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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are persistent environmental pollutants with well-documented asso-
ciations to adverse health effects, posing significant public health challenges across Europe. Human exposure to 
13 urinary PAH metabolites was assessed in a harmonized cohort of European adults aged 20–39, representing 
diverse geographic regions across Europe: North (Iceland and Denmark), East (Poland and the Czech Republic), 
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Human biomonitoring
Exposure determinants

South (Croatia and Portugal), and West (France, Germany, Switzerland, and Luxembourg). This study aimed to 
achieve a unified understanding of PAH exposure by employing stringent participant selection criteria and 
harmonizing biomarker analyses by utilizing high-quality analytical protocols across multiple laboratories in 
Europe. Key findings revealed consistently elevated metabolite levels in smokers compared to non-smokers, with 
naphthalene metabolites dominating the profiles over phenanthrene and fluorene derivatives. Country-specific 
analyses highlighted Poland as having the highest naphthalene metabolite concentrations, while Luxembourg 
exhibited elevated pyrene metabolite levels. Urbanization influenced exposure, with slightly higher metabolite 
concentrations in town populations compared to rural areas. While sex-based stratification revealed no marked 
differences, gender emerged as a significant covariate in regression models, with women generally displaying 
higher exposure to naphthalene metabolites. Educational level further stratified exposure, with lower education 
correlating with increased PAH levels. Multivariate linear regression identified key exposure factors, including 
sampling season (i.e., summer, winter, autumn, and spring), dietary habits e.g., smoked foods, and proximity to 
smoke-prone environments. This dataset provides a significant baseline for evaluating the European Commis-
sion’s Chemicals Strategy for Sustainability (CSS) and underscores the utility of harmonized human bio-
monitoring studies in informing targeted public health interventions.

1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) present a unique chal-
lenge in environmental and public health due to their exceptional sta-
bility and resistance to biodegradation (Chen et al., 2019, Jesus et al., 
2022). They are formed through the incomplete combustion of fossil 
fuels, transportation emissions, various high-temperature processes such 
as heating, and a wide range of manufacturing and human being ac-
tivities, including the production of paints, pharmaceuticals, plastics as 
well as insecticides and pesticides (Umweltbundesamtes, 2007, Abdel- 
Shafy and Mansour, 2016, Aydin et al., 2014, Landis et al., 2019).

The phase in which these substances can be encountered depends on 
the environmental conditions, i.e., temperature and humidity (Ravindra 
et al., 2008, Li et al., 2011, Amarillo and Carreras, 2016). Lighter PAHs 
(≤3 aromatic rings) are dominant in the summer period and heavier 
ones (≥4 aromatic rings) in the winter months (Nguyen et al., 2018). 
PAHs with more than four aromatic rings are typically adsorbed onto 
particulate matter forms and are less likely to evaporate due to their low 
volatility. On the other hand, lighter PAHs are more volatile, with low 
vapor pressure, and can be encountered in the gaseous phase (Kameda 

et al., 2005, Kameda, 2011, Dat and Chang, 2017, WHO, 2010, Sol-
eimani et al., 2022).

The ubiquity of PAHs in both indoor and outdoor environments 
underscores the pervasive nature of human exposure through daily ac-
tivities (Falcon-Rodriguez et al., 2017). Their comportment in the eco-
systems relies on interactions with other contaminants, the interblend 
with numerous media including soil, dust, biota, air, and water, among 
others as well as the occurrence of photochemical transformations 
(Delgado-Saborit et al., 2010, Zhong and Zhu, 2013, Zhu et al., 2009, 
Mannino and Orecchio, 2008, Cao et al., 2019). For instance, sunlight 
and reactive species such as hydroxyl radicals, ozone, and nitrogen ox-
ides induce photochemical reactions of naphthalenes in the atmosphere 
and environmental systems (Arey and Atkinson, 2003). One of the pri-
mary sources of PAH exposure is dietary intake, particularly through the 
consumption of smoked and grilled foods (Sampaio et al., 2021, 
Akpambang et al., 2009).

PAHs have been categorized as toxic for human health leading to a 
range of adverse health outcomes (Mallah et al., 2022). Exposure to 
PAHs presents an elevated risk to reproductive health, especially during 
prenatal and postnatal periods, and may function as endocrine dis-
ruptors by inhibiting androgen functions (Ramesh and Archibong, 2011, 
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Zhang et al., 2016, Kakavandi et al., 2023). Given that only samples 
from individuals of reproductive age were included in the participant 
recruitment for this study. The adverse outcomes depend on factors such 
as the concentration of uptake, the composition of the PAHs mixture, the 
duration and route of exposure, as well as the age and clinical condition 
of the individual (Hartwig, 2013). Last but not least, occupational 
exposure (dermal and inhalation (Jongeneelen, 2014, Andersen et al., 
2018)) to high concentrations of PAHs mixtures is associated with health 
effects such as inflammation, lung and laryngeal cancer, skin irritation 
as well as skin cancer (Du et al., 2024, Zhou et al., 2021, Kim et al., 2013, 
Sun et al., 2021).

The European Commission has adopted a regulation (1272/2013) 
which restricts PAHs in plastic and rubber products with skin or oral 
contact to 1 mg/kg (0.0001 % by weight). Restricted PAH-list includes 
Benzo[a]pyrene, Chrysene, among others. Consequently, a gradual 
decline in exposure levels, particularly in more recently collected sam-
ples, is anticipated. The sampling date is therefore expected to be a 
statistically significant variable in the models to be developed. 
Furthermore, it is important to highlight the initiation of discussions 
within the European Union (EU) and the European Chemicals Agency 
(ECHA) concerning the classification of PAHs as Substances of Very High 
Concern (SVHC), with plans to reevaluate their status in the near future, 
as reported by Louro et al. (2022) and Nyström (2018). These discus-
sions are also part of the broader follow-up on the Chemical Strategy for 
Sustainability (CSS) (Karakoltzidis et al., 2024, Vicente et al., 2023, 
Karakoltzidis et al., 2025b, Karakoltzidis et al., 2025a, Leso et al., 2024).

The primary aim of this study was to achieve a unified understanding 
of polycyclic aromatic hydrocarbon exposure across Europe, focusing on 
two heavy PAHs—pyrene (4 rings) and benzo[a]pyrene (5 rings)—and 
three lighter PAHs—naphthalene (2 rings), fluorene (3 rings), and 
phenanthrene (3 rings). This was achieved by identifying key exposure 
patterns and determinants of PAH exposure patterns in adults across 
numerous EU countries through stringent participant selection criteria 
and harmonized biomarker analyses, employing high-quality analytical 
protocols across multiple European laboratories, as part of the HBM4EU 
(Human Biomonitoring for Europe) initiative. Additionally, this study 
aims to raise awareness regarding the significance of human bio-
monitoring in the Chemicals Strategy for Sustainability. Finally, it un-
derscores the importance of harmonized HBM studies in supporting 
evidence-based public health interventions and promoting targeted 
strategies to mitigate chemical exposure risks.

2. Materials and methods

2.1. HBM4EU aligned studies

The present work was part of the Aligned Studies in the frame of the 
European joint program, HBM4EU (Ganzleben et al., 2017). HBM4EU 
(Human Biomonitoring for Europe) is a research initiative that aims to 
improve human biomonitoring (HBM) practices across Europe. To this 
end, the HBM4EU Aligned Studies represent a concerted effort to 
harmonize HBM practices, facilitating the generation of high-quality, 
comparable data on human exposure to environmental chemicals. 
These studies are integral to the broader HBM4EU initiative, which aims 
to bridge the gap between science and policy by providing robust evi-
dence to inform regulatory actions and protect public health. Conducted 
in alignment with a standardized protocol, the studies encompass the 
collection and analysis of biological matrices such as e.g., blood, urine, 
and hair from both the general population and targeted subgroups, 
including children, pregnant women, and workers in specific sectors. In 
the present study, urine samples collected from the general population 
across ten countries—namely, Iceland, Denmark, Poland, Czech Re-
public, Croatia, Portugal, France, Germany, Switzerland, and Lux-
embourg—were analyzed.

A core focus of Aligned Studies is the inclusion of priority substances 
identified by the experts of the HBM4EU, such as phthalates, bisphenols, 

pesticides, per- and polyfluoroalkyl substances (PFAS), Polycyclic Aro-
matic Hydrocarbons (PAHs), and heavy metals. To ensure data compa-
rability and reliability, the Aligned Studies implement harmonized 
methodologies for participant recruitment, sample collection, chemical 
analysis, and data interpretation. Additionally, they integrate health and 
exposure questionnaires to link biomonitoring results with potential 
determinants of exposure and health outcomes. The HBM4EU-Aligned 
Studies offer a unique opportunity to assess geographical and tempo-
ral trends in chemical exposure, identify vulnerable populations, and 
investigate exposure–response relationships within a comprehensive 
pan-European framework aligned with the EU Chemical Strategy for 
Sustainability (CSS). Human biomonitoring is central to the CSS because 
it provides critical, real-world data about human exposure to chemicals 
and their potential health impacts as well as evidence-based policies for 
decision-making. The HBM4EU Aligned Studies design has also been 
described in detail in previous publications (Gilles et al., 2021, Gilles 
et al., 2022, Govarts et al., 2023).

2.2. Study design, sample size and population

The measurement of exposure to polyaromatic hydrocarbons was 
specifically chosen for the adults age group (20–39 years, n = 2,611), 
and included 10 countries: DK: Copenhagen Minipuberty study (par-
ents)/Danish Young Men Study (CPHMINIPUB/DYMS), IS: Icelandic 
National Dietary Survey (Diet_HBM), CZ: Central European Longitudinal 
Studies of Parents and Children: Young Adults (CELSPAC: YA), PL: 
Polish Aligned Environmental Study (POLAES), HR: Implementation of 
Human Biomonitoring Survey In Adults in Croatia Using HBM4EU 
Methodology (HBM in Croatia), PT: Exposure of the Portuguese Popu-
lation to Environmental Chemicals: a study nested in INSEF 2015 
(INSEFExpoQuim), CH: Human Biomonitoring for Europe Program for 
Switzerland (HBM4EU-study Switzerland), FR: Etude de sSanté sur 
l’environnement, la biosurveillance, l’activité physique et la nutrition 
(ESTEBAN), DE: Environmental Specimen Bank (ESB) and LU: Obser-
vation des Risques et de la Santé Cardiovasculaire au Luxembourg 
(Oriscav-Lux2) (Table 1). The sampling period ranged from 2014 to 
2021, and the male-to-female ratio was maintained at 50:50. Further-
more, all participating studies adhered to the quality-assured and stan-
dard operating procedures for recruitment, sampling, storage, and 
transport established within the HBM4EU project. All participating 
studies received ethical approval, and every participant signed an 
informed consent.

