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A B S T R A C T   

Background: Perfluoroalkyl substances (PFAS) are man-made fluorinated chemicals, widely used in various types 
of consumer products, resulting in their omnipresence in human populations. The aim of this study was to 
describe current PFAS levels in European teenagers and to investigate the determinants of serum/plasma con
centrations in this specific age group. 
Methods: PFAS concentrations were determined in serum or plasma samples from 1957 teenagers (12–18 years) 
from 9 European countries as part of the HBM4EU aligned studies (2014–2021). Questionnaire data were post- 
harmonized by each study and quality checked centrally. Only PFAS with an overall quantification frequency of 
at least 60% (PFOS, PFOA, PFHxS and PFNA) were included in the analyses. Sociodemographic and lifestyle 
factors were analysed together with food consumption frequencies to identify determinants of PFAS exposure. 
The variables study, sex and the highest educational level of household were included as fixed factors in the 
multivariable linear regression models for all PFAS and each dietary variable was added to the fixed model one 
by one and for each PFAS separately. 
Results: The European exposure values for PFAS were reported as geometric means with 95% confidence intervals 
(CI): PFOS [2.13 μg/L (1.63–2.78)], PFOA ([0.97 μg/L (0.75–1.26)]), PFNA [0.30 μg/L (0.19–0.45)] and PFHxS 
[0.41 μg/L (0.33–0.52)]. The estimated geometric mean exposure levels were significantly higher in the North 
and West versus the South and East of Europe. Boys had significantly higher concentrations of the four PFAS 
compared to girls and significantly higher PFASs concentrations were found in teenagers from households with a 
higher education level. Consumption of seafood and fish at least 2 times per week was significantly associated 
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with 21% (95% CI: 12–31%) increase in PFOS concentrations and 20% (95% CI: 10–31%) increase in PFNA 
concentrations as compared to less frequent consumption of seafood and fish. The same trend was observed for 
PFOA and PFHxS but not statistically significant. Consumption of eggs at least 2 times per week was associated 
with 11% (95% CI: 2–22%) and 14% (95% CI: 2–27%) increase in PFOS and PFNA concentrations, respectively, 
as compared to less frequent consumption of eggs. Significantly higher PFOS concentrations were observed for 
participants consuming offal (14% (95% CI: 3–26%)), the same trend was observed for the other PFAS but not 
statistically significant. Local food consumption at least 2 times per week was associated with 40% (95% CI: 
19–64%) increase in PFOS levels as compared to those consuming local food less frequently. 
Conclusion: This work provides information about current levels of PFAS in European teenagers and potential 
dietary sources of exposure to PFAS in European teenagers. These results can be of use for targeted monitoring of 
PFAS in food.   

1. Introduction 

Perfluoroalkyl substances (PFAS) are human-made fluorinated 
chemical compounds, listed by Stockholm Convention (2019) as 
persistent organic pollutants. They are persistent in the environment, 
widespread and bioaccumulating in both humans and wildlife. The use 
of PFAS include surface coating and protectant formulations, fire
fighting foams, paper and cardboard packaging products, carpets, 
leather products, and water- and stain-proof textiles (ATSDR, 2018). The 
wide use of these chemicals resulted in their presence in the body of 
almost every human (Berg et al., 2014; Kato et al., 2014; Liu et al., 2011; 
Mørck et al., 2015; Schoeters et al., 2017). Due to its adverse health 
effects, perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid 
(PFOA) were phased out by major manufacturers since 2000 and 2006, 
respectively (Dassuncao et al., 2018; Xu et al., 2021) and have been 
restricted under the EU’s Persistent Organic Pollutants Regulation in 
2009 and 2019 (PFOS and PFOA, respectively). Another substance in 
PFAS group, perfluorohexane sulfonic acid (PFHxS), is under consider
ation for inclusion in the Stockholm Convention as well (Stockholm 
Convention, 2019). Despite the phase out, PFOS and PFOA were still 
predominant PFAS substances in European newborns years after the 
regulation (Cariou et al., 2015; Colles et al., 2020; Richterová et al., 
2018). Besides, new substitutes of restricted PFAS are emerging, such as 
shorter-chain PFAS analogues (Xu et al., 2021). In the general popula
tion, exposure to PFAS can occur through contaminated air, drinking 
water, food, soil and dermal uptake (ATSDR, 2018; Ragnarsdóttir et al., 
2022). Most of the previous studies on PFAS exposure have been done in 
pregnant women, newborns, or adults, however, less attention is paid to 
teenagers. However, some recent studies showed associations between 
high PFAS exposure in teenagers and higher risk of health outcomes, 
such as dyslipidemia, hypertension, obesity (Averina et al., 2021), 
asthma (Averina et al., 2019) or association with levels of reproductive 
hormones (Tsai et al., 2015). 

