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1. Introduction

Respiratory and allergy-related diseases contribute to over 250
million disability-adjusted life years (DALYs) each year (Shin et al.,
2023), with steadily rising numbers in recent decades (Chen et al., 202.3;
Gutowska-Slesik et al., 2023). Urban environments contribute to a large
burden of respiratory diseases due to various environmental risks such
as poor air quality, higher population densities and restricted access to
green spaces (Nieuwenhuijsen et al., 2024; Khomenko et al., 2021; GBD
Chronic Respiratory Disease Collaborators, 2020). With increasing ur-
banisation, the environmental burden on respiratory health may in-
crease in future years. Identifying how these environmental factors
jointly contribute to respiratory disease has therefore become a public

health priority.

While long-term air pollution is a well-established risk factor for
respiratory health in children and adolescents (Boogaard et al., 2022; Yu
et al., 2021, 2023), other aspects of the urban environment, like green
spaces, and built environment characteristics remain debated (Bole et al;
Ye et al., 2022). Even though multiple environmental exposures have
the potential to interact and collectively affect health, most environ-
mental studies have focused on a single or a limited range of exposures
(Robinson et al., 2018; Tamayo-Uria et al., 2019). The exposome
concept includes all environmental exposures from conception onwards,
introducing a comprehensive method to characterize associations be-
tween multiple exposures and health outcomes (Wild, 2005). This
approach more accurately reflects real-life exposure patterns and is
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crucial for understanding the exposome’s impact on health, including
lung function (Guillien et al., 2021).

The pulmonary system develops until early adulthood and is
particularly susceptible to harmful environmental exposures during
childhood and adolescence (Schittny, 2017). This developmental period
is a critical factor for long-term respiratory function (Melén et al., 2024;
Grant et al., 2020) and health outcomes in later life, including cardio-
vascular and metabolic disease as well as premature death (Agusti et al.,
2017). Long-term environmental exposures, especially during childhood
and adolescence, may influence the trajectory of respiratory disease
throughout life (Mastorci et al., 2021; Carraro et al., 2014), highlighting
the need to identify how characteristics of the urban environment affect
respiratory function during this developmental stage.

Residential relocation studies are a promising study design to
investigate associations between the exposome and health outcomes.
Changes in residence can lead to simultaneous changes in various
environmental exposures, altering different domains of the exposome
and can be leveraged as a natural experiment to investigate the causal
relationship between changes in the living environment and health
(Drewnowski et al., 2019; Saucy et al., 2023). Furthermore, relocation
studies allow for estimating exposome-outcome associations within the
same individual over time, rather than between individuals in different
areas (Ding et al., 2018).

This study aims to evaluate the association between changes in the
urban exposome and changes in adolescent lung function, using resi-
dential relocation as a quasi-experimental design. Specifically, we
analyzed data from two European birth cohorts to (i) characterize three
domains of the urban exposome: traffic-related air pollution, built-up
surface, and area-level socioeconomic disadvantage; and (ii) assess the
impact of changes in these domains due to residential relocation on
adolescent lung function growth.

2. Methods
2.1. Study design and population

This study includes data from two birth cohorts participating in the
EXPANSE project (Vlaanderen et al., 2021), recruited in the Netherlands
(PIAMA, “Prevention and Incidence of Asthma and Mite Allergy”) and
Sweden (BAMSE, “Children, Allergy, Milieu, Stockholm, Epidemi-
ology”). The BAMSE cohort is an ongoing longitudinal,
population-based prospective birth cohort including 4089 children born
between 1994 and 1996 in Stockholm, Sweden, designed to study risk
factors for asthma, allergic diseases, and lung function in childhood
(Wickman et al., 2002). The PIAMA cohort includes 3963 children born
in 1996 and 1997 in the Netherlands and was set up to investigate the
effect of mite-allergen avoidance, lifestyle, and environmental risk fac-
tors on the incidence of childhood asthma and allergy (Wijga et al.,
2013). The present study includes participants with complete exposure
data and lung function measurements at follow-up ages 8 and 16. After
exclusion of individuals with missing lung function or exposure data, a
final sample of 1465 individuals was retained (N. BAMSE = 1190; N.
PIAMA = 275). An overview of included participants with details on
exclusions due to missing data is provided in Supplementary Table 1.