2.3. Chemical analysis

Urinary samples (Table S1) from adults were collected and PAHs 
metabolites determination was performed in laboratories that success-
fully participated in the HBM4EU Quality Assurance/Quality Control 
(QA/QC) program (Esteban López et al., 2021, Nübler et al., 2023). 
Twenty-five laboratories from 12 countries achieved satisfactory results 
for PAHs biomarkers, and 13 biomarkers were selected for measurement 
in the final analysis. It is important to note that not all countries 
measured all biomarkers, and not all labs have used the same analytical 
technique. Table S1 highlights the variation of the analysis methods and 
biomarkers measured across partners. However, most partners adhered 
to the analytical method described below. Most laboratories chose high- 
performance liquid chromatography tandem mass spectrometry (LC- 
MS/MS) in negative mode for PAHs analysis in urine. The minimum 
urine sample quantity for all selected biomarkers was 2 ml. After spiking 
urine samples with 13C-labeled internal standards and a sodium buffer 
containing β-glucuronidase/arylsulfatase (Ramsauer et al., 2011, 
Onyemauwa et al., 2009), enzymatic hydrolysis of conjugates was per-
formed overnight at 37 ◦C, followed by the addition of acetonitrile prior 
to injection. In general, numerous metabolites of PAHs with the poten-
tial to serve as exposure biomarkers have already been identified 
(Barbeau et al., 2015, Li et al., 2008, Motorykin et al., 2015, Urbancova 
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et al., 2017). In this study, the following urinary PAHs metabolites were 
measured: Naphthalene (NAPH) metabolites: 1-,2-dihydroxynaph-
thalene (1,2-DHN), 1-hydroxynaphthalene (1-OHNAP), 2-hydroxynaph-
thalene (2-OHNAP); Fluorene (FLUO) metabolites: 2-hydroxyfluorene 
(2-OHFLUO), 3-hydroxyfluorene (3-OHFLUO), 9-hydroxyfluorene (9- 
OHFLUO); Phenanthrene (PHE) metabolites: 1-hydroxyphenanthrene 
(1-OHPHEN), 2-hydroxyphenanthrene (2-OHPHEN), 3-hydroxyphenan-
threne (3-OHPHEN), 4-hydroxyphenanthrene (4-OHPHEN), 9-hydroxy-
phenanthrene (9-OHPHEN), the Pyrene (PYR) metabolite 1- 
hydroxypyrene (1-OHPYR), and the Benzo(a)pyrene (B[a]P) metabo-
lite 3-hydroxybenzo(a)pyrene (3-OHBAP). Detailed information 
regarding the limit of detection (LOD) and limit of quantification (LOQ) 
for each metabolite and study, along with the parent compound of each 
metabolite, are provided in the supplementary material (Table S2). 
Lastly, it is important to emphasize that chemical analysis of PAH me-
tabolites is not an original part of this study.

2.4. Questionnaire and additional data

The covariates for this study were obtained through the utilization of 
distinct questionnaires. Participating countries employed either their 
proprietary questionnaires or questionnaires founded on the HBM4EU 
questionnaire, following the harmonized approaches (Gilles et al., 2022) 
outlined in HBM4EU (Pack et al., 2023). Furthermore, the administra-
tion of these questionnaires to participants varied across countries, 
encompassing self-administered, telephone-based, in-person, computer- 
assisted or paper-based methods. Questionnaires were utilized to gather 
information on socio-demographic characteristics, dietary habits, health 
status, lifestyle, and residential environment in this study. They also 
provided details about sources of chemical exposure, the usage of con-
sumer products, and information on recent and occupational exposures. 
To ensure consistency across studies, a post-harmonization approach 
was adopted. The finalized codebooks containing harmonized variables 
(Gilles et al., 2021) can be accessed online at the following link: 
HBM4EU Harmonized Codebook Adults-Aligned Studies on Zenodo 
(https://doi.org/10.5281/zenodo.6598404).

2.5. Statistical analysis

This study is part of the HBM4EU (Human Biomonitoring for Europe) 
initiative, which aims to harmonize human biomonitoring data across 

Europe to better understand chemical exposure patterns. Using data 
from these investigates, PAH exposure in adults across multiple EU 
countries is assessed. The study objectives include identifying key fac-
tors influencing PAH exposure through multivariate regression, 
exploring cross-country variations, and stratifying exposure by de-
mographic factors such as smoking status, sex, education level (ISCED; 
Schneider (2013)), and urbanization (European Commission, 2014). 
These analyses aim to provide insights into population-level PAH 
exposure and inform targeted interventions to mitigate associated health 
risks. The PAH metabolites presented in this work have been measured 
in ten European countries. The set analyses include 1-OHNAP, 2- 
OHNAP, 1,2-DHN, 2-OHFLUO, 3-OHFLUO, 9-OHFLUO, 1-OHPHEN, 2- 
OHPHEN, 3-OHPHEN, 4-OHPHEN, 9-OHPHEN, 1-OHPYR, and 3- 
OHBAP. However, the number of metabolites reported varied among 
studies. Additionally, we included the sums of the analyzed metabolites 
arising from the same parent compound in those studies. These sums 
were Σ(1-OHNAP and 2-OHNAP), Σ(1-OHNAP, 2-OHNAP, and 1,2- 
DHN), Σ(2-OHFLUO and 3-OHFLUO), Σ(2-OHFLUO, 3-OHFLUO, and 
9-OHFLUO), Σ(1-OHPHEN, 2-OHPHEN, and 4-OHPHEN), Σ(1- 
OHPHEN, 2-OHPHEN, 3-OHPHEN, and 4-OHPHEN), and Σ(1-OHPHEN, 
2-OHPHEN, 3-OHPHEN, 4-OHPHEN, and 9-OHPHEN). To our knowl-
edge, no other combinations of PAH metabolite sums have been iden-
tified in the literature.

For values lower than the limit of detection/quantification (LOD/ 
LOQ), we utilized the Maximum Likelihood Estimation (MLE) method-
ology as it is described by EFSA (2010) and suggested as the best 
approach to address such matters (Fernández et al., 2021b, EFSA, 2010). 
It should be stated that censored data imputation was only performed if 
no more than 60 % of the data points were below the LOQ. To sum-
marize the biomarkers identified in each study, we considered several 
parameters, including the number of participants, the LOQ value, and 
the quality control results, which were assured by HBM4EU QA/QC 
(Nübler et al., 2023). The biomarker levels of PAHs, measured in units of 
μg/L and the creatinine standardized levels in µg/g creatinine (O’Brien 
et al., 2017, O’Brien et al., 2016, Barr et al., 2005) were described using 
statistical measures such as the arithmetic mean (AM), geometric mean 
(GM) with its 95 % confidence interval (CIs), selected percentiles 
including 5th, 25th, 50th, and 75th, 90th, and 95th percentiles (P05, 
P25, P50, P75, P90, and P95), and standard deviation. Given the variety 
of samples (first morning urine, 24-h urine, and urine spot), creatinine- 
normalized values will be the primary focus of the present analysis. In 

Table 1 
Human biomonitoring studies conducted as part of the HBM4EU Aligned Studies, focused on the assessment of Polycyclic Aromatic Hydrocarbons (PAHs) within 
adults.

Study name Country Sample type Representativeness European 
region

Reference

Icelandic National Dietary Survey, (Diet_HBM) Iceland Urine Spot National North −

Copenhagen Minipuberty study (parents)/Danish Young 
Men Study (CPHMINIPUB/DYMS)

Denmark Urine Spot Regional North (Busch et al., 2021)

Polish Aligned Environmental Study (POLAES) Poland Urine Spot Regional East −

Central European Longitudinal Studies of Parents and 
Children: Young Adults (CELSPAC:YA)

Czech 
Republic

Urine Spot/Urine 
first morning urine

Regional East (Piler et al., 2017)

HR: Implementation of Human Biomonitoring Survey In 
Adults in Croatia Using HBM4EU Methodology (HBM in 
Croatia)

Croatia Urine first morning 
urine

National South −

Exposure of the Portuguese Population to Environmental 
Chemicals: a study nested in INSEF 2015 
(INSEFExpoQuim)

Portugal Urine first morning 
urine

National South −

Etude de santé sur l’environnement, la biosurveillance, 
l’activité physique et la nutrition (ESTEBAN)

France Urine first morning 
urine

National West −

Environmental Specimen Bank (ESB) Germany Urine 24 h Regional West (Kolossa-Gehring et al., 2012, 
Lermen et al., 2014, Lemke et al., 
2021)

Human Biomonitoring for Europe Program for Switzerland 
(HBM4EU-study Switzerland)

Switzerland Urine first morning 
urine

Regional West −

Observation des Risques et de la Santé Cardiovasculaire au 
Luxembourg (Oriscav-Lux2)

Luxemburg Urine Spot National West (Alkerwi et al., 2019)
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the stratification section, we also provide one-way ANOVA p-values and 
Cohen’s (d) effect sizes for the groups that are compared. Effect sizes 
lower than 0.2 are considered to indicate a small effect, effect sizes 
between 0.2 and 0.8 indicate a medium effect, and effect sizes greater 
than 0.8 indicate a large effect. The value of 0.05 is considered a sta-
tistically significant value. Participants were stratified according to their 
country of residence, geographical region (north, south, west, east), 
education level (ISCED; Schneider (2013)), degree of urbanization 
(European Commission, 2014), and smoking status. These demographic 
variables were selected as the most significant among others conducting 
linear univariate regression tests (data are not presented here) and 
expert judgement. These selections are also confirmed by the multi-
variate linear regression modeling. For each stratification step a table 
with the aggregated data is presented in supplementary material with 
the volume-based (μg/L) and creatinine-standardized (µg/g creatinine) 
values. Multivariate linear regression analysis was employed to reveal 
the influence of multiple variables on the levels of PAH metabolites 
measured. The models developed were based on log-scale transformed, 
creatinine-adjusted levels of metabolites. To check for multicollinearity, 
we assessed the Variance Inflation Factor considering values lower than 
5.

