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A B S T R A C T

This study aims to examine the association between urban environment characteristics at birth and at adoles
cence and cardiometabolic health in adolescents from the PARIS birth cohort.

Body mass index z-scores (BMIz) trajectories from birth to adolescence, weight status and two cardiometabolic 
profiles at adolescence were determined. Traffic-related air pollution (TRAP) exposure was estimated by a ni
trogen oxides air dispersion model. The French Deprivation Index, walkability percentage, and the use of green 
spaces were considered. Built environment typologies were identified by a cluster analysis. Associations were 
assessed using multivariable (multinomial) logistic regression models and potential modifier effects were 
examined.

Among 617 adolescents who participated in the health checkup, around one in ten were living with over
weight/obesity. Five BMIz trajectories were identified. After adjustment, walkability and the use of green spaces 
at adolescence were negatively associated with overweight/obesity. Early TRAP exposure showed a positive 
association with overweight/obesity and with each BMIz trajectory compared to the low stable trajectory, with a 
higher level of association observed for the two ascending trajectories. TRAP exposure, parental overweight, use 
of green spaces, and sedentary behavior modified the associations between the urban environment and 
overweight.

These findings show the beneficial effects of neighborhood walkability and using green spaces on overweight/ 
obesity in adolescents. They also demonstrate that early TRAP exposure increases the risk of overweight. These 
results highlight the necessity of effective urban planning to contribute to a healthy environment.

1. Introduction

Cardiometabolic health is characterized by the interaction and 
combination of cardiovascular morbidity and metabolism. Metabolic 
syndrome (MetS) is the co-occurrence of several known cardiometabolic 
risk factors, including insulin resistance, obesity, atherogenic dyslipi
demia, and hypertension (Huang, 2009). In adults, MetS doubles the risk 
of developing cardiovascular disease and increases the risk of type 2 
diabetes fivefold over a period of five to ten years (Alberti et al., 2009). 
An international literature review estimates that MetS affects 3.3% of 

the pediatric population, 11.9% of children living with overweight, and 
29.2% of children living with obesity (Friend et al., 2013).

Since 1998, the World Health Organization (WHO) has considered 
the global epidemic of overweight and obesity in children to be one of 
the most serious public health challenges worldwide. In 2020, WHO 
estimated that 39 million children under the age of 5 and 150 million 
children aged 5 to 19 were living with overweight or obesity. These 
figures are projected to reach 40 million and 254 million, respectively, 
by 2030 (WHO (World Health Organization), 2021). In France, the 
prevalence of overweight and obesity is estimated at 17% and 4%, 
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respectively, among 6- to 17-year-olds (Verdot et al., 2017). Childhood 
and adolescence are critical periods for the development of overweight. 
Indeed, 80% of adolescents with obesity will remain obese in adulthood 
(Simmonds et al., 2016). Several factors—genetic, behavioral, and 
environmental—can influence weight gain during childhood (Campbell, 
2016; Gupta et al., 2012).

More than 55% of the world's population lives in urban areas, a 
proportion that is expected to reach 68% by 2050 according to WHO 
(WHO (World Health Organization), 2024). Consequently, emerging 
literature is investigating the link between the urban environment and 
cardiometabolic morbidity during childhood. The urban environment is 
generally assessed through built environment characteristics: walk
ability (Frank et al., 2010) and features such as road intersection density 
or land use mix, as well as green spaces. The hypotheses underlying this 
link involve changes in health-related behaviors and lifestyles in 
response to changes in the built environment, such as physical activity 
or sedentary behavior. Beyond these changes, built environment in
fluences exposure to traffic-related air pollution (TRAP), which has also 
been linked to adverse cardiometabolic outcomes (Rajagopalan et al., 
2024). Therefore, it is essential to simultaneously study both the built 
environment and TRAP.