2.2. Lung function measurements

In PIAMA, at age 8, children of allergic mothers and a random sample
of children of non-allergic mothers were invited to a clinical exam,
including spirometry. At age 16, all cohort participants were invited for
follow-up spirometry. Systematic differences between spirometers in
PIAMA at age 16 were corrected for using equations as described by
Milanzi et al. (2019). In BAMSE, spirometry was conducted during
follow-ups at ages 8 and 16 using a standardized protocol to measure
forced expiratory volume in 1 s (FEV;). We used standardized FEV;
z-scores which were obtained according to American Thoracic Society
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(ATS)/European Respiratory Society (ERS) criteria in both cohorts
(Stanojevic et al)Reference equations from the Global Lung Function
Initiative (GLI) were used to calculate predicted values according to age,
height and sex for both cohorts (Stanojevic et al) and details on the lung
function measurements have been described elsewhere (Koefoed et al.,
2024; Wang et al., 2021; Milanzi et al., 2018). Supplementary Fig. 1
displays cross-cohort distributions of the raw FEV; and FEV; z-scores at
both follow-up timepoints.

2.3. Exposome assessment

Unified exposures data for the European region were available from
the EXPANSE project based on harmonized protocols. In addition,
cohort-specific area-level socioeconomic position (SEP) variables were
collected for each cohort. For both cohorts, full residential histories (i.e.,
geocoded consecutive addresses with exact moving dates) were obtained
from regular questionnaires (PIAMA) and population registries
(BAMSE). High-resolution ambient air pollution surfaces were devel-
oped specifically for the EXPANSE project using geographically and
temporally weighted regression built for each pollutant from 2000 to
2019 (Shen et al.,, 2022). Residential surrounding greenness was
assessed using satellite-derived NDVI (Normalized Difference Vegeta-
tion index) and mSAVI (Modified Soil Adjusted Vegetation Index) im-
agery data derived from the Vegetation Indices (MOD13Q1) product of
the Terra Moderate Resolution imaging Spectroradiometer (MODIS)
with 250 m x 250 m resolution (Didan, 2015). Accessibility to green
spaces was defined as the distance to the nearest green space using the
Corine Land Cover database (Cover, 2018). Distance to the nearest blue
space was assessed using the EU-Hydro map developed by the Coper-
nicus Land Monitoring Service (Copernicus Land Monitoring Service,
2019). Grey (i.e., built-up) spaces were characterized using impervi-
ousness density maps (Status Maps — Copernicus Land Monitoring Ser-
vice, 2020). A detailed overview of the exposome variables, including
spatial resolution and temporal extent is available in Supplementary
Table 2. For each participant, we extracted all exposome variables at the
home addresses and aligned the estimates with the lung function mea-
surements by selecting values closest to each assessment at the time of
the 8-year and 16-year follow-ups. When multiple years of exposure data
were available, values closest to lung function measurement dates were
selected to capture geographical and temporal exposure changes. For
participants with multiple relocations, the final move before age 16 was
considered in the analysis, while interim relocations were not explicitly
modeled.

2.4. Covariates

For both cohorts, sociodemographic data on sex, parental country of
birth, and highest parental education (low/medium/high) was avail-
able. For BAMSE, data on household socioeconomic position (SEP) data
was available, characterized as low (blue collar)/medium (lower white
and white collar)/high (higher white collar). Time-varying covariates
included environmental tobacco smoke exposure in the household,
assessed at each follow-up, and history of respiratory infection. At age
16, data on active smoking was collected. Supplementary Fig. 2 displays
a visualization of how the covariates are utilized in the statistical
analysis.