The statistical analysis for this study was performed using R software 
(R Core Team, 2009), version 4.3.0. Plots were introduced with the 
ggplot2 package (Wickham, 2011), and missing values were multiply 
imputed using the mice R-library (Van Buuren and Groothuis- 
Oudshoorn, 2011), adhering to the 60 % rule described earlier. Maps 
were generated using the tmap package (Tennekes, 2018). Particularly, 
the boxplot descriptors in this study include the median value at the 
center, with the box representing the interquartile range (IQR), which 
reflects the middle 50 % of the data. The whiskers extend to encompass 
values within 1.5 times the IQR from the quartiles. To enhance clarity, 
outliers have been removed; any data point below the lower bound or 
above the upper bound is considered an outlier.

3. Results and discussion

3.1. General characteristics of the study population

Table 2 presents descriptive statistics for all datasets included in the 
analysis, comprising individual data collected from all countries. Details 
about the harmonization of human biomonitoring studies in the 
framework of HBM4EU have been described earlier (Gilles et al., 2022). 
The table with the general characteristics of the study population per 
country as well as the rest of the non-dietary exposure data is provided in 
the supplementary material (Table S3). The study involves a diverse set 
of countries, each contributing to a total participant pool of 2,611 in-
dividuals. To our knowledge, this represents the largest dataset of 
pooled samples related to PAHs exposure in Europe thus far (Sochacka- 
Tatara et al., 2018, Joksić et al., 2022, Fernández et al., 2021a, 
Urbancova et al., 2020). Notably, pregnant women and occupationally 
exposed individuals were not considered in this study. The study cap-
tures a range of seasons, with data collected in winter (27.19 %), spring 
(15.85 %), summer (23.2 %), and autumn (33.66 %). Additionally, the 
sampling period spans from 2014 to 2021, indicating a comprehensive 
and multi-year approach to data collection. The descriptive analysis 
revealed a gender split of 46.8 % males to 53.2 % females. The partic-
ipant age range had an overall average of 30.3 years, with slight vari-
ations observed among countries. Educational attainment was largely 
high across the sample, with 68.1 % achieving the highest levels of 
education (ISCED > 4).

The study intentionally included both smokers and non-smokers, 
gathering data on the number of cigarettes smoked, passive smoking 
exposure, and its frequency within specific timeframes before sampling 
(2 h and 24 h) (Table S3). It is important to note that data on exposure to 
combustion products, such as ’wildfires,’ ’fireplaces,’ ’barbecue activ-
ities,’ or ’indoor use of coal/biomass burning,’ was only available for 

10–50 % of the participating countries, as summarized in Table S3. This 
variability in data availability underscores the challenges in ensuring 
comprehensive and harmonized data collection across all countries 
involved in the study. The supplementary material (Table S4) details 
participants’ dietary habits by categorizing the patterns into six fre-
quencies, from less than once a month to daily. BMI is crucial for eval-
uating health effects posed by exposure to PAHs, particularly concerning 
obesity and its associated risks like metabolic syndrome and type 2 
diabetes. The link between PAH exposure and obesity-related health 
issues is stronger in individuals with higher BMI (Stallings-Smith et al., 
2018, Liu et al., 2023), highlighting the need for further research to 
inform public health policies.

3.2. Levels of urinary PAH metabolites in the study population

The concentrations of PAH metabolites in urine samples from all 
countries are presented in Table 3. It provides a comprehensive over-
view, specifying the number of metabolites studied in all countries as 
well as the aggregated descriptive levels for each metabolite. Urinary 
concentrations are presented in μg/L, while standardized values are 
presented in μg/g creatinine (O’Brien et al., 2017, O’Brien et al., 2016, 
Barr et al., 2005, Lermen et al., 2019). In this study, our focus is on 
standardized urinary concentrations. This choice is driven by the het-
erogeneity of the HBM4EU-aligned adult studies, which encompass a 
mix of urine sampling methods including first-morning urine, random 
spot samples, and 24-hour collections. Creatinine adjustment has been 
implemented for improving the comparability of urinary biomonitoring 
data by accounting for individual variations in hydration status. This 
approach is also suggested by Gilles et al. (2022).

Analysis of the combined data revealed distinct exposure patterns for 
key metabolites, with the highest levels observed for 2-OHNAP (GM (95 
% CI) 3.93 μg/g creatinine (3.82–4.16)). It is noteworthy that 1,2-DHN 
is discussed sparingly due to its measurement being limited to only one 
participating country i.e., Luxembourg (n = 210). Conversely, 2-OHNAP 
and 1-OHNAP findings align with similar investigations across Europe 
(Freire et al., 2009, Sochacka-Tatara et al., 2018, Murawski et al., 2020, 
Urbancova et al., 2020), underscoring these metabolites’ prevalence in 
urine samples. This suggests that the European population may experi-
ence notable exposure to naphthalene (Yost et al., 2021). Naphthalene is 
classified by the International Agency for Research on Cancer (IARC) as 
a potentially carcinogenic substance, highlighting the importance of 
minimizing exposure to naphthalene for public health and safety. 
However, it is important to note that metabolite levels alone cannot 
directly indicate exposure levels to naphthalene or other PAHs, as 
different metabolites have varying excretion fractions relative to their 
parent compounds. Therefore, while elevated levels of naphthalene 
metabolites may suggest exposure, the interpretation of these levels 
should take into account the metabolic and excretion differences across 
various PAHs and deeper methodologies such as e.g., exposure recon-
struction (Georgopoulos et al., 2009) should be employed. Alternatively, 
the metabolites of phenanthrene exhibited notably lower GMs and uri-
nary concentrations of fluorene metabolites compared to naphthalene 
metabolites. Again, target methodologies should be employed to 
approximate fluorene intake and compare it to naphthalene. It is worth 
noting that the measurement of 9-OHFLUO was conducted in only two 
countries. Finally, it is fundamentally important to note that the low 
geometric mean concentration of 3-OHBAP observed across the studied 
countries may be attributable to limitations in the analytical methods 
used, rather than accurately reflecting actual levels of human exposure. 
Specifically, among the countries participating in this study, only Ger-
many and France reported limits of quantification (LOQs) sufficiently 
low to reliably measure the minimal concentrations of 3-OHBAP 
(Table S2). This underscores the need to enhance the quantification 
methods for 3-OHBAP by further lowering the LOQs. As 3-OHBAP is a 
metabolite of a well-established carcinogenic PAH, even low concen-
trations indicate potential health risks (ECHA, 2016, EFSA, 2008). 
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Table 2 
General Characteristics of the study population.

North East South West All

Country Iceland Denmark Poland Czech 
Republic

Croatia Portugal France Germany Switzerland Luxemburg

Participants N 203 240 228 300 300 296 201 333 300 210 2611

Sampling season (n)
Winter 25 2 ​ 12 121 53 50 333 67 47 710 (27.19 %)
Spring ​ 40 ​ 119 ​ 16 49 ​ 147 43 414 (15.85 %)
Summer 71 111 ​ 89 ​ 152 42 ​ 86 57 608 (23.2 %)
Autumn 107 87 228 80 179 75 60 ​ ​ 63 879 (33.66 %)

Sampling period
Start Date − End 

Date
2019/1–2021/ 
12

2017/2–2019/ 
12

2017/9–2017/ 
12

2019/3–2019/ 
12

2019/1–2020/ 
12

2019/1–2020/ 
12

2014/1–2016/ 
12

2014/ 
1–2019/1

2020/1–2020/ 
8

2016/1–2018/ 
12

2014/1–2021/ 
12

Sex (%)
Male (Female) 43.8 (56.2) 59.6 (40.4) 30.7 (69.3) 48.3 (51.7) 47.0 (53.0) 42.2 (57.8) 40.3 (59.7) 50.2 (49.8) 54.0 (46.0) 47.1 (52.9) 46.8 (53.2)

Age (years)
Mean (Min-Max) 30.8 (20–39) 30 (20–39) 33.5 (20–39) 27.2 (20–37) 30.6 (20–39) 34.6 (28–39) 31.9 (20–39) 23.5 (20–29) 30.8 (20–39) 33.6 (25–39) 30.3 (20–39)

Height (cm)
Mean (Min-Max) 174 (150–201) 177 (153–198) 170 (152–196) 175 (154–202) 174 (150–197) 168 (142–190) 170 (145–194) 177 

(150–198)
174 (152–203) 172 (150–197) 173 (142–203)

BMI (kg/m2)
Mean (Min-Max) 26.2 

(16.1–51.2)
24.2 (15.8–42) 23.8 

(16.8–39.2)
24 (17.4–39.3) 24.5 

(17.8–41.5)
25.4 
(17.7–40.8)

24 (16.5–44.7) 22.3 
(16.3–34.6)

23.5 
(16.3–39.5)

24.8 
(17.2–42.9)

24.1 
(15.8–51.2)

Method to obtain Participants’ Height (n)
Measured (Self- 

Reported)
0 (180) 180 (0)** 0 (228) 300 (0) 0 (300) 39 (257) 201 (0) 0 (333) 58 (242) 210 (0) 808 (1540)

Method to obtain Participants’ Weight (n)
Measured (Self- 

Reported)
0 (180) 180 (0)** 0 (228) 300 (0) 0 (300) 0 (257) 201 (0) 0 (333) 58 (242) 210 (0) 769 (1540)

Creatinine (mg/L)
GM (95 CI) 1146 

(1033–1270)
1228 
(1114–1354)

1120 
(1045–1200)

1431 
(1342–1526)

1423 
(1331–1521)

1153 
(1088–1223)

915 
(827–1013)

688 
(651–727)

947 
(883–1015)

1728 
(1602–1863)

1128 
(1100–1157)

Educational level (%)
Low 5.9 12.5 ​ 0.7 0.3 19.9 2 ​ 1 4.8 4.6
Medium 29.1 24.6 41.7 23.3 36 36.1 31.3 ​ 23 32.9 26.8
High 63.5 60.4 58.3 75.7 63.7 43.9 66.7 100 74.7 62.4 68.1

Degree of urbanization of residence (%)
Cities 74.9 89.2 100 71.7 58 27 48.3 100 91.3 19 69.2

(continued on next page)
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Therefore, improving detection sensitivity is essential to ensure more 
accurate exposure assessment and enhance the evaluation of the asso-
ciated risks.

