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BACKGROUND: Urbanisation can be an important determinant of human exposure to synthetic chemical pollutants. The impact of
contaminant exposures on health is of particular concern during susceptible periods of life, such as in utero and during childhood,
when exposure may lead to adverse health effects in childhood and later adulthood.
OBJECTIVE: We aimed to examine how contaminant exposures vary between urban and non-urban areas across five different
European birth cohorts in Spain, France, Greece, the UK, and Lithuania.
METHODS: Urine and blood samples were collected from a total of 1021 mother-child pairs during both pregnancy and childhood
(6–11 years old). Concentration levels of forty metabolites—including PFASs, phenols, phthalates, metals, and organophosphate
and persistent pesticide metabolites—were measured. We used a spatial indicator to define the participants’ degree of
urbanisation. Linear Mixed-Effect Models were used to compare the distribution of exposures between urban and non-urban areas
for the two life stages separately.
RESULTS: The concentrations of contaminants varied by degree of urbanisation and life stage. Overall, concentrations of phenols
(GMRs; Geometric Mean Ratios, ranging from 1.06 to 1.56) and PCBs (GMRs ranging from 1.07 to 1.15) were higher among pregnant
mothers living in urban areas compared to those in non-urban areas. Children showed more heterogeneous patterns of exposure
across contaminant families. Children in urban areas had lower concentration levels of PFASs (GMRs ranging from 0.84 to 0.97) but
higher concentration levels of phenols (GMRs ranging from 1.05 to 1.15) and phthalates (GMRs ranging from 1.05 to 1.17) compared
to those in non-urban areas.
SIGNIFICANCE: Our study contributes to the understanding of how the degree of urbanisation characterises children’s exposure to
hazardous substances. Our findings align with the existing literature, which shows varying profiles of environmental exposures
based on different degrees of urbanisation.
IMPACT: Our study provides important insights into how the degree of urbanisation can influence children’s exposure to hazardous
substances during critical developmental windows, with potential implications for both immediate and long-term health outcomes.
Specifically, phenols, phthalates, and PCBs were found to be more prevalent in individuals living in urban areas, with notable
heterogeneity of PCB concentrations across European cohorts. In contrast, PFAS concentrations were higher in children residing in
non-urban areas. Understanding the geographic variations in exposure to hazardous contaminants is useful for identifying areas
with higher contaminant levels, which may have important implications for vulnerable populations.
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Graphical Abstract

INTRODUCTION
Humans are exposed daily to an unquantifiable number of
synthetic chemicals. The prevalence of hazardous chemicals in the
environment is disconcerting, with estimates ranging from 23,000
to over 68,000 substances [1]. Although many of these have
contributed to the development of modern societies, particularly
in the Western world, their pervasive presence raises concerns
regarding potential adverse effects on the environmental
ecosystem and human health [2], particularly during critical
developmental periods such as during foetal and early postnatal
life and in childhood [3]. Children may be more susceptible than
adults to the potential negative impacts of contaminants due to
distinct physiological characteristics and a higher risk of exposure.
Factors contributing to this increased susceptibility include a
higher body surface area-to-weight ratio, which facilitates dermal
absorption, elevated respiratory rates and minute ventilation
leading to greater inhalation exposure, and increased intake of
water and food per unit of body weight [4]. According to the
Developmental Origins of Health and Disease (DOHAD) hypoth-
esis, exposure to substances during foetal development can lead
to lasting alterations in the body’s structure, physiology, and
metabolism [5]. The health and well-being of societies, as well as
the prospects for future generations, depend on the healthy and
unhindered progression through these developmental stages [6].
In the European Union alone, around 167 million tonnes of
hazardous chemicals were produced in 2023 [7]. Around 40
million tons of carcinogenic, mutagenic, and reprotoxic chemicals
were produced in the European Union every year between 2004
and 2023 [7]. Given these numbers, the existing European
regulations, designed to protect individuals of all ages, may prove
inadequate in the face of such pervasive and potentially harmful
substances present in the environment. For example, compounds
like phthalates and parabens, commonly employed in plastics and
personal care products, and per- and polyfluoroalkyl substances
(PFASs), recognised for their chemical and thermal stability, have
been linked to an elevated risk of developmental disabilities such
as autism, cerebral palsy, and various forms of mental retardation
[8]. These compounds have also been associated with chronic
conditions like asthma, allergies, diabetes, and obesity [9, 10]. The
distribution of contaminants is likely to differ across urban,
suburban, and rural areas. Over 25% of the European population
resides in rural areas, and when rural areas are combined with
suburban ones, this proportion exceeds 50% [7, 11]. This
highlights the importance of assessing contaminant distribution
to identify areas where concentrations may be of concern.
Through this research, we aim to explore how the degree of
urbanisation could shape children’s exposure to environmental
contaminants during developmental years. In particular, we
assessed the distribution of exposure to six distinct families of
substances, known for their impact on children’s health, including
persistent pesticides and organophosphate (OP) pesticides, PFASs,

phthalates, phenols, and heavy metals. We focused on critical
developmental periods, specifically during pregnancy, referring to
maternal exposures occurring during foetal development, and
childhood (ages 6–11 years), and included participants from five
European birth cohorts, providing a comprehensive analysis of the
exposure patterns in urban and non-urban environments.