A number of studies have recently investigated the associations be
tween walkability and BMI or percentage of body fat among children 
and/or adolescents, finding either negative associations (Neshteruk 
et al., 2023; Barnett et al., 2022; Puttaswamy et al., 2023; Gallotta et al., 
2022) or no association (Kowalski et al., 2023; Wayas et al., 2023; 
Molina-et al., 2021). The results concerning green spaces are more 
ambiguous, with some studies showing a beneficial effect of their 
presence (do et al., 2023; Morgan et al., 2017), while others show a 
detrimental effect (Neshteruk et al., 2023; Lozano et al., 2024) or no 
effect at all (Poulain et al., 2020; Reis et al., 2020; Zhou et al., 2020). To 
our knowledge, only one study has considered the frequency of green 
space use but it focused solely on physical activity (Bozkurt, 2021). 
Increased levels of air pollution have been reported to be harmful in 
relation to overweight in children (de Bont et al., 2020; de Bont et al., 
2021a; de Bont et al., 2021b; Wilding et al., 2020). Few studies have 
described the urban environment in a combined manner using clusters 
(Barnett et al., 2022; de Bont et al., 2021b; Warembourg et al., 2021; de 
Albuquerque et al., 2023a; de Albuquerque et al., 2023b; Filgueiras 
et al., 2024; Pereira et al., 2019), allowing the identification of exposure 
typologies, and most are cross-sectional studies.

Thus, our aim is to assess the association between the urban envi
ronment (walkability, green spaces, TRAP) and adolescent car
diometabolic morbidity in the PARIS (Pollution and Asthma Risk: an 
Infant Study) birth cohort and to study potential modifying effects.

Understanding how these factors influence cardiometabolic health 
outcomes in adolescents is crucial for developing targeted public health 
interventions and urban planning strategies to promote healthier life
styles and reduce the burden of cardiometabolic diseases.

2. Methods

2.1. PARIS birth cohort

The PARIS birth cohort involved 3840 healthy full-term babies born 
between 2003 and 2006 in five Paris maternity hospitals. Follow-up was 
based on regular questionnaires and health checkups (Clarisse et al., 
2007). A total of 2117 adolescents are still followed (Fig. A1). The 
French Ethics Committees approved the PARIS study (permission nos. 
031153, 051289, ID-RCB, 2009-A00824-53, and 2009-12-04 MS2), and 
parents and adolescents gave written informed consent. This study deals 
with adolescents who participated in the health checkup at 15–16 years.

2.2. Cardiometabolic outcomes

Height and weight were collected from medical records: at birth, 1, 

3, 6, 9, and 12 months, at 2, 3, 4, 5, 6, 8–9, 13, and at 15–16 years, and 
measured in health check-ups at 18 months, 8–9, and 15–16 years. Body 
mass was assessed during checkups using a Tanita MC-780MA segmental 
analyzer (Tanita Corp., Tokyo, Japan). Height was measured to the 
nearest 0.1 cm using a Kern® MSF 200N mechanical height rod (Kern & 
Sohn GmbH, Balingen, Germany). Body mass index z-scores (BMIz) were 
estimated according to sex and age with reference to WHO 2006 (ages 
0–5) and 2007 (ages 5–19) growth standards (WHO Multicentre Growth 
Reference Study Group, 2006). At 15–16 years, adolescence were clas
sified as underweight (<− 2 standard deviation (SD)), normal (≥-2SD, <
1SD), overweight (≥1SD, < 2SD), or obese (≥2SD).

BMIz longitudinal trajectories (Lefebvre et al., 2025) were identified 
for adolescents with available data for z-score calculation (height, 
weight, and age at measurement) at specific time periods: birth, 18 
months, 3 or 4 years, 5 or 6 years, 8–9 or 13 years, and 15–16 years using 
group-based trajectory modeling (GBTM) using Stata plug-in Traj. Five 
trajectories were obtained: “Low stable BMI” (10.0%), “Continuous in
crease BMI” (23.3%), “Continuous decrease BMI” (27.2%), “Early in
crease and slight decrease BMI” (29.5%), and “Early high stable BMI” 
(10.0%) (Fig. A2).

Additionally, other anthropometric and biological parameters—such 
as body composition, blood pressure, heart rate, and blood sam
ples—were collected during the adolescent checkup.