2.5. Statistical analyses

We characterized three domains of the external exposome: traffic-
related air pollution (NOg, PM3 5, PM;(, Ozone), built-up surface green
surface and standard deviation (NDVI and mSAVI), distance to nearest
green space, impervious surface, distance to blue and freshwater), and
area-level SEP disadvantage (cohort specific socioeconomic indicator on
the area-level). To ensure exposure comparability within domains, all
exposures were rescaled based on cohort-specific interquartile ranges
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(IQRs). Within each domain, we applied a k-median clustering approach
(Cardot et al., 2013) to identify cluster levels of rescaled exposures.
Compared to k-means, the k-median algorithm is less sensitive to out-
liers and skewed distributions and therefore provides more robust par-
titioning of heterogenous exposure clusters. The number of clusters was
chosen to be consistent across cohorts and was visually validated using
elbow plots (Sammouda and El-Zaart, 2021). As only one variable was
available for the area-level socioeconomic disadvantage domain, expo-
sure levels were obtained by categorization of the continuous variables
based on distribution tertiles. Because exposure levels for specific vari-
ables differed substantially between cohorts, exposome clusters were
constructed separately for each cohort.

Relocation trajectories between the 8-year and 16-year follow-ups
were defined using each participants domain-specific cluster at age 8
and at age 16. Clusters were ordered numerically so that larger cluster
numbers represent higher exposure/hazard (e.g., 1 = low, 2 = medium,
3 = high). We defined changes in exposure clusters as follows: "Movers
to better environments" (individuals who moved to a lower-hazard
cluster; difference in exposure cluster > +1) and "Movers to worse en-
vironments" (individuals who moved to a higher-hazard cluster; differ-
ence in exposure cluster < —1). The comparison group ("reference")
included non-movers and those who moved to the same exposure cluster
(difference in exposure cluster = 0).

Our study design utilizes a difference-in-difference (DiD) framework
(Rothbard et al., 2023) to estimate the average effect of changes in
exposome clusters on changes in z-standardized FEV; scores between
ages 8 and 16. Within this framework, we treated relocation trajectories
as the exposure, and changes in FEV; z-scores as the outcome,
comparing “moving to better” and “moving to worse” environments to
the reference group (non-movers and movers with stable trajectory)
while adjusting for baseline and time-varying confounding factors. To
address potential bias from selection relocation patterns, we applied
inverse probability weighting (IPW) within the DiD framework. IPW
typically calculates the probability (propensity) of being exposed to an
intervention (i.e., relocation trajectories) based on individual charac-
teristics (propensity score) and uses the inverse of this score as weights
(Chesnaye et al., 2021). We used parental country of birth, parental
education, household socioeconomic status, and exposome cluster at
baseline as variables to calculate the propensity scores. This method
adjusts for differences in the likelihood of relocating to worse or
respectively better environments compared to stable exposure trajec-
tories based on these observed covariates. We derived inverse proba-
bility weights from propensity scores using the ‘Weightlt’ package
(Greifer, 2024). We estimated the association between the change in
each exposome cluster and changes in FEV; z-scores using DiD models,
with the exposome relocation trajectories as a categorical variable. We
did not account for the time elapsed since relocation, therefore assuming
the effect on lung function to be immediate. This approach groups re-
locations regardless of the time since the move, acknowledging that
some occurred before the measurement and others shortly before.

To provide a comparable framework for single-exposure analysis,
each individual environmental exposure was categorized into tertiles at
both the 8-year and 16-year follow-up and movers were categorized into
exposure change groups (“increase”, “decrease”, “no change (refer-
ence)”). We estimated the crude association between changes in indi-
vidual exposure tertiles and changes in FEV; z-score using the same DiD
modeling approach applied to the exposome clusters. To assess the
changes in lung-function and exposome relocation trajectories for
movers compared to the reference, we fitted three models with
increasing sets of covariates. Model 1 is the single-domain model, where
each domain of the exposome is evaluated separately. Model 2 is further
weighted using the inverse propensity scores of belonging to each
exposome relocation trajectory, and Model 3 is further adjusted for
respiratory infection at measurement, active smoking at age 16 and
change in environmental tobacco smoke. Analyses were performed
separately for each cohort, as the pooling of cohorts was not possible.