Determinants of exposure to chemicals in teenagers might differ from 
those of children, since the typical hand-to-mouth behaviour of young 
children can lead to different ways of exposure. Exposure determinants 
of PFAS of teenagers may also differ from those of adults. Unlike teen
agers, adults can be occupationally exposed to PFAS, and the use of PFAS 
containing products probably vary between these two age groups. Pre
vious studies reported associations with parity, breastfeeding or 
educational level and PFAS levels in serum or plasma (Berg et al., 2014; 
Bjerregaard-Olesen et al., 2016; Kato et al., 2014; Richterová et al., 
2018; Sagiv et al., 2015). However, in teenagers, these determinants 
most likely do not play a major role in their PFAS exposure, except of 
educational level of household, which could be linked to the lifestyle of 
members of household. Also, the shift from more parent-dependent 
behaviour of a child to more (but not-fully) independent behaviour of 
teenagers must be taken into account. Altogether, it gives a unique op
portunity to explore determinants of PFAS exposure in this very specific 
age group in both sexes, before occupational exposure or giving birth 
can step in as the main determinants of PFAS concentrations. 

EFSA reported detectable PFAS levels in various types of food sam
ples obtained from 16 European countries and tolerable weekly intake 

(TWI) of 4.4 ng/kg body weight was derived for the sum of PFOA, PFOS, 
PFNA and PFHxS (EFSA, 2020). This suggests that diet can be an 
important source of PFAS exposure also for teenagers. In this study, we 
describe exposure levels of PFAS in European teenagers of the HBM4EU 
aligned studies (2014–2021), explore differences in exposure levels 
between the geographical regions (North, East, South, West) and 
examine the associations between sociodemographic characteristics, 
dietary patterns and serum/plasma PFAS levels in pooled data from 9 
European countries. 

2. Methods 

2.1. Study population 

This study was conducted as a part of the European Human Bio
monitoring Initiative (HBM4EU) aligned studies. The aim of this 
initiative was to harmonise human biomonitoring in Europe to support 
policy making (Ganzleben et al., 2017). Design and general character
istics of the HBM4EU aligned studies was described elsewhere (Gilles 
et al., 2021, 2022). Briefly, the HBM4EU aligned studies collected 
comparable exposure data, questionnaire data and data on health out
comes across the European studies. The population was divided into 
three age groups: children (6–11 years), teenagers (12–19 years) and 
adults (20–39 years), and in each age group prioritized chemical sub
stances were analysed. PFAS exposure was selected to be measured in 
the teenagers age group only. Blood samples were taken by clinical staff. 
Questionnaires were filled out by interviewer or the study participants 
themselves and/or their parents. 9 out of 11 European studies of teen
agers included in the aligned studies determined PFAS concentrations in 
blood samples: ESTEBAN (Étude de santé sur l’environnement, la bio
surveillance, l’activité physique et la nutrition; France; Fillol et al., 
2021), GerES V-sub (German Environmental Survey, 2014–2017, un
weighted subsample; Germany; Schultz et al., 2021), Riksmaten Ado
lescents 2016–17 (Sweden; Moraeus et al., 2018), NEBII (Norwegian 
Environmental Biobank II; Norway; Magnus et al., 2016), FLEHS IV 
(Flemish Environment and Health Study IV; Belgium; Schoeters et al., 
2022), BEA (Biomonitorización en Adolescentes; Spain; Pérez-Gómez 
et al., 2013), SLO CRP (Exposure of children and adolescents to selected 
chemicals through their habitat environment; Slovenia; Stajnko et al., 
2020), PCB cohort follow-up (Endocrine disruptors and health in chil
dren and teenagers in Slovakia; Slovakia; Hertz-Picciotto et al., 2003) 
and CROME (Cross-Mediterranean Environment and Health Network; 
Greece) (Table 1). All studies had obtained ethical approval and all 
participants or their legal guardians signed an informed consent prior to 
participation. 