Body composition was measured by multifrequency bioelectrical 
impedance analysis using a Tanita MC-780MA segmental analyzer 
(Tanita Corp., Tokyo, Japan) and was assessed by the percentage or mass 
in kilograms (kg) of fat, muscle, and lean mass. Waist and hip circum
ferences were determined to the nearest 0.1 cm. Heart rate, systolic 
blood pressure (SBP) and diastolic blood pressure (DBP) levels were 
recorded with an Omron HEM-RML31 cuff blood pressure monitor 
(Omron Healthcare Co. Ltd, Kyoto, Japan), and the average of three 
measurements was calculated. Triglycerides (grams per liter (g/L)), 
blood glucose (g/L), total cholesterol (g/L), and high-density lipoprotein 
(HDL) (g/L) concentrations were determined by an enzymatic method 
(GPO-PAP, hexokinase, CHOD-PAP, and a mixture of polyanions and 
detergents, respectively) using a Roche Cobas® 6000 (c501) analyzer. 
Low-density lipoprotein (LDL) cholesterol levels (g/L) were calculated 
using the Friedewald formula. Based on these anthropometric and bio
logical data, cardiometabolic profiles were previously identified using k- 
means algorithm, an unsupervised cluster analysis, revealing 356 ado
lescents in the “healthy” profile (67.2%) and 174 in the “at car
diometabolic risk” profile (32.8%) (Lefebvre et al., 2023).

2.3. Assessment of urban environment

The residential addresses at birth and at age 15–16 were geocoded. 
When reliability was insufficient, the geographical coordinates were 
corrected manually. The selected indicators are based on a large amount 
of detailed, locally collected data and best reflect the characteristics of 
the study area.

The French Deprivation Index (FDep) (Rey et al., 2009) was calcu
lated at the IRIS (îlots regroupés pour l'information statistique, the smallest 
administrative unit in France for the dissemination of census data) level 
using 2009 and 2019 aggregated data from the National Institute of 
Statistics and Economic Studies (Insee) on: unemployment rate, pro
portion of workers in the economically active population aged 15–64 
years, proportion of high-school graduates in the non-student popula
tion over 15 years old, and median household income. The FDep was 
derived from the first principal component (43.2% and 42.5% of the 
explained variance in 2009 and 2019, respectively) of a principal 
component analysis of these four aggregated variables. Each child was 
assigned FDep2009 and FDep2019 based on their IRIS residence at birth 
and at age 15–16.

The population densities of the IRIS at birth and adolescence were 
determined from the number of inhabitants per square kilometer, using 
2006 and 2019 census data from Insee.
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The walkability index was developed by L'Institut Paris Region using 
information on public spaces, schools, healthcare and administrative 
facilities, cultural and recreational facilities, physical activity equip
ment, businesses, public transport stations, rail and road networks, 
urban heat islands, and land use (Prédali and Marion, 2022) (detailed 
method available in the supplementary material). Each data point was 
weighted based on its impact on walkability (positive or negative), the 
supposed frequency of use, and the size of the road networks, within 
200 × 200 m squares, to produce the “static grade.” The weighted sum of 
each square accessible within a 15-min walk taking account of the 
topography was determined and was called the “dynamic grade.” The 
total grade was the sum of the “static” and “dynamic” grades. For each 
child, the assigned walkability index corresponds to the “dynamic” 
grade of the square in which they lived. The relevance of the index was 
evaluated through field surveys conducted by L'Institut Paris Region.

Using land use data from L'Institut Paris Region for 2003 and 2021, the 
percentage of green spaces (woods or forests, forest clearings or logging 
areas, poplar plantations, open areas with shrub or herbaceous vegeta
tion, parks or gardens and, grassed areas with or without shrubs) within 
a 300-m radius around the home (Annerstedt et al., 2016) at birth and 
during adolescence was calculated. At 15–16 years old, adolescents re
ported the presence of a green space (municipal park, forest …) freely 
accessible within a 15-min walk from their home and whether they used 
this green space.

TRAP exposure was assessed by the ExTra index to estimate ambient 
air concentrations of nitrogen oxides (NOx) (Sacré et al., 1995; Reungoat 
et al., 2003) in front of both residential and day-care addresses during 
the first year of life and at residential addresses for the year before the 
health checkup at 15–16 years. The ExTra index integrates a regional 
component corresponding to background levels measured by the PARIS 
air quality monitoring network (AIRPARIF) and a local component 
modeled using an air pollution dispersion model, adapted from the 
Danish operational street pollution model (Hertel and Berkowicz, 1989), 
taking into account traffic conditions, topography, and meteorology. 
The ExTra index is expressed in μg/m3 NO2 equivalent.