Environmental Research 287 (2025) 123132

We conducted a sensitivity analysis only including individuals with a
single relocation event (N = 328). All analysis were conducted using R
version 4.4.0 (R Core Team, 2024).

3. Results
3.1. Descriptive statistics

Table 1 presents the cohort characteristics at the 8-year follow-up
(baseline) among non-movers and movers. We observed that several
baseline characteristics (e.g., foreign nationality, parental education)
significantly differed between non-movers and movers in BAMSE, which
underscores the importance of using weighting in the difference-in-
difference analysis to make the groups more comparable. At baseline,
movers in BAMSE were more often of foreign nationality, from less
highly educated parents, and more frequently in the high hazard group
for the exposome domain area-level SEP disadvantage.

3.2. Exposome relocation trajectories

The k-medians clustering approach grouped domain-specific expo-
some profiles into two clusters for traffic-related air pollution, which we
characterized as “low” and “high”. For the domains built-up surface and
area-level SEP disadvantage, the clustering resulted in three groups
categorized as “low”, “medium” and “high” hazard environments. In
both cohorts, the high traffic-related air pollution cluster (“high haz-
ard”) included places with higher concentrations of particulate matter
with diameters <2.5 pm (PM35) and <10 pm (PM;), and nitrogen di-
oxide (NOy) and lower levels of ozone (Os3). For the Built-up Surface
domain, areas with the highest impervious surface, the farthest distance
to green spaces, and the lowest greenness indicator values were classi-
fied as “high hazard” in both cohorts (Supplementary Fig. 3). Pearson’s
correlations across the continuous exposures by domain are displayed in
Supplementary Fig. 4 and the correlations between the individual ex-
posures and the exposome clusters are displayed in Supplementary

Table 1
Baseline characteristics (8-year follow-up) for Non-Movers and Movers in
BAMSE and PIAMA cohort.

BAMSE PIAMA
Non-mover Mover Non-mover Mover

n 771 419 237 38
Male (%) 427 (55.4) 225 (53.7) 107 (45.1) 17 (44.7)
Foreign” (%) 106 (13.8) 84 (20.2) 12 (5.2) 0
Parental education category (%)

1 (low) 6 (0.8) 12 (2.9) 12 (5.1) 3(7.9)

2 (middle) 287 (37.2) 215 (51.3) 75 (32.1) 9(23.7)

3 (high) 478 (62.0) 192 (45.8) 147 (62.8) 26 (68.4)
Cluster Traffic-related Air Pollution (%)"

Low 172 (22.3) 84 (20.0) 94 (39.7) 14 (36.8)

High 599 (77.7) 355 (80.0) 143 (60.3) 24 (63.2)
Cluster Built-up surface (%)"

Low 351 (45.5) 147 (35.2) 60 (25.3) 10 (26.3)

Medium 290 (37.6) 212 (50.6) 80 (33.7) 14 (36.8)

High 130 (16.9) 60 (14.3) 97 (40.9) 14 (36.8)
Cluster Area-level socioeconomic Disadvantage (%)"

Low 4 (0.5) 0 (0.0) 51 (21.5) 10 (26.3)

Medium 466 (60.4) 166 (39.6) 145 (61.2) 22 (57.9)

High 301 (39.1) 253 (60.4) 41 (17.3) 6 (15.8)
Number of moves

0 771 / 237 /

1 / 295 (70.4) / 33 (86.8)

2 / 84 (20.0) / 2(5.3)

3+ / 40 (9.6) / 3(7.9

Bassline characteristics, including demographic factors and exposome domain
clusters at baseline, as presented for participants who relocated (Movers) and
those who did not (non-Movers) in both cohorts.