3.3. Country specific exposure levels

The levels of exposure for the individual countries are elaborated in 
Table S5 (both creatinine-standardized and volume-based levels) in the 
supplementary material. Naphthalene metabolites were consistently 
measured across all countries in the study. Specifically, 1-OHNAP ex-
hibits the highest values in Poland followed by Croatia and Denmark. 2- 
OHNAP was the metabolite with the highest concentrations across all 
countries, with Poland once again exhibiting the highest values. Only 
three countries exhibit levels below the overall GM of the study, with the 
lowest value observed in Germany, followed by Switzerland and Iceland. 
Unfortunately, 1,2-DHN was measured exclusively in Luxemburg.

Fluorene metabolites (2-OHFLUO, 3-OHFLUO, and 9-OHFLUO) were 
measured by several countries, though not universally, with 9-OHFLUO 
assessed only in 411 individuals from two countries. Seven countries 
contributed results for 2-OHFLUO (n = 1750). The geometric means 
across those countries are closely aligned, with the highest values 
observed in Croatia and Portugal. The lowest recorded levels were in 
Iceland. In accordance with this, 3-OHFLUO was evaluated in six 
countries (n = 1510). Geometric mean values for 3-OHFLUO are uni-
formly low across all countries, with the highest value observed in 
France, followed by Luxemburg. The lowest values are once again found 
in Iceland. Exclusively measured in France and Luxembourg, the last 
metabolite, 9-OHFLUO, exhibits varying concentrations. France reports 
the highest value whereas Luxembourg records the lowest.

Phenanthrene metabolites (1-OHPHEN, 2-OHPHEN, 3-OHPHEN, 4- 
OHPHEN, and 9-OHPHEN) were measured in most countries, showing 
relatively low concentrations compared to those of other metabolites. 
Specifically, 1-OHPHEN (n = 1843) was measured in seven countries. 
Portugal and France exhibit the highest values, followed by Croatia. The 
lowest concentrations were reported by the Czech Republic and Iceland. 
2-OHPHEN was assessed in six countries, with the highest levels 
observed in the Czech Republic, followed by Portugal. The lowest con-
centration was recorded in Germany. 3-OHPHEN was assessed in seven 
countries, with the highest concentration observed in Luxembourg and 
the lowest value to be recorded in Croatia. 4-OHPHEN stands out as the 
phenanthrene metabolite measured in the highest number of countries 
(n = 8 out of 10) in the present study, with a total sample size of 2083. 
However, it presents the lowest geometric means among all phenan-
threne metabolites. The final phenanthrene metabolite, 9-OHPHEN, was 
assessed in seven countries (n = 1843). The Czech Republic reported the 
highest value while the lowest value was found for Germany.

The pyrene metabolite, 1-OHPYR, was assessed in most of the study 
countries (n = 9 out of 10, sample size = 2371), with Luxembourg 
reporting the highest GM, reaching 0.21 (0.19–0.23) μg/g creatinine. 
The Benzo(a)pyrene metabolite, 3-OHBAP, was measured in six of the 
participating countries. Detailed information is available in the sup-
plementary material (Table S5). See also the work of Burkhardt et al. 
(2023) for a specific evaluation of the German data.

3.4. Correlation analysis

The Pearson correlation matrix (Fig. 1) illustrates the relationships 
between logarithmically transformed, creatinine-standardized exposure 
biomarkers. The correlation coefficients range from 0.27 to 0.94, with 
stronger positive correlations represented by darker blue hues and larger 
circles, while weaker correlations are shown with lighter shades and 
smaller circles. Strong positive correlations among metabolites may be 
associated with similar sources of exposure and environmental co- 
occurrence, the CYP (cytochromes P450) enzymes involved in meta-
bolism in general and individual factors such as enzyme induction (e.g. 
by smoking) among others (Jacob et al., 1999).Ta
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Notably, the strong positive correlation between 3-OHPHEN and 2- 
OHPHEN (r = 0.94) is due to their shared origin as metabolites of 
phenanthrene which are produced through the same metabolic path-
ways involving cytochrome P450 enzymes. Additionally, their similar 
environmental behavior and analytical detection processes further 
contribute to their correlated concentrations. Phenanthrene metabolites 
are highly correlated with fluorene metabolites. These correlations 
likely arise from their co-occurrence in environmental sources such as 
combustion emissions (Wang et al., 2003). Their production through 
similar metabolic pathways and shared environmental exposure pat-
terns further explains the observed relationship. 1-OHPYR was found to 
be correlated with all phenanthrene’s metabolites (1-OHPEN: 0.60; 2- 
OHPEN: 0.81; 3-OHPEN: 0.85; 4-OHPEN: 0.61; 9-OHPEN: 0.79) which 
is a result mediated by similar enzymatic pathways (Jacob et al., 1999). 

The variability in correlation strength among biomarkers underscores 
the complexity of PAH metabolism. For instance, while some metabo-
lites of different PAHs exhibit strong correlations, others show less 
robust relationships, such as between the two naphthalene metabolites 
(2-OHNAP and 1-OHPHEN, r = 0.29). In case of the metabolite 2- 
OHNAP there are presumptions on alternative unidentified sources of 
exposure other than the parent compound (Naphthalene) (Burkhardt 
et al., 2023). Additional exposure sources for 2-OHNAP (such as dyes or 
fragrance compounds carrying a 2-OHNAP-moiety) could also explain 
the low correlation with other PAH metabolites. These alternative 
sources may help explain the observed low correlation between 2- 
OHNAP and other PAH metabolites, as they suggest that 2-OHNAP is 
not solely derived from naphthalene or typical PAH exposure pathways.

To conclude, these correlations between PAH metabolites can help in 

Table 3 
Levels of PAHs metabolites in adults’ urine samples for all countries participating in the HBM4EU Aligned Studies. Both urinary concentrations (in μg/L) and stan-
dardized values (in μg/g creatinine) are presented.

Metabolites N* N <
LOD

N <
LOQ

AM* GM (95 % CI) * P5* P25* P50* P75* P90* P95* SD*

Volume-based urinary levels (μg/L)
1-OHNAP 2611 82 397 4.648 1.25 (1.178–1.327) 0.15 0.43 1.2 3.103 9.258 15.57 0.03
2-OHNAP 2611 6 24 9.497 4.551 (4.337–4.776) 0.53 1.994 4.737 10.918 22.2 32.025 0.11
1,2-DHN 210 1 2 4.742 3.185 (2.835–3.578) 0.848 1.85 3.086 5.331 10.009 14.959 0.448
2-OHFLUO 1750 41 39 0.562 0.288 (0.273–0.303) 0.06 0.14 0.25 0.52 1.378 2.147 0.02
3-OHFLUO 1510 171 300 0.234 0.105 (0.098–0.113) 0.02 0.04 0.087 0.214 0.593 0.995 0.011
9-OHFLUO 411 18 24 0.591 0.401 (0.368–0.437) 0.11 0.233 0.379 0.677 1.141 1.711 0.037
1-OHPHEN 1843 84 42 0.211 0.127 (0.122–0.133) 0.03 0.07 0.12 0.23 0.437 0.648 0.011
2-OHPHEN 1633 3 69 0.13 0.075 (0.072–0.079) 0.019 0.038 0.067 0.132 0.254 0.368 0.007
3-OHPHEN 1843 14 136 0.133 0.081 (0.077–0.084) 0.021 0.041 0.072 0.148 0.277 0.426 0.01
4-OHPHEN 2083 409 200 0.1 0.05 (0.047–0.053) 0.009 0.02 0.05 0.1 0.22 0.352 0.005
9-OHPHEN 1843 600 101 0.263 0.124 (0.116–0.133) 0.02 0.047 0.123 0.3 0.558 0.815 0.006
3-OHBAP 1633 987 464 ​ ​ ​ ​ ​ ​ ​ ​ ​
1-OHPYR 2371 56 42 0.205 0.109 (0.104–0.114) 0.02 0.05 0.1 0.21 0.462 0.746 0.01
Σ(1-OHNAP and 2-OHNAP) 2611 ​ ​ 13.34 5.912 (5.633–6.205) 0.763 2.552 6.054 14.13 29.695 45.169 0.006
Σ(1-OHNAP, 2-OHNAP, and 1,2-DHN) 210 ​ ​ 21.197 13.495 

(11.869–15.343)
2.849 7.072 13.817 24.103 49.558 65.682 1.078

Σ(2-OHFLUO and 3-OHFLUO) 1510 ​ ​ 0.728 0.343 (0.323–0.364) 0.053 0.163 0.3 0.679 1.865 2.901 0.006
Σ(2-OHFLUO, 3-OHFLUO, and 9- 

OHFLUO)
411 ​ ​ 1.359 0.767 (0.69–0.851) 0.115 0.401 0.687 1.534 3.277 4.691 0.04

Σ(1-OHPHEN, 2-OHPHEN, and 4- 
OHPHEN)

1633 ​ ​ 0.385 0.232 (0.222–0.243) 0.054 0.128 0.221 0.408 0.746 1.106 0.009

Σ(1-OHPHEN, 2-OHPHEN, 3-OHPHEN, 
and 4-OHPHEN)

1633 ​ ​ 0.497 0.303 (0.29–0.317) 0.07 0.168 0.29 0.519 0.976 1.401 0.012

Σ(1-OHPHEN, 2-OHPHEN, 3-OHPHEN, 
4-OHPHEN, and 9-OHPHEN)