2.4. Covariates

At the maternity hospital, data were collected on the baby's sex, 
weight, and height; the parents' geographical origin, socioeconomic 
status (SES), and level of education; the residence places (accounting for 
moving throughout life); the number of siblings; the delivery mode; and 
the mother's age. Parents' SES was categorized based on the lowest 
occupation of both parents (high or medium/low). High category refers 
to high-level white-collar workers, medium to craftsmen, shopkeepers, 
intermediate-level white-collar workers and low to unemployed, stu
dents, blue-collar workers, low-level white-collar workers. The mother's 
age was dichotomized according to the median age of the study popu
lation. The mother's active smoking during pregnancy and breastfeeding 
between 0 and 3 months was documented. Parents' weight status ac
cording to their BMI was categorized as “living with underweight/ 
normal weight” (BMI ≤25 kg/m2) and “living with overweight/obesity” 
(>25 kg/m2).

Each child's adiposity rebound age was determined as the age at 
which their BMI began to rise again after reaching its lowest point. Early 
adiposity rebound was defined as ≤ 4.5 years (Kroke et al., 2006).

The occurrence of a stressful event within the family (e.g., death, job 
loss, divorce, and illness) between 0 and 2 years of age was documented. 
At 15–16 years, adolescents provided information about any stress or 
anxiety they had experienced in their relationship with their parents.

The types, frequency and number of hours per week of extracurric
ular sport activities that participants practiced at 15–16 years were 
documented. Using metabolic equivalent of task (MET) values for each 
activity, the intensity of each physical activity was then determined, and 
the number of hours spent in moderate to vigorous physical activity 
(MVPA) (≥3 METs) was calculated. Sedentary lifestyle was analyzed by 

daily screen time, and adolescents were grouped into those who spent 
“less than 3 h a day” and those who spent “at least 3 h a day” in front of 
screens.

2.5. Statistical analyses

Statistical analyses were performed using Stata® (version SE 17, 
Stata Corporation, TX, USA) and R (version 4.2.1, R Development Core 
Team, 2010) softwares.

We assessed the normality of quantitative variables using the 
Shapiro-Wilk test and Henry's graphical method. The baseline charac
teristics of participating and non-participating adolescents were 
compared using the chi-squared/Fisher's exact test or the Student's t-test.

A hybrid hierarchical k-means clustering approach (using the 
hkmeans R package) was employed to identify built environment clusters 
at birth and adolescence, based on deprivation index, walkability, 
population density, and percentage of green spaces. Initially, hierar
chical cluster analysis was conducted using Ward's method. The hier
archical tree was then divided into k clusters, and the centers of these 
clusters were used to perform an unsupervised k-means (Hartigan and 
Wong, 1979) cluster analysis. Two to six groups were tested and the 
optimal number of clusters was selected based on 30 statistical indices 
using the NbClust R package. The relevance of groups was also 
considered.

Associations between the urban environment, assessed by separate 
parameters and clusters, and cardiometabolic morbidity were investi
gated using multivariable logistic and multinomial regression models. 
The models were adjusted according to the main risk factors recognized 
in the literature and identified by a directed acyclic graph (DAG). Re
sults were expressed as adjusted odds ratios (aORs) with 95% confidence 
intervals (95% CI). Associations were regarded as significant when the p- 
value was less than 0.05.

The potential modifier effects of multiple variables were explored by 
testing multiplicative interaction terms using a significance level of 
0.10.

3. Results

This study is based on the 617 adolescents who participated in the 
15–16 year olds’ checkup. Parents of participating adolescents had 
higher SES and post-secondary education rates compared with non- 
participants, but there was no difference in their geographical origin 
and place of residence. Participating adolescents had older mothers and 
were more likely to have been breastfed between 0 and 3 months, but no 
differences were found regarding their sex and weight at birth nor their 
exposure to tobacco smoke (Table 1).

At 15–16 years old, 7.6% of the adolescents were living with over
weight and 2.3% with obesity.

Comparisons between the urban environment at birth and adoles
cence are shown in Table 2. The mean exposure to TRAP halved between 
the first year of life and the year before the 15–16 year olds’ health 
checkup. Walkability and population density near the homes of ado
lescents were, on average, lower than at birth, whereas the mean 
deprivation index was higher. The distribution of green spaces at birth 
and adolescence did not differ.