# Foreign background is based on parental country of birth.

b Exposome cluster at baseline (8-years).



N. Hlubek et al.

Fig. 5and 6. Supplementary Table 3 shows the individual exposure
distributions for both cohorts and Supplementary Figs. 7 and 8 visualize
the individual exposure distributions and exposure differences between
follow-ups.

The clustering for the area-level SEP disadvantage domain was based
on recategorizing a single continuous variable into exposure groups,
which allowed for an ordinal classification of environments based on
SEP disadvantage. In BAMSE, relocation to an area with lower socio-
economic disadvantage was the most frequent trajectory (N = 332 (79.3
%) and in PIAMA relocation to the same socioeconomic disadvantage (N
= 14 (36.8 %)). Notably, no individuals in the BAMSE cohort relocated
to an area with higher socioeconomic disadvantage. For the traffic-
related air pollution domain, relocation to a lower exposure area was
the most common pattern (N = 230 (54.9 %) in BAMSE and N = 24
(63.2 %) in PIAMA). In the built-up surface domain, remaining within
the same exposure category (i.e., high to high, medium to medium) was
the most common relocation pattern (N = 241 (57.5 %) in BAMSE and N
=17 (44.7 %) in PIAMA). Relocation patterns across exposome domains
for movers between the 8-year and 16-year follow-up are visualized in
Fig. 1 and summarized in Supplementary Table 4.

3.3. Changes in lung function - results from the difference in difference
analyses

After applying inverse probability weights from propensity scores,
we observed a significant improvement in the balance of the covariates.
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Most covariates demonstrated a standardized mean difference (SMD) of
less than 0.05 across the relocation trajectories and non-movers, indi-
cating enhanced comparability between groups. Detailed balance sum-
maries for all groups are provided in Supplementary Table 5a-f.

Fig. 2 summarizes the DiD estimates for the effects of moving to
better or worse environments on z-standardized FEV; scores compared
to the reference group. Exact coefficient estimates and confidence in-
tervals (CIs) are provided in Supplementary Table 6a—c.

In the BAMSE cohort, relocation to areas with increased built-up
surface (i.e., moving to a higher exposure environment) was associ-
ated with reduced lung function, as reflected by lower z-FEV; scores (3
= -0.306, 95 % CI: [—0.513, -0.0985]) in the fully adjusted model
(Model 3), compared to the reference group, while weaker, non-
significant associations were observed in the Crude (Model 1) and
Weighted (Model 2) models. A non-statistically significant trend in the
same direction was observed for the traffic-related air pollution domain
in BAMSE (§ = -0.141, 95 % CI: [—0.322, 0.040]). No consistent asso-
ciations were identified for changes in other exposome domains and
FEV; z-scores in PIAMA. Results from the single exposure analyses,
categorized by tertile-based changes in exposure levels, are presented in
Supplementary Fig. 9. Results from the sensitivity analyses restricted to
a single relocation event (i.e., those who moved only once during the
follow-up period) show similar trends, with reduced effect size
(Supplementary Table S7a—c).

BAMSE PIAMA

400
300 Traffic-related Air Pollution
200 High
100 Low

0

«\O\I\(\g it «\O\x\“g i
%e\O‘e pee %e\"‘e peet
BAMSE PIAMA

400 Built-up Surface
300 High
200 Medium
100 Low

0
400 Area-level SEP Disadvantage
300 High
200 Medium
100 Low

0

c.s“"(\Q i® 0\‘-\09 i

ge\o‘e Pl\\e‘ %?z\o‘e

peet

Fig. 1. Relocation trajectories across Exposome domains for Movers between 8-year and 16-year follow up.
Relocation trajectories of participants who relocated between the 8-year and 16-year follow-up across three exposome domains: traffic-related air pollution, Buil-up
surface, and area-level SEP socioeconomic disadvantage. The trajectories show relocation to environmental with better or worse exposure levels within each domain.
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Estimated Change in Lung Function by Exposome Domain and Cohort
Traffic-related Air Pollution Built-up Surface
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Area-level SEP Disadvantage