METHODS
Study population and samples collection
The “Human Early Life Exposome” (HELIX) study, a European population-
based exposome investigation, has been described in a previous
publication [12]. In our research, we focused on participants of five HELIX
mother-child cohorts: BiB (Born in Bradford, UK, n= 205) [13], EDEN (Study
of Determinants of Pre- and Postnatal Development, France, n= 198) [14],
INMA (Environment and Childhood, Spain, n= 223) [15], KANC (Kaunas
Cohort, Lithuania, n= 196) [16], and RHEA (Mother–Child Cohort in Crete,
Greece, n= 199) [17]. Of the 1301 mother-child pairs with available
biomarker data, 280 were excluded due to missing residential address
information, leaving 1021 pairs for analysis. A standardised protocol was
used for the collection of urine and blood samples from pregnant women
and from their children aged 6 to 11 years during the follow-up
examination [12]. No urine samples were collected from KANC participants.

Degree of urbanisation indicator
We assigned the degree of urbanisation to each participant, based on their
residential address information, using the Global Human Settlement-
Settlement Model (GHS-SMOD) raster, which classifies regions along the
urban-rural spectrum with 1 km resolution [18]. The GHS-SMOD raster is
obtained by integrating three key factors: population size, population
density, and built-up area density per square kilometre [19]. An urban
centre consists of contiguous grid cells with a density of at least 1500
inhabitants per km² and a collective population of at least 50,000. A rural
cluster consists of contiguous grid cells with a density of at least 300
inhabitants per km² and a collective population between 500 and 4999. A
suburban cluster consists of contiguous grid cells with a density of at least
900 inhabitants per km² and a collective population of at least 2500,
provided that the cluster is not within 2 km of a dense urban cluster or an
urban centre. The resulting settlement typologies derived from the degree
of urbanisation indicator encompass urban centres, peri-urban areas (e.g.,
dense urban clusters, semi-dense urban clusters, and suburban grid cells),
and rural areas (e.g., rural clusters, low-density rural grid cells, and very low-
density grid cells). Given the low prevalence of participants living in peri-
urban and rural settlements, we grouped residents of these two
settlements into a single category, denoted non-urban.

Environmental contaminants
The procedures for the collection and analysis of biological samples of
women during pregnancy and children (6-11 years) are described in detail in
Maitre et al. and Haug et al. [12, 20]. The maternal samples from the various
cohorts were collected at different time points: INMA, KANC, and RHEA
during the first trimester; EDEN during the first and second trimesters; and
BIB during the second and third trimesters. To reduce measurement
uncertainty and ensure comparability, most measurements for each
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chemical exposure biomarker were performed in a single laboratory. The
samples were randomised into batches prior to chemical analyses, with each
batch including samples from at least three cohorts. The assessments of all
children were conducted in a fully harmonised manner, using the same
protocols for sample collection and clinical examination across all six cohorts.
The assessments of children were conducted between December 2013 and
February 2016 [21]. Measured environmental contaminants can be grouped
according to their chemical characteristics into six distinct families: (i)
persistent pesticides, including organochlorine compounds (DDE, DDT, HCB),
polychlorinated biphenyls (PCB-118, -138, −153, −170, −180), polybromi-
nated diphenylethers (PBDE-47, -153); (ii) per- and polyfluoroalkyl substances
(PFASs: PFOA, PFNA, PFUnDA, PFHxS, PFOS); (iii) metals and elements (As, Cd,
Hg, Pb) in blood; (iv) phthalate metabolites (MEP, MiBP, MnBP, MBzP, MEHP,
MEHHP, MEOHP, MECPP, oh-MiNP, oxo-MiNP, sumDEHP); (v) phenols (MEPA,
ETPA, PRPA, BPA, BUPA, OXBE, TCS); and (vi) non-specific OP pesticide
metabolites (DMP, DMTP, DEP, DETP) in urine. The lipophilic compounds,
such as organochlorine compounds and PBDEs, were adjusted for the total
lipid content in the blood and expressed in ng/g of lipids. Compounds
analysed in urine samples were adjusted for creatinine and expressed in μg/
g of creatinine. Methods used to address the limit of detection (LOD) were
reported in the article by Haug et al. (2018) [20], which characterised the
chemical exposome data of the HELIX project, specifically in the
supplementary materials (“Excel Table 5” therein). In total, 39 metabolites
were measured during pregnancy and 41 among children. PBDE-47 and
PBDE-157 were only included in the children’s analysis because their
concentrations in pregnant women were detectable in less than 80% of
samples, which was the inclusion threshold for all contaminants and related
metabolites. Absolute concentration levels of contaminants in urban and
non-urban areas are shown as geometric means (GM) and standard
deviations in Tables 1 and 2 for pregnant women and children, respectively.