1633 ​ ​ 0.679 0.401 (0.383–0.419) 0.097 0.203 0.365 0.732 1.389 1.984 0.042

Standardized urinary levels (μg/g creatinine)
1-OHNAP 2611 82 397 4.469 1.057 (1–1.118) 0.154 0.406 0.892 2.568 6.98 11.44 0.031
2-OHNAP 2611 6 24 7.185 3.989 (3.824–4.161) 0.676 1.851 4.044 8.486 16.012 21.979 0.081
1,2-DHN 210 1 2 2.44 1.804 (1.633–1.992) 0.625 1.099 1.667 2.722 4.857 7.525 0.353
2-OHFLUO 1750 41 39 0.404 0.216 (0.205–0.227) 0.053 0.107 0.177 0.404 0.959 1.553 0.01
3-OHFLUO 1510 171 300 0.172 0.075 (0.07–0.081) 0.013 0.031 0.063 0.169 0.368 0.65 0.006
9-OHFLUO 411 18 24 0.472 0.317 (0.291–0.346) 0.074 0.187 0.318 0.544 0.878 1.163 0.037
1-OHPHEN 1843 84 42 0.178 0.11 (0.105–0.115) 0.024 0.061 0.108 0.193 0.373 0.537 0.005
2-OHPHEN 1633 3 69 0.114 0.067 (0.064–0.07) 0.019 0.035 0.059 0.114 0.216 0.328 0.009
3-OHPHEN 1843 14 136 0.111 0.067 (0.064–0.07) 0.017 0.034 0.063 0.122 0.229 0.361 0.007
4-OHPHEN 2083 409 200 0.087 0.04 (0.038–0.043) 0.009 0.02 0.038 0.074 0.157 0.248 0.002
9-OHPHEN 1843 600 101 0.233 0.115 (0.108–0.122) 0.024 0.051 0.108 0.237 0.442 0.668 0.008
3-OHBAP 1633 987 464 ​ ​ ​ ​ ​ ​ ​ ​ ​
1-OHPYR 2371 56 42 0.161 0.095 (0.091–0.098) 0.022 0.047 0.087 0.18 0.341 0.515 0.006
Σ(1-OHNAP and 2-OHNAP) 2611 ​ ​ 10.947 5.225 (5.007–5.453) 0.934 2.383 5.109 11.272 21.928 31.573 0.002
Σ(1-OHNAP, 2-OHNAP, and 1,2-DHN) 210 ​ ​ 10.839 7.809 (7.026–8.68) 2.593 4.262 7.428 13.821 22.451 29.176 1.321
Σ(2-OHFLUO and 3-OHFLUO) 1510 ​ ​ 0.538 0.268 (0.253–0.283) 0.059 0.129 0.219 0.539 1.375 2.12 0.001
Σ(2-OHFLUO, 3-OHFLUO, and 9- 

OHFLUO)
411 ​ ​ 1.037 0.617 (0.559–0.681) 0.117 0.329 0.573 1.187 2.349 3.598 0.046

Σ(1-OHPHEN, 2-OHPHEN, and 4- 
OHPHEN)

1633 ​ ​ 0.349 0.213 (0.204–0.222) 0.058 0.118 0.194 0.349 0.671 1 0.003

Σ(1-OHPHEN, 2-OHPHEN, 3-OHPHEN, 
and 4-OHPHEN)

1633 ​ ​ 0.453 0.277 (0.266–0.29) 0.077 0.152 0.253 0.459 0.912 1.372 0.003

Σ(1-OHPHEN, 2-OHPHEN, 3-OHPHEN, 
4-OHPHEN, and 9-OHPHEN)

1633 ​ ​ 0.621 0.367 (0.351–0.384) 0.099 0.195 0.324 0.632 1.242 1.88 0.012

* (a) the number of samples (N), (b) the arithmetic mean (AM), (c) the geometric mean (GM) with a 95% confidence interval (CI), (d) the 5th percentile (P5), (e) 25th 
percentile (P25), (f) 50th percentile (P50), (g) 75th percentile (P75), (h) 90th percentile (P90), (i) 95th percentile (P95), (j) standard deviation (SD).
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Fig. 1. Pearson correlation matrix between the ln-transformed creatinine standardized exposure biomarkers. The strong positive correlation between 3-OHPHEN and 
2-OHPHEN is attributed to their common origin as metabolites of phenanthrene metabolized through cytochrome P450 enzymes. Their similar environmental 
behaviors and detection methods further reinforce this correlation. Additionally, phenanthrene metabolites are highly correlated with fluorene metabolites due to 
their concurrent presence in common environmental sources like combustion emissions. The correlation between 1-OHPYR and phenanthrene metabolites (ranging 
from 0.60 to 0.85) is driven by shared enzymatic pathways (Jacob et al., 1999).

Fig. 2. Geographical distribution of the metabolites’ sums (Standardized values; μg/g creatinine). The detection of Σ(1-OHNAP, 2-OHNAP, and 1,2 DHN) is exclusive 
to Western regions as it was measured solely by Luxembourg. Similarly, Σ(2-OHFLUO, 3-OHFLUO, and 9-OHFLUO) is identified in data from France and 
Luxembourg, highlighting the limited geographical scope of the measurements.
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the identification of shared exposure sources and common metabolic 
pathways, providing insights into the environmental or occupational 
origins of contamination which is significantly important for risk 
assessment and developing targeted strategies to reduce exposures.

3.5. Univariate stratification of urinary PAHs metabolites in multiple 
levels

Based on the prior knowledge of the research group as well as a 
univariate analysis conducted (data not shown) four primary variables 
(gender, smoking status, educational level, and degree of urbanization) 
were selected beforehand in order to stratify the exposure of European 
citizens to PAHs. Analysis was conducted at numerous levels, encom-
passing geographical regions (East, North, South, and West), country- 
specific evaluations, and considerations based on lifestyle factors such 
as sex, smoking habits, education levels, and urbanization. Under-
standing the geographical distribution of PAH biomarkers is essential for 
elucidating regional differences in exposure patterns and their conse-
quences on public health (Lin et al., 2016, Joksić et al., 2022, Zhang and 
Li, 2023). For a comprehensive and holistic overview of total exposure, 
Fig. 2, illustrates the creatinine-standardised sums (μg/g creatinine). 
Correspondingly, volume-based sums of PAHs in urine (μg/L) are 
available in the supplementary material (Figure S1). It is apparent that 
the sum of Σ(1-OHNAP and 2-OHNAP) is notably magnitudes higher 
compared to other sums, which exhibit comparable magnitudes. Table 4
provides a comprehensive overview of the distribution of PAH bio-
markers by geographical location. Similarly, the table with the volume- 
based levels is included in the supplementary material (Table S6). Fig. 3
shows a heatmap of the GMs of PAH metabolites (creatinine-standard-
ized levels; μg/g creatinine), illustrating regional differences based on 
country-specific measurements. It is important to note that the intensity 
of the colors does not indicate risk or toxicity patterns. Moreover, as can 
be seen from Fig. 3 naphthalene metabolites (1-OHNAP and 2-OHNAP) 
have been measured universally and due to that fact, their sum is 
selected to be presented in main text of this study. To this end, an 
overview of the Σ(1-OHNAP and 2-OHNAP) regarding the exposure of 
European adults (urine volume-based (μg/L) and creatinine- 
standardized (μg/g creatinine)) in accordance with their regional level 
is presented in Fig. 4. The rest are presented in supplementary material
(Figures S2-S20). Additionally, we also present the exposure of Euro-
pean citizens to PAHs stratified by sex. The relationship between PAHs 
exposure and sex remains intricate and partly elusive since various 
studies yield conflicting findings. While some studies have found no 
significant difference in PAHs exposure between men and women (Thai 
et al., 2016, Badlam et al., 2020), others have reported that women are 
more susceptible to PAH exposure compared to men (Guo et al., 2014, 
Uppstad et al., 2011). Additionally, exposure to PAHs in women has 
been associated with detrimental impacts on reproductive health, 
including premature ovarian failure and imbalances in reproductive 
hormones (Rafiee et al., 2023). Supplementary materials present 
detailed statistics on volume-based and creatinine-standardised PAH 
exposure levels by gender (Tables S7–S9). Fig. 5 and supplementary 
figures (S21–S57) illustrate gender stratification for specific PAH me-
tabolites and sums, highlighting regional exposure differences (both 
volume-based and standardised urinary levels are provided). The find-
ings of this study align with existing literature, highlighting the varia-
tions in PAH exposure between women and men (Xing et al., 2023, 
Dobraca et al., 2020, Liu et al., 2021, Zhu et al., 2023, Thai et al., 2020, 
Hou et al., 2023, Hecht et al., 2006).

Participants were also stratified according to their smoking status. 
Data on smoking status were collected through self-reported question-
naires, where participants provided information about their smoking 
habits by answering specific questions. Smoking habit is a key factor in 
PAHs exposure (Ma and Harrad, 2015). Detailed regional results are 
provided in the supplementary material (Table S10: volume-based levels 
and creatinine standardised levels) and more detailed results per 

country level at Tables S11 and S12 for the volume-based levels and 
creatinine standardised levels accordingly. Visual representations of the 
results for all metabolites and their aggregates are presented in 
Figures S58–S94 (both standardised and volume-based levels). Addi-
tionally, Fig. 6 illustrates the total exposure to 1-OHNAP and 2-OHNAP 
metabolites of non-smokers and smokers. Based on the results of the 
present study (Fig. 6), it is evident that smokers consistently exhibit 
higher levels of PAH exposure compared to non-smokers which is 
something that is supported by other studies as well (Huang et al., 2022, 
St. Helen et al., 2012, Ratelle et al., 2020, Tabatabaei et al., 2022, Yuan 
et al., 2011). No effect of smoking on 1-OHNAP and 2-OHNAP excretion 
was found in the Czech study group, possibly due to other exposure 
sources. This underscores the potential role of non-smoking-related 
exposure sources in this population such as environmental pollution, 
occupational exposure, or specific dietary habits. Furthermore, the 
participants in the study were stratified according to the ISCED system. 
Summary statistics at the regional level are provided in Table S13, 
including both volume-based urine levels and creatinine-standardised 
values. Country-specific statistics are detailed in Tables S14 and S15. 
The combined exposure to 1-OHNAP and 2-OHNAP is presented in Fig. 7
(creatinine- standardised values), with additional figures also presented 
in the supplementary material (Figures S95-S131). Our findings are 
totally aligned with the work of Suwan-Ampai et al. (2009) in which 
educational level is inversely associated with PAH exposure.

