperature exposure is not available for EstBB_1.

(BSI_DIS and BSS_DIS) were heterogeneous across the
cohorts (Fig. 3 panel E, Supplementary Fig. S6). In the
ambient temperature domain, clusters were labelled
based on the average temperature of the year (high,
moderate, low), although heterogeneity was observed for

the distribution of season-specific temperature as well as
temperature variations across the cohorts (Fig. 3 panel F,
Supplementary Fig. S7).

When the identified clusters were used as exposure
variables, we found that individuals in the high
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Fig. 3: The clusters identified within three external exposome domains and their associations with incident asthma. Panel A, B, C are the
numbers (percentages) for each cluster in air pollution, built environment, ambient temperature domains, respectively. Panel D, E, F are radar
plots showing the median level of single exposure by clusters. Levels were averaged for all cohorts weighted by the sample size. Panel G, H, |
show the associations between the clusters and asthma incident. Estimates were pooled using random-effect models separated by mature birth
cohort and adult cohort. Estimates in the birth cohorts were adjusted depending on the availability in the cohorts for age (dummy variable),
sex, parental education, parental asthma/hay fever, breastfeeding, native nationality, day care attendance, older siblings, maternal smoking,
environmental tobacco smoking, mould/dampness at home, pets, use of gas cooking, active smoking and mutually adjusted for the other two
environmental domains. Estimates in the adult cohorts were adjusted depending on the availability in the cohorts for age, sex, smoking status,
BMI, marital status, employment status, education level, area-level SES and mutually adjusted for the other two environmental domains.

particulate matter (PM)-high NO, clusters tended to
have a higher risk of asthma compared to those in the
low PM-NO, with elevated O; cluster (ORyera = 1.18,
95%CI: 0.97-1.42 in birth cohorts and ORep. = 1.13,
95%CI: 1.01-1.25 in adult cohorts). Low greenness-high
built-up clusters as well as moderate built environment
were associated with higher risks of asthma compared
to high greenness-low built-up clusters (low greenness-
high built-up cluster: ORpera = 1.36, 95%CI: 1.14-1.64
for birth cohorts and ORyyers = 1.15, 95%CI:1.03-1.28
for adult cohorts). For the temperature domain, no
consistent associations were observed across the cohorts
(Fig. 3 Panel G-I and Supplementary Table S3 for
cohort-specific results).

In the joint exposure analysis of the three domains,
the distributions of the environmental risk score were
similar across cohorts (range from 0 to 100% with me-
dian around 50%, Supplementary Fig. S8) and it was
consistently associated with a higher risk of asthma
across cohorts with OR e = 1.13 (95%CI:1.07-1.20) for
birth cohorts and 1.15 (95%CI:1.10-1.20) for adult co-
horts per 20% increase in the environmental risk score
(Fig. 4A).

Further, stratified analysis based on age and sex
showed that females tended to be more vulnerable
(ORpeta = 1.15 (95%CI:1.061-1.24) for females and 1.06
(0.94-1.19) for males in the birth cohorts with P value
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for interaction = 0.063, ORera = 1.16 (1.10-1.23) for
females and 1.04 (0.98-1.10) for males in the adult co-
horts with P value for interaction = 0.006, while there
was no significant difference in associations between
age-groups (Fig. 4B). Modelling associations of asthma
with the environmental risk score using splines, we
observed a general linear trend in the adult cohorts
while in the birth cohorts, the exposure-response curve
plateaued below 50% but increased linearly from 50%
onwards (Fig. 4C). We further found that on average,
11.6% of the incident asthma cases could be attributable
to environmental risk score above the median level in all
cohorts (Fig. 4D).

In sensitivity analysis, (1) testing the robustness of
the clustering assignments using simulated datasets, we
found that the cluster assignments appeared to be
highly stable for the air pollution and built environment
domains and moderately stable for the ambient tem-
perature domain (Supplementary Fig. S9A) and corre-
lations were moderate to high (ranging from 0.61 to
0.91) for the environmental risk scores generated from
simulated single cohort and pooled cohorts
(Supplementary Fig. S9B). (2) Significant positive asso-
ciations with risk of asthma were also observed when
using the unweighted environmental score as exposure
(Supplementary Table S4). (3) Stratified analyses ac-
cording to moving status showed statistically significant
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Fig. 4: Associations between the environmental risk score (combining three external exposome domains) and asthma incidence. Dots or
bars in blue represent results from the adult cohorts, dots or bars in red indicate results from the mature birth cohorts. (A) Cohort-specific and
Meta-analysis associations between environment risk score and asthma incidence across the cohorts. Odds Ratio (OR) (95% confidence intervals
(C1)) representing each standard deviation increase in the environmental risk score (B) Meta-analysis associations between environmental risk
score and asthma incidence stratified by age groups and sex. (C) Meta-analysis associations between the environmental risk score and asthma
incidence using natural splines with three degrees of freedom, with shaded area indicating 95% confidence interval band (D) Cohort-specific
population attributable fractions for a reduction of the environmental risk score under 50%, black bars indicating the 95% confidence intervals
for the population attributable fractions. Estimates in the birth cohorts were adjusted depending on the availability in the cohorts for age
(dummy variable), sex, parental education, parental asthma/hay fever, breastfeeding, native nationality, day care attendance, older siblings,
maternal smoking, environmental tobacco smoking, mould/dampness at home, pets, use of gas cooking, active smoking and in the adult
cohorts were adjusted depending on the availability in the cohorts for age, sex, smoking status, BMI, marital status, employment status,

education level, area-level SES.