Statistical analysis
All contaminants’ measurements were log2-transformed to approximate
normality, and their distributions were summarised using the GM and
geometric standard deviation (GSD). To compare and visualise exposure
distributions for each chemical and across the degree of urbanisation
during pregnancy and childhood, probability density functions are shown
in Fig. 2S–13S.
Linear mixed-effects models (LMEMs) with random intercepts varying by

cohort were used to assess the distribution of exposure levels to
environmental contaminants during pregnancy and childhood across the
two urbanisation classes considered (non-urban and urban). A non-urban
area was used as the reference in the analysis. LMEMs were fitted
separately per contaminant, and results were reported as geometric mean
ratio (GMR), which can be interpreted as a measure of the relative
magnitude of contaminant concentrations in urban vs non-urban
participants. The Wald 95% confidence intervals (CI) were estimated. The
Intraclass Correlation Coefficient (ICC) was used to quantify the proportion
of variance due to the between-cohort heterogeneity. The ICC is calculated
as the ratio of the between-cohorts variance over the total variance, given
by the sum of the between- and the within-cohort variances [21]. For five
of the six contaminant families—persistent pesticides, per- and polyfluor-
oalkyl substances (PFAS), phthalates, phenols, and OP pesticide metabo-
lites—we conducted a within-family Principal Component Analysis (PCA)
to summarise exposure profiles separately for pregnancy and childhood
(prcomp R function). Metals were excluded from this step because they
were less correlated and represented a more heterogeneous group of
compounds. PCA identifies linear combinations of the measured
contaminants that capture the main patterns of variation within each
family. For each family, we retained the first principal component (PC1),
which explains the largest proportion of variance. Each mother and child
was assigned a PC1 score, calculated as a weighted sum of all
contaminants in the family, with weights derived from the PCA. The
PC1 score represents an overall summary of exposure within that family:
higher scores indicate greater exposure to the combination of chemicals
characterising that family. These PC1 scores were then used as outcome
variables in LMEMs to examine associations with the degree of
urbanisation. Within each of the five groups, the first principal component
was derived for the same environmental contaminants for both mothers
and children. The sole exception was the component related to the
persistent pesticides’ family, where the principal component for mothers
was derived, excluding PBDE-47 and PBDE-153 because of their high
percentage below the LOQ (Limit of Quantification).

For the analyses of children, we adjusted the LMEMs for sex to account
for male–female metabolic differences [22]. Other potential confounding
factors were intentionally omitted from the analyses because the degree of
urbanisation was considered a distal determinant of overall environmental
exposures. In addition, the analysis was primarily descriptive, with no
intention of drawing causal conclusions or generating hypotheses about
the reasons for potential variations in environmental concentration
distributions across different urbanisation levels.
Lastly, Pearson correlation coefficients were calculated between the two

periods of chemical exposure levels assessment (during pregnancy and
childhood) to assess the extent to which exposures in mothers and
children, who generally share the same environment, are correlated.

Research in context
To facilitate comparison of our results with the existing literature, we
searched PubMed for relevant studies and classified them, including our
own, according to whether they reported higher, lower or similar
concentrations of environmental contaminants in urban versus non-
urban areas. In particular, we searched PubMed in April 2024 using the
terms “degree of urbanisation,” “urban,” “rural,” “chemicals,” “exposure,”
“pregnancy,” “children,” and “childhood,” without restrictions on date or
language. Based on title and abstract screening and full-text review, thirty-
five papers were selected: ten on persistent pesticides, four on PFAS, six on
metals, five on OP pesticides, six on phthalates, and four on phenols.
Studies were included if they performed biomonitoring of these
substances in urban and non-urban areas.

RESULTS
Degree of urbanisation and single environmental
contaminants
Tables 1 and 2 show the distributions of environmental
contaminants measured during pregnancy and childhood, respec-
tively, summarised by GMs and GSDs for participants living in
urban and non-urban areas. These tables provide absolute
concentration data that serve as reference values and illustrate
exposure variability across settings. To complement these
summaries, probability density functions showing the full
distributions by degree of urbanisation are provided in Supple-
mentary Figs. S2–S13.
Given the variability observed across contaminants and

populations, Tables 1 and 2 are intended to characterise exposure
levels rather than to directly infer differences between urban and
non-urban groups. Formal statistical comparisons of urban versus
non-urban concentrations are therefore presented using GMRs,
which provide a rigorous assessment of exposure contrasts
between groups. These results are presented in Fig. 1. Overall,
pregnant women (Fig. 1A) residing in urban areas showed higher
contaminant concentrations than those in non-urban areas,
particularly for persistent pesticides and phenols. The highest
increased levels were observed for phenols (GMRs ranging from
1.06 to 1.56), for which there was low variability between cohorts.
All PCBs (GMRs ranging from 1.07 to 1.15) and DDE (GMR 1.12;
95% CI 0.93, 1.35) showed relatively higher concentration among
mothers living in urban areas and exhibited considerable
variability between cohorts. For metals, we observed a relevant
difference between urban and non-urban areas only for cadmium,
with 17% higher concentrations in the urban group. Phthalate
concentrations, with GMRs ranging from 0.92 to 1.49, were similar
between the two areas. However, levels of oh-MiNP (GMR 1.53,
95% CI 1.21,1.93) and oxoMiNP (GMR 1.40, 95% CI 1.18,1.65) were
considerably higher in urban areas. OP pesticide metabolites
(GMRs ranging from 0.92 to 1.08) and PFASs (GMRs ranging from
0.94 to 1.01) were relatively similar among women living in non-
urban and urban areas.
Similarly, children (Fig. 1B) residing in urban areas appeared to

be more exposed to phenols than those in non-urban areas and
low heterogeneity between cohorts was observed. For example,
BUPA (GMR 1.37; 95% CI 1.12, 1.70), ETPA (GMR 1.33; 95% CI 1.10,
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Table 1. Biomonitoring concentrations of environmental contaminants during pregnancy in urban and non-urban areas.