Four built environment clusters were identified at birth, and five at 
adolescence (Fig. 1). Among the study population at birth, cluster A 
grouped children living in neighborhoods with the highest population 
density; cluster B was characterized by the lowest population density 
and walkability; cluster C was defined by the lowest deprivation index 
and highest walkability; and cluster D had the highest percentage of 
green spaces near children's homes. In adolescence, cluster 1 included 
adolescents living in neighborhoods with the highest population den
sity; cluster 2 was the closest to the population mean; cluster 3 featured 
the highest deprivation index and low walkability; cluster 4 had the 
lowest levels of deprivation and the highest walkability; and cluster 5 
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was defined by the highest percentage of green spaces near adolescents' 
homes and low levels of population density and walkability.

The associations between urban environment characteristics and 
cardiometabolic health are shown in Table 3 and Table A1. Early TRAP 
exposure was positively associated with overweight and BMIz trajec
tories compared to the “low stable” trajectory, with stronger associa
tions for the two ascending trajectories (aOR (95% CI) = 1.84 
(1.10–3.10) and 2.05 (1.17–3.61) for the “continuous increase” and 
“early high stable” BMI trajectories, respectively). TRAP exposure in the 
year before the health checkup, parental overweight, use of green 
spaces, and sedentary behavior were found to be modifiers of the asso
ciations with overweight (Fig. 2). A negative association was observed 
between an increase in walkability index (interquartile range (IQR): 
1994.7) and overweight at adolescence, mainly in adolescents with less 
sedentary behavior (aOR (95% CI) = 0.16 (0.04–0.55)). The use of green 

spaces was also negatively associated with overweight at adolescence, 
especially in adolescents without parental overweight (aOR (95% 
CI) = 0.05 (0.00–0.55)), and those who were exposed to high levels of 
TRAP in the year before the health checkup (aOR (95% CI) = 0.09 
(0.02–0.43)). TRAP exposure in the year before the health checkup was 
positively associated with overweight only among adolescents who did 
not use green spaces near their home (aOR (95% CI) = 4.03 
(1.19–13.67)). No association was found with the cardiometabolic 
profiles.

Built environment clusters at birth were not associated with car
diometabolic health in adolescence nor with BMIz trajectories (Table 4
and Table A2). In adolescence, cluster 3, characterized by higher levels 
of deprivation and low walkability, tended to be positively associated 
with overweight at adolescence (aOR (95% CI) = 2.72 (0.90–8.21)).

4. Discussion

4.1. Key results

This study shows that the urban environment at adolescence, eval
uated using parameters (walkability, deprivation index, percentage and 
use of green spaces, and TRAP exposure) and typologies, impacts 
overweight in adolescence and BMIz trajectories. Walkability and the 
use of green spaces were associated with a reduction in the risk of 
overweight, especially in subgroups. However, no association was 
observed with cardiometabolic profiles in adolescents. The urban envi
ronment at birth was not associated with overweight or BMI trajectories, 
nor with cardiometabolic profiles. Conversely, early exposure to TRAP 
increased the risk of overweight and ascending BMI trajectories at 
adolescence.

4.2. Urban environment at birth and adolescence

This study shows the evolution of the urban environment in the 
neighborhoods of our sample population from birth to adolescence. The 
average exposure levels to the urban environment (deprivation index, 
walkability, population density and TRAP exposure) varied from birth to 
adolescence. One explanation is that 20% of families moved outside the 
Paris metropolitan area to peripheral areas, which are characterized by 
lower population density and walkability. The significant decrease in 
TRAP exposure is the result of several measures (more stringent emis
sion standards for new vehicles, traffic reduction, and reduction in diesel 
use). The decreased deprivation index could be explained by families 
moving to areas with a higher SES.

4.3. Associations between the urban environment and cardiometabolic 
morbidity in adolescence

Early TRAP exposure was associated with the risk of overweight in 

Table 1 
Baseline characteristics of adolescents from the PARIS birth cohort still being 
followed up at 15–16 years of age who participated, or did not participate, in the 
health checkup (N = 2117).