Exposome relocation trajectory
@ Move to worse environment
@ Move to better environment

Reference

06 -0.6 -0.3

Fig. 2. Difference-in-difference regression estimates of moving into better and worse environments per exposome domain between 8-year and 16-year follow-up on
z-FEV1 scores with 95 % confidence intervals (CI) compared to non-movers and movers to the same environment (Reference). The final model was adjusted for
respiratory infection at the time of measurement, active smoking and smoking in the household and includes weights based on inverse probability weighting. Each

exposure effect was estimated by fitting a separate model.
4. Discussion

This study leverages residential relocation as a quasi-experimental
design to offer novel perspectives on the association between changes
in the external exposome and adolescent lung function. Our clustering
analysis identified distinct environmental exposure profiles across three
exposome domains: traffic-related air pollution, built-up surface, and
area-level SEP disadvantage, across two European cohorts. Although the
associations between relocation trajectories and changes in lung func-
tion were limited, we found that moving to areas with greater imper-
vious surface coverage and lower availability of green space along with,
to a lesser degree, higher traffic-related air pollution, was linked to
reduced lung function in the BAMSE cohort.

We identified consistent cluster patterns in both cohorts for the
traffic-related air pollution and built-up surface domains, indicating that
this clustering approach effectively uncovers environmental risk profiles
across different urban settings. Similar clusters for both domains have
been observed in previous research, reinforcing the reliability and
generalizability of the clustering method across cohorts (Saucy et al.,
2023). Our findings suggest that some relocation trajectories were more
frequent than others. Overall, moving to ‘better environments’ was more
frequent than moving to ‘worse environments’ throughout all three
exposome domains. In BAMSE, no participants relocated to areas char-
acterized by lower socioeconomic advantage, indicating that most
families chose to relocate to areas that were considered “better”. Few
environmental health studies have employed clustering methods to
evaluate the relationship between the urban exposome, relocation be-
haviours, and health outcomes (Guillien et al., 2021; Saucy et al., 2023).
This approach allowed us to account for multiple exposures simulta-
neously, providing a more holistic representation of complex urban
environments.

We found indicative evidence that relocating to “worse”

environments for the built-up surface and traffic-related air pollution
clusters — defined by higher impervious surface and reduced green space
availability, as well as higher particulate matter and nitrogen oxide
concentrations — was associated with reduced lung function (z-stan-
dardized FEV;) in the BAMSE cohort. Conversely, moving to "better"
environments was linked to improved lung function in these domains
compared to children with stable exposome trajectories, although the
associations were consistent but weaker. In contrast, no consistent as-
sociations were observed in the PIAMA cohort, likely due to the small
sample size and limited statistical power. The findings related to the
built-up areas are in line with a recent study on childhood urban ex-
posures, showing that environments with fewer natural spaces and high
exposure to built-up surfaces and road traffic were associated with lower
levels of FEV; in children (Guillien et al., 2024). Potential mechanisms
by which the exposome profile of increased built-up surfaces may
impact respiratory health include exposure to airborne allergens from
surrounding vegetation and limited physical activity due to insufficient
green spaces (Mueller et al., 2022).

The weaker associations observed in the traffic-related air pollution
domain and the absence of association for the socioeconomic depriva-
tion domain may also be attributable to several factors. On one hand,
very few individuals relocated to neighbourhoods with higher traffic-
related air pollution levels, possibly limiting our ability to observe
meaningful changes in exposure. On the other hand, air pollution levels
decreased overall for most participants between the follow-ups,
reflecting broader trends in improved air quality across the study
areas. While the patterns for changes in the traffic-related air pollution
domain were not statistically significant, they followed the expected
trend, suggesting that larger sample sizes or greater exposure variability
could clarify these associations. The lack of significant findings for the
PIAMA cohort may be attributable to the small sample size (n = 275)
which likely limited statistical power to detect effects. Moreover, since
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the exposome trajectories were analyzed separately by cohort due to
baseline differences in exposure levels, limiting the direct comparability
of effect estimates between the cohorts.