Pregnancy

Chemical contaminant Abbrev Unit Urban Non-urban

N GM GSD N GM GSD

Persistent pesticides (blood samples)

4,4′dichlorodiphenyldichloroethylene DDE ng/g lipid 704 64.4 4.0 299 78.3 4.2

4,4′dichlorodiphenyltrichloroethane DDT ng/g lipid 704 1.5 3.7 299 2.69 2.8

Hexachlorobenzene HCB ng/g lipid 704 10.3 2.4 299 8.5 2.0

2,3′,4,4′,5-Pentachlorobiphenyl PCB-118 ng/g lipid 704 1.7 1.9 299 4.1 2.4

2,2′,3,4,4′,5′-Hexachlorobiphenyl PCB-138 ng/g lipid 704 6.9 2.1 299 14.0 2.3

2,2′,4,4′,5,5′-Hexachlorobiphenyl PCB-153 ng/g lipid 704 13.2 2.0 299 27.3 2.4

2,2′,3,3′,4,4′,5-Heptachlorobiphenyl PCB-170 ng/g lipid 704 1.9 2.7 299 7.4 2.9

2,2′,3,3′,4,4′,5-Heptachlorobiphenyl PCB-180 ng/g lipid 704 7.4 2.5 299 18.2 2.8

Per- and Polyfluoroalkyl Substances (blood samples)

Perfluorooctanoate PFOA μg/L 714 1.9 2.1 307 2.8 1.8

Perfluorononanoate PFNA μg/L 714 0.6 2.6 307 1.0 1.8

Perfluoroundecanoate PFUnDA μg/L 714 0.1 3.0 307 0.2 1.9

Perfluorohexane sulphonate PFHxS μg/L 714 0.5 2.3 307 0.7 2.3

Perfluorooctane sulphonate PFOS μg/L 714 4.5 2.1 307 8.9 2.0

Metals (blood samples)

Arsenic As μg/L 713 0.6 3.2 307 0.8 3.1

Cadmium Cd μg/L 713 0.3 2.2 307 0.3 2.2

Mercury Hg μg/L 713 1.7 2.8 307 2.2 2.2

Lead Pb μg/L 713 10.4 1.7 307 11 1.6

Phthalate Metabolites (urine samples)

Monoethyl phthalate MEP μg/g creat 714 236 3.4 307 151 3.4

Mono-iso-butyl phthalate MiBP μg/g creat 714 36.5 2.1 307 50.2 2.2

Mono-n-butyl phthalate MnBP μg/g creat 714 26.5 2.3 307 38.9 2.7

Mono-n-butyl phthalate MBzP μg/g creat 713 6.3 3.0 307 14.3 3.6

Mono-2-ethylhexyl phthalate MEHP μg/g creat 702 6.5 2.6 301 8.7 2.8

Mono-2-ethyl-5-hydroxyhexyl phthalate MEHHP μg/g creat 714 16.0 2.4 307 25.6 2.6

Mono-2-ethyl-5-oxohexyl phthalate MEOHP μg/g creat 714 12.7 2.3 307 18.7 2.7

Mono-2-ethyl-5-carboxypentyl phthalate MECPP μg/g creat 714 32.4 2.0 307 41.3 2.2

Sum of Di(2-ethylhexyl)phthalate sumDEHP μg/g creat 714 12.7 1.3 307 14.4 1.3

Mono-4-methyl-7-hydroxyoctyl phthalate oh-MiNP μg/g creat 714 0.8 2.6 307 0.6 3.6

Mono-4-methyl-7-oxooctyl phthalate oxo-MiNP μg/g creat 714 1.0 2.7 307 0.7 3.3

Phenols (urine samples)

Methyl paraben MEPA μg/g creat 714 162 6.6 307 92.1 6.0

Ethyl paraben ETPA μg/g creat 713 6.6 8.6 306 4.4 5.6

Propyl paraben PRPA μg/g creat 703 27.8 12.1 303 12.2 11.0

Bisphenol-A BPA μg/g creat 705 2.3 2.9 306 2.3 2.3

N-Butyl paraben BUPA μg/g creat 712 1.4 11.7 306 1.3 8.7

Oxybenzone OXBE μg/g creat 714 7.0 8.3 307 3.0 6.4

Triclosan TCS μg/g creat 714 11.8 9.6 307 14.0 12.1

OP Pesticide metabolites (urine samples)

Dimethyl phosphate DMP μg/g creat 711 6.0 3.9 306 8.8 3.2

Dimethyl thiophosphate DMTP μg/g creat 713 2.7 8.0 307 5.4 4.7

Diethyl phosphate DEP μg/g creat 712 3.1 2.9 307 3.5 2.6

Diethyl thiophosphate DETP μg/g creat 700 0.5 6.0 301 0.6 5.9

N number of subjects, GM geometric mean, GSD geometric standard deviation, creat creatinine.
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Table 2. Biomonitoring concentrations of environmental contaminants during childhood in urban and non-urban areas.