Exposure to PAHs is also influenced by the degree of urbanization as 
demonstrated in the study of Palazzi et al. (2019). They observed that 
children residing in Paris (urban or suburban areas, comparable to the 
classifications in our study) exhibited higher exposure levels compared 
to those living on Yeu Island (a rural area). This finding aligns closely 
with our results across all countries, except for Denmark, as illustrated in 
Figures S95–S131 in which stratify participants solely based on their 
urbanization level and the data has not been normalized yet as will be 
done in the multivariate analysis following in the next section. The 
supplementary material includes comprehensive urbanization-based 
stratification of PAH exposure across cities, towns or suburbs, and 
rural areas. Table S16 details regional PAH urine levels, with country- 
specific results in Tables S17 and S18. Illustrative figures (S132-S168) 
and Fig. 8 present Σ(1-OHNAP and 2-OHNAP) levels by urbanization.

3.6. Multivariate linear regression modelling

The multivariate linear regression analysis yielded significant results 
regarding the determinants of exposure for each PAH metabolite. 
Detailed results for each metabolite are provided in the Supplementary 
Material (Tables S19–S23). All models demonstrated a high statistical 
significance with p-values of < 0.001 and R2 values exceeding 0.80 
except for 1-OHNAP. A summary of each model, along with the inde-
pendent (influential) variables, is presented qualitatively in Fig. 9. Each 
metabolite is represented by a unique color, which is associated with all 
the exposure determinants identified through the multivariate regres-
sion analysis. As a result of that, by examining the colors associated with 
each determinant of exposure, it is possible to identify the parameters 
linked to each metabolite. A clearer view regarding the determinants of 
exposure for each parent compound is also presented in Figs. 10–13. Last 
but not least, it is important to mention that for illustration purposes the 
sample type (morning urine, 24 h urine, urine spot) has been removed 
from plots.

For the naphthalene metabolites (Fig. 10), specifically, 1-OHNAP 
was found to have a statistically significant association with smoking 
status (active or passive) and the number of cigarettes smoked within a 
24-hour period. Nevertheless, both active and passive smoking showed a 
negative contribution whereas the number of cigarettes smoked daily 
had a positive contribution. To this end the low Variance Inflation Factor 
(VIF < 5) with the high statistical significance might be an indication for 
a dose–response relationship between 1-OHNAP and the number of 
cigarettes smoked daily. The type of sample selected also appears to 
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Table 4 
Geographic comparison for pahs biomarkers, urinary levels standardised for creatinine (μg/g creatinine).

Metabolites 
(N)

Statistical test North vs South North vs East North vs West South vs East West vs East South vs West

*Ntotal: 1039 *Ntotal: 971 *Ntotal: 1487 *Ntotal: 1124 *Ntotal: 1572 *Ntotal: 1640

Standardised urinary levels (μg/g creatinine)

1-OHNAP Effect Size: 
Cohen’s d

0.125 0.093 0.013 0.034 0.006 0.009

p-value <0.001 0.002 0.431 0.271 0.733 0.614
GM (95 % CI) 1.208 

(1.108–1.317)
1.307 (1.21–1.413) 0.526 

(0.488–0.567)
1.365 (1.25–1.491) 0.600 

(0.555–0.650)
0.59 (0.544–0.639)

P95 (95 % CI) 10.455 
(8.773–12.015)

11.169 
(9.262–13.487)

6.607 
(5.545–7.765)

13.182 
(11.442–14.032)

9.008 
(7.848–11.677)

8.700 
(7.664–10.435)

2-OHNAP Effect Size: 
Cohen’s d

0.13 0.045 0.059 0.089 0.111 0.204

p-value <0.001 0.163 0.034 0.003 <0.001 <0.001
GM (95 % CI) 5.06 (4.75–5.39) 4.209 (3.937–4.499) 3.158 

(2.990–3.336)
5.257 (4.93–5.605) 3.329 

(3.148–3.521)
3.778 (3.574–3.994)

P95 (95 % CI) 26.91 
(22.37–31.74)

20.587 
(18.477–24.404)

17.89 
(15.864–20.115)

26.918 
(24.361–30.304)

20.307 
(18.343–21.36)

22.574 
(20.993–25.786)

2-OHFLUO Effect Size: 
Cohen’s d

0.24 0.126 0.168 0.013 0.032 0.072

p-value <0.001 0.004 <0.001 0.746 0.443 0.022
GM (95 % CI) 0.205 

(0.193–0.218)
0.166 (0.157–0.177) 0.169 

(0.160–0.178)
0.244 (0.229–0.26) 0.202 

(0.191–0.213)
0.237 (0.224–0.25)

P95 (95 % CI) 1.51 (1.32–1.74) 0.990 (0.855–1.204) 1.271 
(1.002–1.462)

1.766 (1.504–1.958) 1.492 (1.202–1.72) 1.706 (1.542–1.826)

3-OHFLUO Effect Size: 
Cohen’s d

0.144 0.099 0.227 0.028 0.101 0.178

p-value <0.001 0.008 <0.001 0.511 0.008 <0.001
GM (95 % CI) 0.034 

(0.032–0.037)
0.029 (0.027–0.032) 0.052 

(0.049–0.056)
0.038 (0.035–0.041) 0.056 (0.052–0.06) 0.052 (0.049–0.056)

P95 (95 % CI) 0.354 
(0.301–0.403)

0.314 (0.228–0.408) 0.722 
(0.556–0.968)

0.379 (0.324–0.45) 0.744 
(0.603–0.968)

0.613 (0.49–0.71)

1-OHPHEN Effect Size: 
Cohen’s d

0.162 0.037 0.177 0.182 0.202 0.031

p-value <0.001 0.353 <0.001 <0.001 <0.001 0.250
GM (95 % CI) 0.108 

(0.103–0.114)
0.036 (0.033–0.039) 0.12 (0.114–0.125) 0.069 (0.063–0.074) 0.08 (0.075–0.086) 0.13 (0.124–0.136)

P95 (95 % CI) 0.513 
(0.425–0.619)

0.218 (0.182–0.248) 0.522 (0.462–0.57) 0.503 (0.408–0.604) 0.512 
(0.454–0.569)

0.568 (0.512–0.611)

2-OHPHEN Effect Size: 
Cohen’s d

0.148 0.147 0.182 0.097 0.121 0.045

p-value <0.001 <0.001 <0.001 0.027 0.007 0.122
GM (95 % CI) 0.054 

(0.051–0.057)
0.065 (0.061–0.069) 0.06 (0.058–0.063) 0.066 (0.062–0.07) 0.073 (0.07–0.076) 0.062 (0.06–0.065)

P95 (95 % CI) 0.312 
(0.259–0.431)

0.328 (0.239–0.528) 0.234 
(0.204–0.263)

0.434 (0.335–0.546) 0.316 
(0.261–0.379)

0.311 (0.273–0.366)

3-OHPHEN Effect Size: 
Cohen’s d

0.16 0.138 0.302 0.058 0.015 0.131

p-value <0.001 <0.001 <0.001 0.172 0.727 <0.001
GM (95 % CI) 0.041 

(0.039–0.044)
0.045 (0.042–0.047) 0.073 

(0.069–0.076)
0.048 (0.045–0.052) 0.079 

(0.075–0.082)
0.066 (0.063–0.07)

P95 (95 % CI) 0.302 
(0.236–0.373)

0.219 (0.165–0.342) 0.329 
(0.293–0.372)

0.37 (0.281–0.421) 0.359 
(0.311–0.411)

0.361 (0.326–0.403)

4-OHPHEN Effect Size: 
Cohen’s d

0.029 0.148 0.066 0.139 0.138 0.024

p-value 0.312 <0.001 0.017 0.002 0.003 0.405
GM (95 % CI) 0.025 

(0.024–0.027)
0.029 (0.026–0.031) 0.027 

(0.026–0.029)
0.029 (0.027–0.032) 0.031 

(0.029–0.033)
0.028 (0.026–0.029)

P95 (95 % CI) 0.147 
(0.119–0.172)

0.245 (0.195–0.301) 0.176 
(0.155–0.206)

0.245 (0.199–0.296) 0.26 (0.23–0.304) 0.185 (0.155–0.217)

9-OHPHEN Effect Size: 
Cohen’s d

0.081 0.125 0.028 0.078 0.145 0.088

(continued on next page)
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influence negatively the measured levels of 1-OHNAP. A similar pattern 
was observed in the analysis of 2-OHNAP, where, in addition to cigarette 
smoke exposure, a statistically significant correlation was found with the 
season during which the sample was collected. While the sampling 
season was also found to influence the exposure patterns of 1-OHNAP 
(winter and spring identified with higher exposure levels compared to 
the other seasons), this effect was not statistically significant. Notably, 
for both metabolites and cigarette smoke exposure, the VIF was less than 
five. Similar findings for smoking have been reported by Raponi et al. 
(2017) and Wang et al. (2024). Dietary habits were also found to 
contribute to naphthalene exposure, significantly for 1-OHNAP and also 
for 2-OHNAP. Exposure to open fireplaces was statistically significant 
for both 1-OHNAP and 2-OHNAP. In the 1-OHNAP model (VIF < 5), 
winter was set as the reference category, whereas in the 2-OHNAP model 
(VIF > 5), higher multicollinearity led to the retention of coefficients for 
all seasons. To this end, the 2-OHNAP model exhibited lower multi-
collinearity, allowing for the inclusion of coefficients for all seasonal 

categories. Additionally, 1,2-DHN, which was measured exclusively in 
Luxembourg, further confirmed the negative contribution of any form of 
cigarette smoke to exposure levels, except for the mean number of cig-
arettes smoked on a daily basis which further supports the quantitative 
relationship of smoking and exposure to naphthalene metabolites. 
Smoking was also identified as an exposure determinant by Klotz et al. 
(2011). Degree of urbanization and household income were also found 
to contribute to 1,2-DHN levels. The levels of PAH exposure were 
observed to be lower among participants living in more decentralized or 
rural areas. Finally, the gender of the participants emerged as a deter-
minant of exposure, as it was included in all three models (with p-values 
< 0.05 in the models for 2-OHNAP and 1,2-DHN). At 1,2-DHN model, 
seasonal variations were not found to contribute to the exposure levels. 
It is worth noting that at country level, for instance, in Denmark rural 
seems to be associated with more PAH exposure than cities/town, which 
might be unexpected as less exhaustion from traffic is expected in rural 
areas. However, in Denmark it is more likely to use burning stoves as an 

Table 4 (continued )

Metabolites 
(N) 

Statistical test North vs South North vs East North vs West South vs East West vs East South vs West