Previous research on the external exposome and lung function pri-
marily focused on associations between single exposures and lung
function outcomes (e.g., Yu et al., 2021, 2023). To the best of our
knowledge, this is among the first studies to use residential relocation as
a natural experiment to explore the effects of complex living environ-
ments on health within an exposome framework. Most relocation studies
have focused on a single or a small set of exposures (Saucy et al., 2024),
while the applied exposome framework allowed for a more compre-
hensive assessment of combined exposure and their health impacts in
the current study. Unlike observational studies that examine naturally
occurring changes over time at a specific location, relocation designs
generally result in more substantial changes in exposure, providing an
opportunity to evaluate how these changes influence health outcomes
while reducing common biases (Craig et al., 2012; Kivimaki et al., 2021;
Petticrew et al., 2005). Our methodology, which used harmonized
exposure estimates from the EXPANSE project (Vlaanderen et al., 2021),
adds robustness to the assessment of the effect of various domains of the
external exposome on adolescent lung function.

Several limitations should be acknowledged. First, we were unable to
formally test the parallel trends assumption, a core requirement of the
DiD design, due to a lack of pre-location outcome data. We therefore
cannot exclude the possibility that pre-existing differences in lung
function trajectories, rather than the relocation itself, drove the
observed observations. Second, while we used inverse probability
weighting to account for potential selection bias, balance across all
covariates was not fully achieved, indicating the possibility of residual
confounding. Third, our analysis did not account for the precise timing
of relocation, assuming immediate effects of environmental changes on
lung function. This approach may not capture the full complexity of
exposure-outcome relationships, particularly if effects vary by post-
relocation exposure duration or if critical windows of vulnerability
during adolescence modify associations. Future longitudinal studies
with more frequent exposure assessment could address this limitation.
Fourth, the exposome domain approach reflects the realistic complexity
of correlated urban exposures but limits interpretability of individual
factors. For instance, the built-up surface domain integrates impervious
coverage with green/blue space metrics (e.g., distance to green space,
NDVI/mSAVI). This composite captures the cumulative influence of
built environments but makes it harder to isolate specific pathways.
Although this approach limits the ability to isolate single factors, it offers
greater ecological validity by capturing the combined realities of urban
environments. Fifth, the relatively small sample size the PIAMA cohort
(n = 275) further constrained statistical power, likely contributing to the
absence of observed associations in that cohort. While PIAMA did not
exhibit significant associations between exposome domains and lung
function, the clustering analysis confirmed comparable exposome tra-
jectories to BAMSE, demonstrating the broader applicability of the
clustering method across different populations and urban contexts. The
limited number of participants moving to “worse” environments also
restricted our ability to robustly assess the consistency of associations
across different environmental contexts. Despite these limitations, our
study makes important methodological and substantive contributions to
environmental health research. The application of exposome clustering
methods to longitudinal cohort data provides a framework for under-
standing complex environmental influences on respiratory health during
adolescence. The consistency of findings across different urban contexts
supports the broader generalizability of our approach, while the
difference-in-differences design strengthens causal inference compared
to cross-sectional analyses.

Future research would benefit from larger, more diverse populations
with enhanced temporal resolution of exposure assessments. Such
studies could further illuminate the complex pathways through which
urban environmental changes influence respiratory health development
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during critical developmental periods.
5. Conclusion

Residential relocation is common during childhood and influences
multiple aspects of the living environment. This study contributes to a
better understanding of how changes in complex environmental expo-
sures interact to shape lung health. Our findings suggest that relocation
to areas with higher levels of built-up surface environments - charac-
terized by less green space and more impervious surfaces — is associated
with reduced lung function in adolescents. These results highlight the
need for further research in exposome and environmental epidemiology,
expanding to more countries and additional health indicators to
comprehensively assess the long-term health impacts of residential
moves.
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