Childhood

Chemical contaminant Abbrev Unit Urban Non-urban

N GM GSD N GM GSD

Persistent pesticides (blood samples)

4,4′dichlorodiphenyldichloroethylene DDE ng/g lipid 704 26.8 2.9 299 25.0 2.8

4,4′dichlorodiphenyltrichloroethane DDT ng/g lipid 704 0.5 5.8 299 0.7 4.4

Hexachlorobenzene HCB ng/g lipid 704 9.3 1.8 299 7.2 1.6

2,2′,4,4′-Tetrabromodiphenyl Ether PBDE-47 ng/g lipid 704 0.2 3.6 299 0.2 2.8

2,2′,4,4′,5,5′-Hexabromodiphenyl ether PBDE-153 ng/g lipid 704 0.1 4.5 299 0.1 4.4

2,3′,4,4′,5-Pentachlorobiphenyl PCB-118 ng/g lipid 704 2.0 1.9 299 2.2 1.6

2,2′,3,4,4′,5′-Hexachlorobiphenyl PCB-138 ng/g lipid 704 4.7 2.0 299 5.0 1.9

2,2′,4,4′,5,5′-Hexachlorobiphenyl PCB-153 ng/g lipid 704 2.3 1.8 299 10.8 1.7

2,2′,3,3′,4,4′,5-Heptachlorobiphenyl PCB-170 ng/g lipid 704 0.7 3.9 299 1.0 3.0

2,2′,3,3′,4,4′,5-Heptachlorobiphenyl PCB-180 ng/g lipid 704 2.6 3.0 299 3.3 2.4

Per- and Polyfluoroalkyl Substances (blood samples)

Perfluorooctanoate PFOA μg/L 714 1.4 1.4 307 1.4 1.4

Perfluorononanoate PFNA μg/L 714 0.3 2.1 307 0.4 1.7

Perfluoroundecanoate PFUnDA μg/L 714 0 2.6 307 0 2.7

Perfluorohexane sulphonate PFHxS μg/L 714 0.2 2.3 307 0.3 2.6

Perfluorooctane sulphonate PFOS μg/L 714 1.4 2.2 307 2.5 1.8

Metals (blood samples)

Arsenic As μg/L 713 1.2 3.3 307 1.1 3.1

Cadmium Cd μg/L 713 0 3.3 307 0 4.1

Mercury Hg μg/L 713 0.7 3.7 307 1.0 2.9

Lead Pb μg/L 713 9.0 1.5 307 9.6 1.5

Phthalate Metabolites (urine samples)

Monoethyl phthalate MEP μg/g creat 714 52 2.9 307 40 2.8

Mono-iso-butyl phthalate MiBP μg/g creat 714 52 2.0 307 45 2.1

Mono-n-butyl phthalate MnBP μg/g creat 714 26 2.1 307 22 2.1

Mono-n-butyl phthalate MBzP μg/g creat 713 5.2 2.4 307 6.4 2.2

Mono-2-ethylhexyl phthalate MEHP μg/g creat 702 3.6 2.3 301 2.7 2.4

Mono-2-ethyl-5-hydroxyhexyl phthalate MEHHP μg/g creat 714 27 1.9 307 18 2.2

Mono-2-ethyl-5-oxohexyl phthalate MEOHP μg/g creat 714 16 1.9 307 11 2.2

Mono-2-ethyl 5-carboxypentyl phthalate MECPP μg/g creat 714 47 1.9 307 30 2.2

Sum of Di(2-ethylhexyl)phthalate sumDEHP μg/g creat 714 88 1.9 307 59 2.2

Mono-4-methyl-7-hydroxyoctyl phthalate oh-MiNP μg/g creat 714 6.6 1.9 307 4.7 2.1

Mono-4-methyl-7-oxooctyl phthalate oxo-MiNP μg/g creat 714 3.4 2.2 307 2.6 2.2

Phenols (urine samples)

Methyl paraben MEPA μg/g creat 714 15 6.3 307 8.5 5.1

Ethyl paraben ETPA μg/g creat 713 0.9 3.7 306 0.7 3.1

Propyl paraben PRPA μg/g creat 703 0.5 18.7 303 0.1 16.2

Bisphenol-A BPA μg/g creat 705 4.8 2.7 306 3.0 2.6

N-Butyl paraben BUPA μg/g creat 712 0.1 3.3 306 0.1 3.1

Oxybenzone OXBE μg/g creat 714 3.2 5.3 307 1.3 5.0

Triclosan TCS μg/g creat 714 1.1 3.7 307 0.8 4.5

OP Pesticide metabolites (urine samples)