Baseline characteristics Participants 
(N = 617)

Non-participants 
(N = 1500)

p- 
value

Male sex, n (%) 312 (50.6) 771 (51.4) 0.7
Weight at birth, kg 

(mean ± SD)
3.4 (0.4) 3.4 (0.4) 0.3

Height at birth, cm 
(mean ± SD)

50.3 (1.9) 50.1 (1.8) 0.035

Breastfeeding between 0 and 3 
months, n (%)

207 (33.8) 385 (26.7) 0.001

Place of residence at birth ​ ​ 0.8
Paris city, n (%) 387 (62.7) 933 (62.2) ​
Paris suburbs, n (%) 230 (37.3) 567 (37.8) ​

Low/middle socioeconomic 
status of parents at birth

​ ​ 0.011

Yes, n (%) 186 (30.2) 539 (35.9) ​
No, n (%) 431 (69.8) 961 (64.1) ​

Parents' level of education a ​ ​ 0.009
Primary, n (%) 1 (0.1) 11 (0.7) ​
Secondary, n (%) 38 (6.2) 144 (9.6) ​
Post-secondary, n (%) 578 (93.7) 1345 (89.7) ​

Geographical origin of parents ​ ​ 0.2
Both parents born in France, 
n (%)

458 (74.2) 1070 (71.3) ​

At least one parent born 
outside France, n (%)

159 (25.8) 430 (28.7) ​

Mother's age at birth, years 
(mean ± SD)

33.2 (3.9) 32.7 (4.0) 0.008

Mother actively smoking 
during pregnancy, n (%)

55 (8.9) 145 (9.7) 0.6

Smokers at home at birth, n 
(%)

112 (18.4) 299 (20.2) 0.4

SD: standard deviation.
p-value from chi-squared/Fisher's exact test or Student's t-test.

a highest among parents.

Table 2 
Comparison of the urban environment at birth and adolescence in adolescents from the PARIS birth cohort.

N Mean (SD) Min; Max Median (IQR) p33; p66 p-value

NOx 0–1 year (μg/m3 NO2 eq.) 614 79.7 (22.1) 42.1; 248.0 74.7 (20.1) 69.6; 82.6 <0.001
NOx 14–15 years (μg/m3 NO2 eq.) 591 39.3 (9.0) 19.8; 68.8 38.0 (13.0) 34.9; 42.5 ​
FDep at birth 617 1.7 (1.2) − 2.7; 5.5 1.8 (1.5) 1.4; 2.3 <0.001
FDep at adolescence 617 − 1.7 (1.4) − 6.5; 2.8 − 1.9 (1.8) − 2.5;-1.3 ​
Walkability at birth 617 3184.6 (1706.1) 422.6; 10,404 2947.6 (1994.7) 2248.2; 3601.9 <0.001
Walkability at adolescence 617 2685.9 (1701.2) 85.0; 9571.0 2258.1 (2256.6) 1565.8; 3161.5 ​
% green spaces at birth 617 8.0 (7.1) 0; 60.3 6.2 (7.0) 4.4; 8.4 0.4
% green spaces at adolescence 617 8.3 (7.9) 0; 52.0 6.1 (7.6) 4.2; 8.9 ​
Population density at birth (nb/km2) 617 29,929.6 (16,078.0) 578.9; 70,071.6 29,379.1 (26,857.7) 20,888.9; 38,107.9 <0.001
Population density at adolescence (nb/km2) 617 24,003.8 (16,209.6) 37.0; 76,039.0 20,159.7 (26,933.3) 13,054.8; 32,765.2 ​

Eq.: equivalent; FDep: French Deprivation Index; IQR: interquartile range; Max: maximum; Min: minimum; Nb: number; NOx: nitrogen oxides; NO2: nitrogen dioxide; 
p: percentile; SD: standard deviation.
p-value from paired t-test.
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adolescence, which is consistent with the literature (de Bont et al., 2020; 
de Bont et al., 2021a; Wilding et al., 2020; Bloemsma et al., 2019). A 
recent meta-analysis aiming to determine the association between air 
pollutants and the weight status of children and adolescents shows that 
the pooled OR (95 % CI) of overweight/obesity was 1.12 (1.05, 1.19) per 
10 μg/m3 increment in NOx exposure (Zheng et al., 2024). Similar as
sociations were also observed with BMI trajectories. Early TRAP expo
sure increased the risk of belonging to any trajectory compared to the 
“low stable BMI” trajectory, with stronger estimates for the two 
ascending trajectories that increase over the child's life. The mechanisms 
underlying this association is not completely understood. Potential 
TRAP mechanisms include changes in basal metabolism that induce 
inflammation, oxidative stress, and hormone disruption (Bolton et al., 
2012; Wei et al., 2016). Additionally, TRAP may increase brain 
inflammation, including microglial activation and anxiety leading to 
higher caloric intake (Sun et al., 2009).