positive associations among both movers and non-
movers, with stronger estimates observed among non-
movers (Supplementary Fig. S10). Similar results were
observed when we (4) modelled exposures based on
exposure at current addresses instead of the birth
address among the birth cohorts (Supplementary
Fig. S11), (5) used different buffer sizes for built envi-
ronmental exposures (Supplementary Fig. S12) and (6)
performed back-extrapolation for air pollution exposures
during 1990-2000 (Supplementary Fig. S13) (7) used
follow-up time as time axis and adjusted for baseline age
had similar estimates with using age as time axis
(Supplementary Fig. S14) (8) analysis based on the
complete-set (Supplementary Table S5). (9) additionally
adjusted for indoor environmental exposure in two adult
cohorts (Supplementary Table S6) (10) stratified by age 4
in mature birth cohorts (Supplementary Table S7) (11)

used alternative asthma definition in mature birth co-
horts (Supplementary Table S8) (12) conducted leave-
one-out meta-analysis (Supplementary Table S9).

Discussion

In this European-wide multi-cohort exposome study, we
used a clustering approach to investigate associations
between multiple environmental exposures and incident
asthma. In the air pollution domain, we found that
exposure to clusters characterized by high levels of PM
and NO, were associated with higher risks of asthma
among adults. In the built environment domain, we
found that exposure to low levels of green space and
high levels of imperviousness and light at night also
were associated with higher risks of asthma. Of partic-
ular importance, we found that the joint exposure to
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multiple hazardous urban environmental factors,
including air pollution, lack of greenness, and higher
built-up areas, was consistently associated with a higher
risk of incident asthma across the cohorts.

For the single exposure analysis, we did not observe
strong significant associations between single environ-
mental exposures and the risk of asthma (except for
PM,s in the adult cohorts). Air pollution is the most
studied among the included environmental exposures.
For the participating cohorts that have reported associ-
ations between air pollution exposure and incident
asthma previously (for example PIAMA, BAMSE,
GINIplus/LISA and CEANS), associations in the current
study are consistent with previous findings.”>** By
including additional cohorts in the present study, the
association between air pollution and asthma was not
evident in the single-exposure analysis model but
became more pronounced in the clustering-based multi-
exposure models. This could be potentially due to the
confounding or synergistic effects between the different
single exposures and therefore, an exposome-based
approach should preferably be adopted by future
studies. For the built environment domain, our findings
are in line with the reported association of green and
grey spaces with asthma in the Spanish INMA study.* It
has been reported that urban grey spaces tend to have
higher levels of airborne allergens, which could increase
the risk of developing asthma.” Exposure to artificial
light at night may disrupts the body’s natural circadian
rhythms and lead to melatonin dysregulation, which
may be relevant with asthma.” For long-term (annual
and seasonal) average temperature and temperature
variability, a recent systematic review included six
studies on long-term temperature indicators and respi-
ratory outcomes (mortality, hospital admission, chronic
bronchitis) and found the meta-analysed results to be
largely null.*' It was speculated that the effect of small
variations in long-term temperature exposure is difficult
to capture by a small cohort within cities or countries.

Evidence regarding the association between multiple
environmental exposures and asthma remains limited.
In the French NutriNet-Santé Study, adults living in
highly built-up urban areas with low greenspace were
found to have worse asthma control.”” In the Dutch
Generation R study, clusters characterized by high levels
of air pollution, noise, walkability and low levels of na-
ture space during pregnancy were associated with
higher odds of preschool wheezing of the child."" In the
HELIX study (combined data from France, Greece,
Lithuania, Norway, Spain and the United Kingdom), the
pregnancy exposure profiles including high levels of
exposure to relative humidity, air pressure and tem-
perature were associated with higher odds of ever-
asthma and wheezing.”” The current study largely
extends the previous evidence in terms of: 1) incorpo-
rating asthma incidence with a longitudinal design
which helps to clarify the role of environmental factors
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in asthma inception; 2) by including both mature birth
cohorts and adult cohorts, our study was able to cover
the entire life-course and to show that the multiple
environmental exposures affect asthma in all age groups
ubiquitously; 3) the clusters derived in the previous
studies were study/location-specific and therefore, the
results cannot be readily compared between studies and
limited in generalization of results. By comparing the
cluster memberships among the simulated single co-
horts and pooled cohort datasets, we showed moderate
to good similarities for the clusters, especially for the air
pollution and built environment domain across the co-
horts, indicating that these exposure patterns (for
example higher built-up imperviousness, light at night
and low green space) were consistent across cohorts.