Dimethyl phosphate DMP μg/g creat 711 1.0 4.7 306 1.2 5.0

Dimethyl thiophosphate DMTP μg/g creat 713 2.4 4.9 307 2.6 4.6

Diethyl phosphate DEP μg/g creat 712 1.3 6.5 307 1.1 6.1

Diethyl thiophosphate DETP μg/g creat 700 0.3 5.3 301 0.4 5.9

N number of subjects, GM geometric mean, GSD geometric standard deviation, creat creatinine.
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1.56) and BPA (GMR 1.30; 95% CI 1.10, 1.56) concentrations were
more than 30% higher among children of urban than non-urban
areas. Phthalate compounds also showed higher concentrations in
children residing in urban areas, although to a smaller extent
(GMRs ranging from 1.05 to 1.17), with oh-MiNP exhibiting the
largest difference. In contrast, all PFASs compounds showed lower
concentrations in children residing in urban areas compared to
those in non-urban areas, with GMRs between 0.84 and 0.97. The
most notable difference in exposure between urban and non-
urban children was observed for PFOS (GMR 0.84, 95% CI 0.74,
0.96). Similarly, those living in urban areas had lower concentra-
tions of some persistent pesticides (PBDE-47: GMR 0.85, 95% CI
0.69, 1.05, and PCB-170: GMR 0.87, 95% CI 0.70, 1.08) and OP
pesticides (in particular, DETP: GMR 0.79, 95% CI 0.59, 1.07), with
the exception of DEP.

PCBs showed high between-cohort heterogeneity during
pregnancy (ICC ≈ 0.7), whereas heterogeneity was much lower
for all other compounds, particularly for phenols and OP
pesticides in both periods. Among children, heterogeneity was
overall low across all compounds.
Figure 2 shows the correlation between contaminant levels

measured during pregnancy and childhood. The highest correla-
tions were observed for DDE (r= 0.63) and PCBs (from 0.45 to
0.55). Mercury (Hg), PFHxS, and PFOS also showed relatively strong
correlations (r= 0.51, 0.49, and 0.43, respectively), while many
phthalates, OP pesticides, and phenols exhibited little to no
correlation between the two periods.

Degree of urbanisation and components combining
environmental contaminants
The first components extracted from the PCA provide an overview
of the exposure to the five families of contaminants analysed
(Table 3). In pregnant women, the first component of the
persistent pesticides family accounted for a significant proportion
(64%) of the total variance, with high loadings of PCB-180 (0.60),
PCB-138 (0.50) and PCB-153 (0.48); the first component of PFASs
explained 72% of the total variance, and was highly loaded of
PFNA (0.53), PFHxS (0.52), and PFOS (0.51); 50% of the total
variance was explained by the first component of phthalates with
high loadings on sumDEPH (0.41), MEOHP (0.41), and MEHHP
(0.40); the first component of phenols explained 46% of the total
variance and was highly loaded of PRPA (0.57), BUPA (0.49) and
ETPA (0.43); lastly, the first component of OP pesticide metabolites
explained 56% of the total variance and was highly loaded of
DMDTP (0.60) and DMTP (0.59).
The relationship between the degree of urbanisation and

exposure to different contaminant families was also investigated
using LMEMs fitted to PC1 scores for each contaminant family. The
results are expressed as regression coefficients (β), which are
unitless because the PC1 scores are themselves standardised
combinations of contaminant levels. A positive β indicates higher
overall exposure to the contaminant family among individuals
living in urban areas than in non-urban areas, whereas a negative
β indicates lower exposure in urban areas. During pregnancy,

Fig. 1 Associations between the degree of urbanisation and the chemical exposome of mothers and children. A GMRs for the association
between the degree of urbanization and exposure to environmental contaminants during pregnancy. B GMRs (95% CI) for the association
between the degree of urbanisation and exposure to environmental contaminants among children (6–11 yrs). For interpretation: GMR
values < 1 indicate lower exposure and GMR values > 1 indicate higher exposure in the subjects living in urban areas in comparison to the
reference category (non-urban areas). GMR Geometric Mean Ratio, C.I. Confidence Interval, OP Organophosphate, PFASs Per- and
polyfluoroalkyl substances, PPs Persistent Pesticides.

Fig. 2 Pearson correlation coefficients for chemical levels between
mothers and children. The coefficient’s value ranges from+1 (perfect
positive correlation) to −1 (perfect negative correlation), with 0, on
the other hand, indicating no correlation. OP organophosphate, PFASs
per- and polyfluoroalkyl substances, PPs persistent pesticides.
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living in urban areas corresponded to higher PC1 scores for
persistent pesticides (β= 0.22; 95% CI 0.02, 0.44), phenols
(β= 0.81; 95% CI 0.11, 1.53) and, less pronouncedly, for OP
pesticide metabolites (β= 0.14; 95 CI −0.43, 0.68). Lower
PC1 scores for phthalates were observed in urban participants
(β=−0.30; 95% CI −0.73, 0.17), whereas PFAS levels showed little
difference by urbanisation level (β=−0.04; 95% CI −0.28, 0.18).
In children, a relatively lower variance (37%) was accounted for