Our study clearly documents the impact of the urban environment on 
overweight at adolescence. Increased walkability in adolescents' 
neighborhoods reduces the risk of overweight. The literature on asso
ciations between walkability and weight status in the pediatric popu
lation is unclear (Yang et al., 2021), with some studies finding 
associations (Neshteruk et al., 2023; Puttaswamy et al., 2023; Gallotta 

et al., 2022; Stowe et al., 2019; HaGani et al., 2019; Spence et al., 2008) 
and others not (Kowalski et al., 2023; Molina-et al., 2021; Zhou et al., 
2020; Amram et al., 2020). A longitudinal study of 2838 children with 
obesity at recruitment showed that high walkability was negatively 
associated with persistent obesity during the follow-up (Neshteruk et al., 
2023). The effect of the built environment was confirmed by the cluster 
analysis. Cluster 3, characterized by one of the lowest walkability scores 
and the highest deprivation index in adolescence among the study 
population, was positively associated with overweight. Among the few 
studies that have examined the built environment using clusters, a 
cross-sectional study of 485 children aged 8 to 10 found similar results 
(Barnett et al., 2022). In that study, five clusters were identified, and the 
cluster with low walkability and safety was associated with higher BMI. 
Children's behaviors related to weight status, such as physical activity, 
sedentary behavior, and diet, could be influenced by walkability (Yang 
et al., 2021). In our study, the walkability index was associated with 
lower overweight risk only in adolescents who were less sedentary 
suggesting greater use of their urban environment.

The use of green spaces, rarely considered in the literature, is another 
parameter for evaluating how adolescents interact with their urban 
environment. Many studies have looked at the density, presence, or 
distance of green spaces from residences without considering if children 

Fig. 1. Description of the built environment clusters at birth and at adolescence obtained from hierarchical k-means clustering of the PARIS birth cohort. 
The bars represent the standard deviation of the mean of the entire population in each cluster for the built environment characteristics used in the analysis. 
SD: Standard deviation.
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use these spaces. Bozkurt et al. showed that children attending green 
spaces for regular physical activity had a lower risk of overweight 
(Bozkurt, 2021). In our study, the use of green spaces appeared pro
tective only in adolescents with non-overweight parents. Two Spanish 
studies have shown that the association between the urban environment 
and cardiometabolic risk was mediated by the mother's BMI (de Albu
querque et al., 2023a; Filgueiras et al., 2024). The influence of parental 
weight status may be stronger than the beneficial effect of spending time 
in green spaces. Additionally, behaviors related to overweight, such as a 
child's diet or physical activity, can be influenced by the parents due to 
the ability they have to control and guide such practices.

TRAP exposure the year before the health checkup was positively 
associated with overweight only among adolescents who did not use 
green spaces near their home; no association was found among adoles
cents who frequented green spaces. A Chinese study reported a similar 
interaction: a 10 μg/m3 increase in nitrogen dioxide (NO2) exposure was 
associated with a 65% increase in the risk of overweight and obesity in 
children and adolescents, with an adjusted Hazard Ratio (aHR) of 1.65 
(95% CI: 1.62–1.68) in the low-level group of greenness and an aHR of 
1.22 (95% CI: 1.20–1.24) in the high-level group of greenness (Chen 
et al., 2022). Exposure to green spaces thus appears to reduce the effect 
of TRAP exposure on overweight within the pediatric population. Urban 
vegetation contributes to reducing certain air pollutants by absorbing 
gaseous pollutants such as NOx, ozone, volatile organic compounds 
(VOCs), and carbon dioxide (CO2), and by trapping suspended particles 
(Janhäll, 2015).

The percentage of green spaces within a 300-m radius around the 
home was not linked to overweight in adolescents. However, the per
centage of green space was positively associated with the “early increase 
and slight decrease BMI” trajectory. The association between green 
spaces and overweight shows heterogeneous results in the literature 
with studies finding positive (Neshteruk et al., 2023), negative 
(Molina-et al., 2021; Daniels et al., 2021) or no association (de Bont 
et al., 2020; Melo et al., 2021). The types of green spaces included in 
these studies vary, for example, in terms of whether or not they have 
sports facilities, which may influence physical-activity-related behaviors 
and could explain the ambiguous results.