We observed significantly stronger associations of
the environment risk score with asthma onset among
females compared to males. This finding is in line with
previous results on sex differences in environmental
exposure effects,” although findings are not consistent
for respiratory outcomes.* Future studies are needed to
investigate potential biological mechanisms behind sex
differences. In age-stratified analysis, we did not find the
association of the environment risk score with asthma to
be restricted to specific age groups, indicating that the
benefits from optimal urban planning and reducing
harmful environmental exposures may benefit respira-
tory health across all life stages.” We observed stronger
association estimates of the environmental risk score
among non-movers compared to movers in both mature
birth cohorts and adult cohorts (Supplementary
Fig. S10). This finding likely reflects the importance of
cumulative environmental exposure in the development
of asthma. For non-movers, the baseline exposure more
accurately represents long-term exposure, whereas for
movers, a single baseline measurement may not capture
the variation in exposure over time. Consequently, the
exposure misclassification in movers could bias the es-
timates towards the null. It would be valuable for future
research to investigate the time-varying multi-exposure
setting, ideally with a more specific design and model-
ling* such as trajectory analysis or a mover-based
natural experiment design.*

Our findings have important public health implica-
tions as on average 11.6% of incident asthma cases
could be attributed to the environment risk score above
their cohort-specific median level. A higher environ-
mental risk score in general represents higher exposure
to air pollutants (PM and NO,), lower exposure to
greenness and higher exposure to built-up areas (IMP
and LAN), although the specific contributions of these
factors vary across cohorts. This variability highlights
the need for tailored intervention strategies that address
the unique environmental challenges of each region
of the cohorts. Our results underscore the importance of
incorporating multiple environmental exposures into
urban planning, including the identification of local
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“hotspots” where harmful exposures overlap. While
harmful environmental exposures are a global issue,
solutions must also be identified on the local/small-area
level and adapted to effectively mitigate specific expo-
sure patterns.® It should be noted that the estimation of
PAF was based on assumptions including causal re-
lationships, other risk factors unaffected and realistic
interventions, which may be violated in real-life settings
(for example increasing the urban green space may in-
fluence surrounding people’s physical activity behavior)
and lead to biased estimates.

Strengths of the current study include the large
sample size, the length of the follow-up time, the lon-
gitudinal assessment of the outcome, the standardized
exposure assessment on the individual address basis
and the harmonization of confounder data between the
cohorts. We also acknowledge several limitations. First,
due to the observational study design, causal relation-
ships cannot be firmly drawn from the current study.
We acknowledge the existence of unmeasured con-
founding factors, although many potential confounders
have been adjusted for using lifestyle, indoor environ-
ment and both individual- and area-level socioeconomic
status variables. Residual confounding due to mea-
surement errors in the confounders may also exist. For
example, the smoking variable (current/former/never
smoker) may not fully capture smoking status. We also
used random-effects meta-analysis when pooling the
estimates to better account for the differences between
cohorts that are not adjusted for in the model. Second,
asthma diagnosis in young children remains very chal-
lenging, and that it is difficult to disentangle asthma
disease from wheezing symptoms in this age group. But
sensitivity analysis in the mature birth cohorts showed
significant associations for the joint exposure among
children above 4 years of age. Third, for cohorts with
baseline recruitment before 2000, the earliest available
exposure was assigned to the baseline residential ad-
dresses. This was done based on the assumption that
the spatial contrast remained stable over the years. For
air pollution exposure, we tested this assumption by
comparing the associations with and without back-
extrapolation in two cohorts (BAMSE and CEANS) and
the results supported this assumption (Supplementary
Fig. S12), but data are lacking for the exposures in the
built environment and ambient temperature domains.
We acknowledge the potential limitations that asthma
definitions were not harmonized across all cohorts, but
the association estimates of environmental risk score
were consistently positive across the cohorts and using
alternative definitions in four mature birth cohorts
yielded similar results (Supplementary Table S8). We
also lack the data to further explore the associations
between urban environment exposure and asthma
subtypes and endotypes. In adults, the absolute number
of incident asthma cases in some of the cohorts was also
relatively small. For data availability reasons, we were

unable to include other relevant urban environmental
factors, such as road traffic noise, walkability, which
could be of interest for future studies to estimate the
joint impact of the total environment. While this study
used NDVI as an indicator of greenness exposure and
examined joint exposure associations, the potential
modification/mediation roles of NDVI (e.g., on air
pollution) and seasonal variations in greenness warrant
further investigation in future studies. Finally, the esti-
mates derived in the current study (odds ratios and
hazard ratios) are not conceptually equivalent to risk
ratios, even though in our study the incident asthma
outcome is relatively rare. In conclusion, joint exposure
to multiple harmful urban environmental exposures
including air pollution, lack of green space, high
imperviousness and light at night is associated with
higher risks of asthma incidence among both children
and adults.
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