by the first component of persistent pesticides compared to
pregnant women. This component was primarily loaded of DDT
(0.55) and PCB-170 (0.45); the first component of PFAS explained
56% of the total variance with loadings on PFUNDA (0.61), PFOS
(0.48), PFHxS (0.44); the first phthalates’ component showed high
loadings on sumDEPH (0.42), MEHP (0.40), MEOHP (0.40), MECPP
(0.40), and MEHHP (0.39), explaining 50% of the total variance; the
component of the phenol family explained 54% of the total
variance and was characterised by loadings on PRPA (0.84) and
MEPA (0.21); the first component of OP pesticide metabolites
explained 46% of the total variance and was loaded of DEP (0.62),
DETP (0.55) and DMTP (0.42).
Unlike for pregnant women, children living in urban areas

tended to have lower PC1 scores for PFAS, and, less pronouncedly,
for persistent pesticides and OP pesticide metabolite components
(β=−0.23; 95% CI −0.45, −0.01; β= -0.18; 95% CI −0.52, 0.16 and
β=−0.07; 95% CI −0.34, 0.22, respectively). Conversely, urban
residence in children corresponded to higher PC1 scores for
phthalates and phenols (β= 0.26; 95% CI −0.10, 0.63; β= 0.53;
95% CI −0.03, 1.12, respectively).

Figure 3 summarises findings from thirty-five biomonitoring
studies, including our own, comparing contaminant concentra-
tions in urban and non-urban areas. It shows the number of
studies we identified and examined (y-axis), comparing concen-
trations per family of contaminants in urban and non-urban
settings (x-axis). Studies were classified by contaminant family
(persistent pesticides, PFAS, metals, OP pesticides, phthalates, and
phenols) and by whether concentrations were higher (red), lower
(green), or similar (blue) in urban versus non-urban settings. The
figure provides a visual overview of the existing literature,
contextualising our study results within previously reported
exposure patterns.

DISCUSSION
This study examined concentrations of a large number of
environmental contaminants from six families, comparing dis-
tributions between urban and non-urban areas of residence for
pregnant women and their children aged 6–11 years from five
European countries. Our results showed varying patterns of
exposure across levels of urbanisation and between life stages
(pregnancy or childhood). During pregnancy, mothers living in
urban areas showed higher concentrations of environmental
contaminants than those living in non-urban areas, with a
pronounced increase in phenols and persistent pesticides. In
contrast, childhood exposure patterns showed more diversity
among contaminant families, with children in urban areas having
lower levels of PFASs and higher levels of phenols and phthalates
compared to children in non-urban areas.
Regarding the correlation patterns between the two time

periods, pregnancy and childhood, we generally observed low
correlations overall. However, correlations were higher for
persistent compounds, such as banned pesticides like DDT—likely
due to their stability in the environment shared by mothers and
children—and PFAS, whose strong C–F bonds confer chemical
and thermal stability. No consistent patterns were observed for
many other compounds, particularly phenols and OP pesticides,
which is reasonable given their higher polarity, water solubility,
and smaller molecular size.
The literature provides evidence of a complex picture and

varied distribution patterns of contaminants across urban, rural,
and industrial areas, along with associated health implications and
burdens. We sought to assess where our results fit into the
landscape provided by studies that we identified as the most
relevant in the literature to address our research question.
Although this is not intended to be a systematic literature review,
it can offer a valid perspective, allowing visualisation and a better
understanding of what is already known on this topic. We
classified studies, including our, based on whether they found
higher, lower or similar concentrations of environmental con-
taminants in the comparison between urban and non-urban areas.
Overall, six studies found higher concentrations of persistent
pesticides in non-urban areas, although in the other four studies,
including our finding on the pregnancy period, the opposite was

Table 3. Association between degree of urbanisation (categorised as non-urban and urban) and the first principal component derived from
principal-component analysis for each chemical family during pregnancy and childhood (6–11 years).

Pregnancy Childhood

Component Family Beta (95% CI)
(ref: non-urban)

Component Family Beta (95% CI)
(ref: non-urban)

Persistent pesticides 0.22 (0.01–0.44) Persistent pesticides −0.18 (–0.52 to 0.16)

PFAS −0.04 (–0.28 to 0.18) PFASs −0.23 (−0.45 to −0.01)

Phthalates –0.30 (−0.73 to 0.17) Phthalates 0.26 (−0.10 to 0.63)

Phenols 0.81 (0.11–1.53) Phenols 0.53 (−0.03 to 1.12)

OP pesticide metabolites 0.14 (−0.43 to 0.68) OP pesticide metabolites −0.07 (−0.34 to 0.22)

Fig. 3 The y-axis represents the number of studies identified in the
literature, comparing concentrations of contaminants across various
families in urban and non-urban settings (x-axis). Studies are colour-
coded: red indicates higher contaminant concentrations in urban
areas, green indicates higher concentrations in non-urban areas, and
blue indicates similar concentrations in both. Our study results are
visually represented by the addition of half a study in the relative
bar, labelled ‘P’ for results related to pregnancy and ‘C’ for children.
PPs Persistent Pesticides, PFAS Per- and polyfluoroalkyl substances,
OP Organophosphate, P Pregnancy, C Children.