The urban environment did not impact cardiometabolic profiles in 
our study population. The profiles were based on individuals with 
generally good cardiometabolic health and a lower prevalence of over
weight than that observed in the general 6- to 17-year-old French pop
ulation, where 17% live with overweight (Verdot et al., 2017). The 
cardiometabolic risk profiles was subclinical. This may explain why no 
association was found with urban environment. Previous studies using 
pediatric-specific cardiometabolic risk scores have also not found sig
nificant association (Bloemsma et al., 2019; Nevill et al., 2021; Dengel 
et al., 2009).

4.4. Strengths and limitations

This study analyzes a well-characterized cohort through prospec
tively and regularly collected data. The cardiometabolic health of ado
lescents is well described due to anthropometric measurements and 
biological data collected during adolescence, as well as BMI trajectories 
identified from birth to adolescence. The urban environment was 
assessed at two exposure windows using both separate parameters and 
clusters obtained by unsupervised methods. To our knowledge, evalu
ation at two temporal windows has never been carried out before. An 
evaluation of the built environment of the pediatric population using a 
cluster approach is rarely found in the literature. This method allows to 
assess environmental characteristics in a unified manner. Indeed, this is 
more the spatial layout of these features that impact on behaviors than 
an isolated characteristic. Moreover, the use of green spaces was also 
considered, which has only been examined once before in previous pe
diatric studies. Residential walkability was explored in detail through 
several parameters, while also considering walkability in the Ta
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surrounding areas. However, since data were not available at birth, the 
walkability index was estimated using data from 2022. This is the first 
time this index has been used in an epidemiological study, and its 
relevance should be confirmed by further research. Additionally, the 
spatial units used in our analysis are not the same. The urban environ
ment near schools was not considered, which is another limitation of our 
study. The residential environment of our population is homogeneous, 
which does not allow for highly contrasted urban environment typol
ogies. Another limitation is the small sample size due to the attrition rate 
caused by participants moving outside the study area, which introduces 
selection bias and might limit the generalizability of the results.

5. Conclusion

The findings from this study show the beneficial effects of a high- 
walkability neighborhood and using green spaces on overweight and 
obesity in adolescents. They also demonstrate that early TRAP exposure 
increases the risk of overweight in adolescence. This work confirms that 
cardiometabolic morbidity is multifactorial, involving risk factors 
interacting with each other. This study provides valuable insights that 
can guide public health policies and advocate for the promotion of a 
health-supportive environment through urban planning approaches. 
These include enhancing walkability, increasing accessibility to urban 
greening, and reducing road traffic and consequently traffic-related air 
pollution.

Consent to participate

Parents and adolescents gave written informed consent.

Glossary

IRIS: the smallest geographic administrative unit used in France by 
the national institute of statistics and economic studies (Insee)

Adiposity rebound age: age at which BMI starts to rise after reaching 
its lowest point.

Ethics approval

The French Ethics Committees approved the PARIS study (permis
sion nos. 031153, 051289, ID-RCB, 2009-A00824-53, and 2009-12-04 
MS2). The procedures used in this study adhere to the tenets of the 
Declaration of Helsinki.

Ethics approval

The French Ethics Committees approved the PARIS study (permis
sion nos. 031153, 051289, ID-RCB, 2009-A00824-53, and 2009-12-04 
MS2). The procedures used in this study adhere to the tenets of the 
Declaration of Helsinki.

Fig. 2. Adjusted odds ratios of the association between urban environment characteristics and overweight at 15–16 years old, according to parental overweight (A), 
exposure to NOx the year before the health checkup (B), the use of green spaces (C), and sedentary behavior (D). 
Adjusted for sex, socioeconomic status (SES), parental overweight, early BMI rebound age, mother actively smoking during pregnancy, stressful events during ages 
0–2, parent–child relationship stress, time spent in front of screens, moderate to vigorous physical activity, moving house during life. 
aOR: adjusted odds ratio; BMI: body mass index; CI: confidence interval; IQR: interquartile range; NOx: nitrogen oxides. 
IQR: Walkability at birth: 2256.6; walkability at adolescence: 1994.7; NOx 0–1 year: 20.1 μg/m3 NO2 equivalent; NOx 14–15 years: 13.0 μg/m3 NO2 equivalent. 
NOx high levels at 14–15 years: ≥42.5 μg/m3 NO2 equivalent. 
//: cropped confidence interval.
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