*Ntotal: 1039 *Ntotal: 971 *Ntotal: 1487 *Ntotal: 1124 *Ntotal: 1572 *Ntotal: 1640

Standardised urinary levels (μg/g creatinine)

p-value <0.001 <0.001 0.253 0.058 0.002 0.003
GM (95 % CI) 0.08 (0.075–0.085) 0.085 (0.079–0.092) 0.067 

(0.064–0.070)
0.088 (0.083–0.095) 0.074 (0.07–0.079) 0.074 (0.07–0.077)

P95 (95 % CI) 0.546 
(0.454–0.627)

0.645 (0.475–0.85) 0.364 
(0.332–0.423)

0.641 (0.558–0.798) 0.499 
(0.427–0.626)

0.486 (0.417–0.574)

3-OHBAP Effect Size: 
Cohen’s d

0.293 0.216 0.644 0.400 0.981 0.578

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
GM (95 % CI) 0.055 

(0.051–0.059)
0.024 (0.023–0.025) 0.0001 (0.0–0.001) 0.046 (0.043–0.05) 0.001 

(0.001–0.001)
0.003 (0.003–0.004)

P95 (95 % CI) 0.384 
(0.348–0.431)

0.088 (0.072–0.12) 0.051 (0.041–0.07) 0.371 (0.333–0.41) 0.039 
(0.032–0.044)

0.338 (0.311–0.371)

1-OHPYR Effect Size: 
Cohen’s d

0.225 0.225 0.251 0.165 0.136 0.071

​ p-value <0.001 <0.001 <0.001 <0.001 <0.001 0.005
​ GM (95 % CI) 0.06 (0.057–0.064) 0.083 (0.077–0.089) 0.084 (0.08–0.088) 0.091 (0.086–0.098) 0.105 (0.1–0.111) 0.089 (0.085–0.094)
​ P95 (95 % CI) 0.325 (0.273–0.41) 0.643 (0.525–0.743) 0.409 

(0.375–0.461)
0.623 (0.524–0.696) 0.557 

(0.485–0.609)
0.435 (0.404–0.486)

* N represents the total number of participants of each subset. ** Effect size =< 0.2: small effect, 0.2 < Effect size =< 0.8: Medium effect, and Effect size > 0.8: Large 
effect.

Fig. 3. Geometric means comparison of PAH metabolites between the countries and European regions (creatinine-standardized urinary levels in μg/g creatinine). In 
the present table we provide a heatmap-overview of the geometric means depending on the measurements that each country performed in relation to the rest of the 
countries for each metabolite. The lowest value for each metabolite is zero. In the heatmap, lower values are represented by green shades, transitioning to red for 
higher values. The intensity of the color does not reflect a risk or toxicity pattern but is intended solely for comparison purposes, highlighting the need for a more in- 
depth analysis to derive meaningful conclusions about potential risks or toxicity associated with these levels. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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additional source of heating if a participant lives in rural areas compared 
to cities (data not shown). Gender differences were similarly noted in 
other studies (Guo et al., 2014, Uppstad et al., 2011, Kim and Karthikraj, 
2021) driving the exposure levels in higher levels in females compared 
to males.

In the models developed for fluorene metabolites (Fig. 11), exposure 
to cigarette smoke was also found to be statistically significant though 
with a negative contribution. Nevertheless, the number of cigarettes 
smoked daily positively correlated with fluorene metabolite levels, 
further supporting the indication of a dose–response relationship. This 
indication is reinforced by the low VIFs (<5) and the statistical signifi-
cance of the associations (<0.05). Wang et al. (2024) also report that 
some of the fluorene metabolites are related to smoking. It is important 
to also note that for cigarette-related variables, the VIFs were less than 5 
for all the metabolites in question. Furthermore, the sampling season 
appears to influence exposure levels for all fluorene metabolites. Similar 
reports are also reported from other studies (Cong et al., 2010, Eiguren- 
Fernandez et al., 2007, Styszko et al., 2016, Dat et al., 2018). 

Specifically, for 3-OHFLUO and 9-OHFLUO, the year of sampling was 
negatively associated with the measured levels. This aspect could indeed 
be relevant to the REACH regulations, though a time-series analysis 
would be necessary to confirm any regulatory alignment or patterns over 
time. Similar evidence was also reported by Li et al. (2021). Our analysis 
indicates an inverse association between educational levels and expo-
sure levels to 3-OHFLUO, with higher education correlating with 
reduced exposure.

For all phenanthrene metabolites (Fig. 12), tobacco products were 
also found to contribute to exposure with statistical significance 
(smoking and/or passive smoking). For some of them metabolites, to-
bacco exposure exhibited varying associations. While the number of 
cigarettes smoked daily showed a positive correlation with most me-
tabolites (except 2-OHPHEN), certain smoking-related variables had 
negative regression coefficients. Although exposure to smoke is a well- 
established determinant of PAH exposure, the low number of partici-
pants reporting smoking may have contributed to potential statistical 
bias or false-positive indications. However, in the case of phenanthrene 

Fig. 4. Geometric means (GM) for Σ(1-OHNAP and 2-OHNAP) in urine unadjusted (μg/L; left) standardized (μg/g creatinine; right) per Regional, NUTS1 and NUTS2 
areas. GMs are given only for those areas with 10 or more participants.

Fig. 5. Creatinine-standardized concentration of Σ(1-OHNAP and 2-OHNAP) in urine (μg/g creatinine) stratified by sex among European citizens. Results have not 
been adjusted for other influencing factors.
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metabolites, a strong positive contribution of the number of cigarettes 
smoked daily was also observed (VIFs < 5; p < 0.05), further supporting 
a dose–response relationship between PAHs and tobacco products. 
Findings from other studies also confirm our claim about the smoking 
association and tobacco (Luo et al., 2021; Jacob et al., 1999; Patel et al., 
2016). The type of sample (urine-spot, urine-24 h, or morning urine) was 
statistically significant for nearly all metabolites, with the exception of 
2-OHPHEN. The year of sampling was a significant factor for all me-
tabolites except 1-OHPEN and 4-OHPEN contributing both positively 
and negatively to the exposure levels. Time trends were also reported as 
contributors to phenanthrene exposure in other studies (Rombolà et al., 
2019; Burkhardt et al., 2023). Lastly, gender was found to influence 
exposure levels for most metabolites, excluding 2-OHPEN and 3- 
OHPEN. Gender, and more specifically females, were found to be a 

determinant of exposure in other studies for phenanthrene as well (Hou 
et al., 2023; Hecht et al., 2006; Guo et al., 2014; Uppstad et al., 2011; 
Kim and Karthikraj, 2021). The degree of urbanization was also found to 
contribute inversely to the exposure levels through the 3-OHPHEN 
metabolite.

For pyrene (Fig. 13), both gender and smoking in any form were 
found to contribute significantly to pyrene exposure, with females 
exhibiting higher exposure levels than males. These findings align with 
previous studies (Suwan-Ampai et al., 2009; Campo et al., 2018), which 
also identified gender and smoking habits as significant factors influ-
encing pyrene exposure. In the case of 1-OHPYR, the number of ciga-
rettes smoked daily was identified as a positive quantitative contributor 
to exposure levels. Additionally, passive smoking within 24 h prior to 
sample collection was also found to positively contribute to increased 

Fig. 6. Creatinine- standardized concentration of Σ(1-OHNAP and 2-OHNAP) in urine (μg/g creatinine) stratified by smoking status among European citizens. 
Results have not been adjusted for other influencing factors.

Fig. 7. Creatinine-adjusted concentration of Σ(1-OHNAP and 2-OHNAP) in urine (μg/g creatinine) stratified by educational level among European citizens. Results 
have not been adjusted for other influencing factors.
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exposure levels. Additionally, the year of sample collection was found to 
be statistically significant for the levels of 1-OHPYR. The more recently 
the sample collected the lower levels identified.

One notable point of interest pertains to participants following a 
vegetarian diet. Traditionally, such diets contain few grilled foods or 
foods exposed to charcoal. As confirmed by the developed models, very 
few metabolites showed a correlation with this dietary pattern, and none 
were statistically significant. Notably, the consumption of local foods or 
cheeses was found to contribute to exposure levels in nearly all models. 
However, further research is needed to ascertain whether the con-
sumption of these foods is genuinely associated with exposure levels. 
Additionally, BMI and weight of participants appeared to be a significant 
factor influencing exposure, as it was identified in nearly all models; 
however, it was never associated with a VIF < 5.

It is important to note that the linearity assumption was upheld in all 
models, and there was no evidence of effect modification, as no signif-
icant interactions were observed between exposures and covariates, or 
between any pair of exposures (data not shown). Overall, the variables 
selected for stratification were found to contribute significantly to 
nearly all multivariate linear regression models developed in the context 
of this study. Last but not least, the relatively small number of smokers in 
our study likely reduced the statistical power, making it more chal-
lenging to detect significant positive associations between most 
smoking-related categorical variables and PAH exposure levels while a 
strong positive contribution was identified with the quantitative ones 
(number of cigarettes smoked daily). To this end, in future PAH studies, 
more balanced recruitment between individuals with both exposure 
patterns might provide clearer indications in this direction.

Finally, understanding the determinants of exposure is critically 
important for advancing the chemical strategy for sustainability. This 
knowledge facilitates the design and implementation of safer and more 
sustainable chemicals by design. Identifying key factors influencing 
human exposure can inform chemical regulation and policymaking, 
supporting targeted measures such as reducing harmful emissions (e.g., 
the regulation of specific PAHs under the umbrella of REACH), opti-
mizing product formulations, and promoting sustainable alternatives. 
Additionally, integrating exposure determinants into decision-making 
processes aligns with the principles of green chemistry and the 

circular economy, promoting innovation while safeguarding the pro-
tection of human health.