A. d’Errico et al.

7

Journal of Exposure Science & Environmental Epidemiology



observed. Three studies found similar concentrations of PFAS (as
with our pregnancy finding), with one exception [23] where higher
concentrations were found in non-urban areas (similar to our
results on children). The situation was more heterogeneous with
metals, with three studies reporting higher concentrations in
urban populations, consistent with our findings for arsenic and
lead. In the literature on OP pesticides concentrations, the same
number of studies found similar concentrations in urban and non-
urban areas or higher in non-urban settings, and our study adds to
those that found similar concentrations. Notably, we found that
children living in non-urban regions had higher exposure to DETP,
exceeding that of their urban counterparts by more than 20%.
Three studies reported heterogeneous phthalate concentrations in
both environmental settings, whereas our results suggest higher
concentrations in the urban environment among pregnant
women. However, for children, the concentration levels were
more varied. Interestingly, most studies (four) reported higher
concentrations of phenols in urban settings, a trend confirmed in
our study in both pregnant women and children.
The primary sources of exposure to these compounds are

associated with dietary habits and drinking water [24–26], with
socio-economic status being a significant determinant of exposure
[27]. An overview of where these compounds can be found, along
with their chemical characteristics, is available in the Supplemen-
tary Material [28].

Strength and limitations
The main strength of our study lies in its prospective design,
involving 1021 mother-child pairs from five European countries,
and in its investigation of two critical stages of a child’s life: foetal
life and childhood (6-11 years old). Environmental exposures were
estimated by measuring internal contaminant concentrations and
biomarkers in biological media, which provide valuable informa-
tion on exposure levels. Furthermore, our study adopts a multi-
cohort approach, akin to similar studies, with several advantages,
such as increased generalisability and enhanced confidence in the
replicability of findings thanks to the heterogeneity between
different populations [29]. Moreover, this study provides concen-
tration levels of many contaminants across five different European
countries, contributing to enriching the information gathered by
biomonitoring studies, such as those included in the HBM4EU
initiative [28]. However, understanding the possible causes of
differences in the environmental contaminant concentrations
between urban and non-urban areas constitutes a complex
undertaking. Our study, which is fundamentally descriptive in
nature, is limited to characterising the burden of these exposures
in urban and non-urban areas in different regions within different
European countries, without the ambition of establishing
causal links.
Among the limitations of the study, it should be noted that

differences between urban and non-urban areas can extend
beyond settlement size and population density, as captured by
the degree of urbanisation indicator used. Although practical, this
indicator lacks more detailed information on geographical con-
formation or areas whose historical contamination as industrial
sites, waste dumpsites or mining areas is known. We also
acknowledge that collapsing the seven GHS-SMOD categories into
two broad groups (“urban” vs. “non-urban”) may have reduced
precision and increased the risk of exposure misclassification
among participants, potentially affecting our analysis. In addition,
our exposure measure, based on residential address, does not
capture differences in individuals’ daytime environments, as is
common in studies using residence-based exposure estimates.
Moreover, other factors likely acting as distal determinants of

exposure, such as institutional and socio-economic infrastructures,
cultural dynamics, ecosystem influences, and health-related
policies, alongside historical, societal and ecological conditions,
can largely contribute to exposure disparities across different

degrees of urbanisation areas [30–32]. All this information could
help improve the evaluation of how urban or non-urban areas
may have influenced the distribution of environmental contami-
nants in our study population.
Additionally, the study faced constraints due to limited popula-

tion size within each degree of urbanisation, coupled with missing
values for some environmental contaminants. This resulted in a
non-uniform distribution of subjects between urban and non-urban
areas, requiring aggregation of the peri-urban and rural degrees
into a unique group, and resulting in a loss of gradient information,
especially for individuals residing in suburban areas.
Furthermore, potential biases and measurement errors were

discussed in previous studies using chemical exposome data,
particularly during urine and blood sample collection [33]. Despite
efforts such as automation and reference measurement systems
to mitigate these issues, common laboratory biases could still arise
within laboratories. Moreover, the single-time sampling, for
pregnant women and children, particularly for non-persistent
chemicals, such as OP pesticides and metals, does not capture
temporal variability in exposures [34].
Overall, these findings provide a useful overview of differences

in the burden of exposure to environmental contaminants
between urban and non-urban areas in both pregnancy and
childhood, although with some differences across the two life
stages. Results are mostly homogenous among cohorts, with the
exception of PCBs. Our study can be seen as an initial step towards
generating hypotheses about and, subsequently, understanding
the mechanisms that generate unequal distributions of exposure
loads on certain population subgroups.

DATA AVAILABILITY
If you wish to obtain HELIX data, please follow the HELIX External Data Request
Procedures, starting with the submission of a request form provided to
helixdata@isglobal.org. Detailed codebooks can be made available on request by
sending an email to the HELIX Data Manager jose.urquiza@isglobal.org.
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