2.2. Exposure assessment 

Blood samples of teenagers were collected and analysed in labora
tories that participated and obtained successful results in the HBM4EU 
Quality Assurance/Quality Control (QA/QC) programme (Esteban 
López et al., 2021). The proficiency of laboratories for the analysis of 
PFAS in serum comprised one round of interlaboratory comparison 
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investigations (ICI) and three rounds of external quality assurance 
schemes (EQUAS) (Nübler et al., 2022). 21 laboratories from 12 coun
tries achieved satisfactory results for at least six of PFAS biomarkers. 
ESTEBAN and GerES V-sub PFAS exposure data were generated before 
the HBM4EU QA/QC programme, but the laboratories successfully 
participated in the HBM4EU QA/QC programme, thus exposure data 
were deemed comparable and approved a posteriori by the HBM4EU 
Quality Assurance Unit (QAU) (Table S1). Data for Riksmaten Adoles
cents 2016-17 were generated before the HBM4EU QA/QC scheme and 
were evaluated as comparability not guaranteed by the HBM4EU QAU. 
Sensitivity analysis was performed to see if the data from Sweden 
affected the calculated European exposure values and geographical 
comparisons. Concentrations of twelve PFAS were measured in blood 
serum or plasma: perfluorooctane sulfonic acid (PFOS), per
fluorooctanoic acid (PFOA), perfluorohexane sulfonic acid (PFHxS), 
perfluorononanoic acid (PFNA), perfluorohexanoic acid (PFHxA), per
fluoropentanoic acid (PFPeA), perfluoroheptanoic acid (PFHpA), per
fluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), 
perfluoroheptanane sulfonic acid (PFHpS), perfluorododecanoic acid 
(PFDoDA) and perfluorobutane sulfonic acid (PFBS). Information with 
regard to biological matrix, analytical method, type of forms measured, 
and HBM4EU QA/QC label for each of the studies can be found in 
Supplementary material (Table S1). The limit of quantification (LOQ) 
differed across the studies, more details can be found in Supplementary 
material (Table S2). 

2.3. Questionnaire data 

Only few studies used the modified questionnaires developed within 
the HBM4EU project, other studies were already ongoing or finished, 
therefore different questionnaires were applied across the studies and 
post-harmonization was necessary. The post-harmonization process for 
questionnaire data was done by each study according to the HBM4EU 
codebook (https://doi.org/10.5281/zenodo.6598532). Data on socio
demographic and lifestyle factors were gathered for this study. The 
variables included sex and age of participant, degree of urbanization, the 
highest educational level of household, occupation of the participant 
(part time job relevant only for older participants), alcohol consumption 
and smoking of participant. A subject’s living environment is classified 
according to the degree of urbanisation (DEGURBA) classification of 
Eurostat distinguishing three levels of urbanisation. i.e. densely popu
lated area (cities), intermediate density area (towns and suburbs) and 
thinly populated area (rural area) (Lewis Dijkstra, 2014). Data on 
educational level were categorized based on The International Standard 
Classification of Education (ISCED, 2012): low education (ISCED 0–2), 
medium education (ISCED 3–4), high education (ISCED ≥5). Smoking, 
alcohol consumption and occupation of participant were categorized as 
yes or no. We also received information about recent renovation works 
in the residency, however variable renovation was not provided by 
Riksmaten Adolescents and GerES V-sub study. Data on many other 

variables that may be important for PFAS-exposure such as use of 
impregnated clothes or sport equipment, data on food packaging, 
popcorn consumption or use of Teflon cookware were missing in most of 
the studies. 

Dietary factors were analysed as potential determinants of PFAS 
exposure. We received data on consumption of seafood, fish (including 
freshwater and sea fish when available), meat, offal, milk and dairy 
products, eggs, local food and fast food (consumption over the last year 
or 24 h). Frequency of food consumption for each variable was divided 
into 6 categories: 0 = Never, 1 = Rarely (<1x/month), 2 = Sometimes 
(≤1x/week but ≥1x/month), 3 = Often (2-3x/week), 4 = Very Often (4- 
6x/week), 5 = Everyday (≥7x/week). Since we observed low percentage 
of subjects in some categories of food consumption (Table 3), we 
decided to group some categories together based on the proportion of 
subjects in each category of frequency. Seafood and fish, eggs con
sumption and consumption of local food was dichotomised: <2x/week 
or ≥2x/week, meat consumption was grouped into 3 categories: ≤1x/ 
week, 2-3x/week, ≥4x/week, offal was categorized as never or some
times, milk and dairy consumption was categorized as <4x/week or 
≥4x/week, and fast food consumption was grouped into 3 categories: 
<1x/month, ≥1x/month but ≤1x/week, ≥2x/week. No data on seafood 
consumption were available in PCB cohort follow-up. In Riksmaten 
Adolescents cohort, seafood and fish consumption were the only dietary 
variables provided. Fast food consumption was missing in FLEHS IV and 
data on local food consumption were provided by 4 out of 9 studies: 
CROME, SLO CRP, PCB cohort follow-up and FLEHS IV. Variable local 
food included consumption of plant-based and animal-based locally 
produced food in PCB cohort follow-up and plant-based local food 
consumption in CROME, SLO CRP and FLEHS IV. We also obtained data 
on type (bottled, tap, ground water or other) and source of drinking 
water (public, private well or both). Data on the type of drinking water 
consumed were missing in Riksmaten Adolescents and GerES V-sub 
study and source of drinking water was missing in ESTEBAN study. 
Overall, only 5 people responded that the source of water at home is 
both public and private well. The answer itself does not provide any 
information on the potential source of exposure, thus we decided to treat 
this category as missing. 