4. Strengths and limitations

One significant advantage of this study is its pioneering nature in 
evaluating PAH exposure on a European scale, specifically targeting 
individuals of reproductive age. The inclusion of participants from 10 
European countries facilitated the examination of geographic disparities 
and the identification of factors associated with PAH exposure. 
Furthermore, the study assessed the potential for PAH exposure based on 
numerous factors such as geographic region, sex, smoking habits, degree 
of urbanization, and educational level. Moreover, the extensive dataset 
includes details on a high number of PAH biomarkers, serving as a 
foundation for further assessment and statistical linkage between 
exposure and PAH metabolite urine concentrations, despite potential 
uncertainties in self-reported data. This research study has numerous 
constraints. Originally, individual studies were not designed to evaluate 
only PAH exposure. Consequently, certain PAH-specific questionnaire 
data, such as consumption of grilled or smoked food, indoor use of 
biomass, or potential exposure incidents within 48 h before sampling 
(such as BBQ activities, smoking, or wildfire smoke), are not included in 
all countries considered. As a result of that limited datasets were 
introduced in order to assess PAH exposure due to those factors. For 
example, food patterns were not included in the questionnaires provided 
in Denmark. In general terms, reporting of dietary habits was limited 
across all countries, with the exception of participants from Croatia and 
Switzerland. Additionally, the questionnaires distributed to participants 
varied by country, resulting in unanswered questions in some cases. 
Another significant limitation is the reliance on self-reported smoking 
status without distinguishing former smokers among participants. This 
leads to an uneven comparison between smokers and non-smokers. 
Furthermore, a noteworthy observation is the much larger number of 
non-smokers compared to smokers among the participants leading to 
misinterpretations regarding smoking status and PAH-related exposure. 
Additionally, the frequency of exposure to second-hand smoke was not 
included in all countries’ questionnaires resulting in a smaller dataset 
for the subset tested. The recruitment of participants varied across 

Fig. 8. Creatinine-adjusted concentration of Σ(1-OHNAP and 2-OHNAP) in urine (μg/g creatinine) stratified by degree of urbanization among European citizens. 
Results have not been adjusted for other influencing factors.

A. Karakoltzidis et al.                                                                                                                                                                                                                          Environment International 198 (2025) 109383 

15 



seasons and months, potentially leading to biases arising from differ-
ences in exposure events as illustrated by the multivariate linear 
regression analysis conducted previously. Additionally, the limitations 
of the study extend to not measuring the same number of metabolites in 
all countries and variations in urine sample collection methods (urine 
spot, urine-24 h, and first-morning urine) which was found to be a sig-
nificant contributor to the exposure levels. While detection limits for 
most participating countries were comparable, the wider range observed 
for biomarkers such as 1-OHNAP and 2-OHNAP is primarily due to 
higher LOQs reported by Poland. Such variability in detection limits 
may introduce some bias into the results, especially for samples with 
concentrations near the LOQs. Recognizing this, the European HBM 
program aims to harmonize analytical methodologies and ensure 
consistent quality assurance across laboratories to minimize such biases 
and improve data comparability. One notable limitation that should also 
be considered pertains to the challenges inherent in inter-country and 
inter-EU area (North-South-East-West) comparisons. While the studies 
included were ostensibly regionally and nationally representative, it is 
recognized that achieving true representativeness in exposure-related 
research is unattainable. Often, significant variations are observed be-
tween different regions within countries, surpassing disparities observed 

between distinct nations. Furthermore, it is important to acknowledge 
that some of the studies amalgamated from individual studies and 
incorporated into the HBM4EU database may not accurately reflect the 
representativeness of their respective original studies. Consequently, the 
pursuit of national representativeness becomes further obscured. In 
summary, while the associations and disparities identified in this study, 
such as those related to gender, smoking habits, and educational 
attainment, remain highly pertinent, it is imperative to exercise caution 
when interpreting geographical disparities and conducting inter-country 
comparisons. These nuances underscore the complexity of the 
geographic dimension in the present analysis.

5. Conclusions

In the HBM4EU Aligned Studies, thirteen PAH metabolites (1- 
OHNAP, 2-OHNAP, 1,2-DHN, 2-OHFLUO, 3-OHFLUO, 9-OHFLUO, 1- 
OHPHEN, 2-OHPHEN, 3-OHPHEN, 4-OHPHEN, 9-OHPHEN, 1-OHPYR, 
and 3-OHBAP) were analyzed in the urine samples of adults aged 
20–39 from various European regions between 2014–2021, capturing a 
total of approximately 2611 participants. The study provides detailed 
exposure metrics. These metrics offer a comprehensive overview for 

Fig. 9. Variables that are included in each multivariate linear regression model, with each model represented by distinct arrow colors. Each segment along the outer 
edge represents a variable or biomarker, with lines (chords) connecting variables based on the regression model. The color of the lines corresponds to each one of the 
metabolites. Variables include smoking behaviors, dietary patterns, residential history, and socioeconomic factors seem to be common among the models developed 
indicating determinants of exposure to PAHs.

A. Karakoltzidis et al.                                                                                                                                                                                                                          Environment International 198 (2025) 109383 

16 



Fig. 10. Naphthalene metabolites. Association of 1-OHNAP and 2-OHNAP levels with cigarette smoke exposure (active and passive), number of cigarettes smoked, 
sample type, and additional determinants. Measured 1-OHNAP levels were significantly influenced by smoking status and cigarette consumption within 24 h, while 
sample type negatively affected its levels. Seasonal effects were observed for 1-OHNAP (higher in winter and spring) but were not statistically significant. In contrast, 
2-OHNAP showed a significant seasonal correlation alongside smoking exposure. Additional exposure determinants included dietary habits, open fireplace use, 
urbanization level, household income, and participant gender. It is important to note that in the 1-OHNAP model (VIF < 5), Winter was set as the reference category 
due to lower multicollinearity, whereas in the 2-OHNAP model (VIF > 5), higher multicollinearity led to the retention of coefficients for all seasons. Notably, 1,2- 
DHN, measured exclusively in Luxembourg, confirmed significant associations with cigarette smoke exposure. Gender differences in exposure were statistically 
significant, with higher levels noted among females. For clarity and illustrative purposes, the sample matrix has been omitted from this figure. However, the complete 
details of this model are provided in Table S19 within the supplementary material for reference.
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Fig. 11. Fluorene metabolites. Exposure determinants for fluorene metabolites, highlighting the statistically significant role of cigarette smoke exposure. Significant 
contributors to 2-OHFLUO and 3-OHFLUO exposure included open fire sources (e.g., fireplaces) and consumption of smoked foods within 24 h before sampling. 
Seasonal variations influenced all fluorene metabolites. Negative associations between sampling year and levels of 3-OHFLUO and 9-OHFLUO suggest potential 
regulatory impacts. Additionally, higher educational levels were inversely associated with 3-OHFLUO exposure, indicating reduced exposure among individuals with 
greater education. For clarity and illustrative purposes, the sample matrix has been omitted from this figure. However, the complete details of this model are provided 
in Table S20 within the supplementary material for reference.
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comparing individual or subgroup concentrations across major de-
mographic dimensions. Our findings highlight significant PAH exposure 
across Europe, with particularly notable levels of the naphthalene me-
tabolites 2-OHNAP and 1-OHNAP, indicating widespread exposure to 
substances classified as potentially carcinogenic (Group 2B by IARC). 
However, a more comprehensive evaluation, such as e.g., exposure 
reconstruction, is necessary to accurately assess the associated risks and 
cancer potential linked to naphthalene exposure. Furthermore, it is 

important to address the existing gap in Human Biomonitoring Guidance 
Values (HBMGVs), which are currently absent, in order to enable robust 
risk assessments for the PAHs in the future.

Country-specific stratification reveals heterogeneity in creatinine- 
adjusted metabolite levels illustrating the varied exposure landscape 
across Europe. Geographical analysis indicates regional disparities in 
exposure, especially higher metabolite levels in northern regions, hint-
ing at specific regional PAH sources. Stratification by sex did not reveal 

Fig. 12. Phenanthrene metabolites. Determinants of exposure to phenanthrene metabolites, including the statistically significant contribution of tobacco products 
(smoking and passive smoking). The type of sample (e.g., urine-spot, urine-24 h, or morning urine) significantly influenced exposure levels for nearly all metabolites 
except 2-OHPHEN, but for illustration purposes it is not included in this figure. Sampling year was a significant factor for all metabolites except 1-OHPHEN and 4- 
OHPHEN, with both positive and negative associations to be observed. Gender differences influenced exposure levels for most metabolites (excluding 2-OHPHEN and 
3-OHPHEN), with higher exposure levels observed among females. Additionally, urbanization was inversely associated only with exposure to 3-OHPHEN, high-
lighting the complex interplay of lifestyle and environmental factors. For clarity and illustrative purposes, the sample matrix has been omitted from this figure. 
However, the complete details of this model are provided in Table S21 within the supplementary material for reference.
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significant differences in exposure; however, gender, more specifically 
females, was identified as a determinant of exposure for nearly all PAH 
metabolites in the multivariate linear regression modeling. In contrast, 
variations in educational level and urbanization suggest that lower ed-
ucation and higher levels of urbanization are associated with increased 
PAH exposure. Some of the models confirmed this indication but more 
research needs to be performed in this direction. Notably, smokers show 
significantly higher PAH levels than non-smokers, underlining the in-
fluence of smoking habits on exposure. Multivariate analysis shows that 
any kind of smoking exposure is a significant contributor to PAH 
exposure. Additionally, smoked food, meat and exposure to places with 
smoke also contribute significantly to the exposure levels. These insights 
not only show the necessity to develop Human Biomonitoring Guidance 
Values (HBM-GVs) for selected PAHs and support regulatory actions to 
further reduce the exposure to this group of substances but also pinpoint 
areas necessitating further investigation, including the effects of PAHs in 
human health.

HBM is one of the cornerstones in the chemical strategy for sus-
tainability because it may provide direct measurable insights into the 
exposure of humans to environmental chemicals and potential health 
effects. It bridges the gaps in environmental contamination and human 
health through the assessment of the presence of chemical substances, 
and their metabolites, in biological matrices (e.g., urine). This approach 
not only provides identification of emerging risks but also underpins 
regulatory frameworks by providing real data that inform exposure 
limits and safety standards. The HBM even allows for effectiveness 
assessment of policy measures taken for reducing harmful exposures, 
such as hazardous substance restrictions. Through an environmental 
policy perspective concerning sustainable development, HBM allows 
evidence-based decisions on the proper design of benign chemicals to 
attain aims regarding the protection of public health while minimizing 
damage to the environment.
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Haug, L.S., Horvat, M., Halldórsson, T.I., Janasik, B., Holcer, N.J., Kakucs, R., 
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