2.4. Data management and statistical analysis 

Harmonized data were uploaded to a data platform, quality checked 
by the central data management team (checking for outliers, coding, 
inconsistencies, etc.) and after that, the final dataset was provided for 
statistical analyses. Statistical analyses were performed using statistical 
programs, SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) and SPSS 
(version 22). Concentrations below LOQ were imputed, using a trun
cated lognormal distribution (Lubin et al., 2004). The imputation was 
done per biomarker and per data collection. Random values were 
imputed (between 0 and the LOQ) from the lognormal distribution with 
the estimated mean and standard deviation. Distribution of PFAS con
centrations were skewed and concentrations were ln-transformed using 
natural logarithm. Only PFAS with an overall quantification frequency 
of at least 60% were included for further analysis, and this includes 
PFOS, PFOA, PFHxS and PFNA. 

European exposure values were derived as geometric means with 
their 95% confidence intervals (CIs) using the survey procedure in SAS 
with country as cluster to account for the complex survey design when 
calculating variance estimates. To look into the effect of geographical 
region on the estimated exposure values, region was tested in a survey 
regression model adjusted for sex of the participant and educational 
level of the household. A p-value < 0.05 was taken as significance level. 
A sensitivity analysis was performed to check the influence of the PFAS 
data from Sweden, for which the comparability was not guaranteed by 
the HBM4EU QAU, on the estimated European exposure values and 
geographical comparisons. 

To identify possible exposure determinants, association between 

Table 1 
Description of participating studies with PFAS concentrations data available.  

Study Countrya Region N Sampling 
year 

Age 
(years) 

Riksmaten 
Adolescents 

Sweden North 300 2016–2017 12–17 

NEB II Norway North 177 2016–2017 12–14 
PCB cohort follow- 

up 
Slovakia East 292 2019–2020 15–17 

BEA Spain South 299 2017–2018 13–17 
SLO CRP Slovenia South 94 2018 12–15 
CROME Greece South 52 2020–2021 12–18 
ESTEBAN France West 143 2014–2016 12–17 
GerES V-sub Germany West 300 2014–2017 12–17 
FLEHS IV Belgium West 300 2017–2018 13–16  

a The HBM4EU aligned studies are not all country representative studies. 
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each PFAS and each variable (sex, age, education, sampling year, degree 
of urbanisation, smoking, renovation) was examined in the individual 
studies and in the pooled sample of teenagers by univariate linear 
regression. Directed acyclic graphs were plotted to prioritize potential 
predictors of exposure (data not shown). The variables study, sex and 
the highest educational level of household were included as fixed factors 
in the multiple linear regression (MLR) models for all PFAS, because of 
their significance in the univariate analysis. Age of participants in years 
was not significant in the multiple regression analysis and was not 
included as a fixed factor in further analyses. Next, we built separate 
model for each dietary variable and each PFAS, adjusted for the fixed 
factors. Using this approach, we were able to identify dietary de
terminants of PFAS exposure, while taking into account important 
general characteristics, such as sex and educational level of household, 
and differences between countries (studies). Beta coefficients were 
exponentiated and presented are the effect estimates that represent 
proportional changes in PFAS concentrations in each category compared 
to the reference category. 

As a sensitivity analysis, we included sampling year in MLR model as 
another potential determinant of PFAS exposure. We also compared 
results of MLR with/without educational level. Final MLR models used 
in the pooled data analysis were applied to study-by-study analysis as 
well. 

3. Results 

General characteristics of the teenagers (households), and their food 
consumption behaviour are described in Tables 2 and 3 respectively. 

Table 2 
General characteristics of the study population (n = 1957).  

Characteristics n (%) or AM ± SD Missinga n (%) 

Teenager 

Sex  0 (0) 
Boys 937 (48)  
Girls 1020 (52)  
Age (in years) 14.5 ± 1.4 4 (0) 
Active smoking 
Yes 98 (7) 572 (29) 
No 1287 (93)  
Passive smoking 
Yes 331 (25) 647 (33) 
No 979 (75)  
Alcohol 
Yes 680 (56) 753 (38) 
No 524 (44)  
Occupation 
Yes 124 (7) 99 (5) 
No 1734 (93)  

Household 

Region  0 (0) 
North 477 (24)  
South 445 (23)  
West 743 (38)  
East 292 (15)  
Educational level of household  43 (2) 
Low (ISCED 0–2) 162 (8)  
Medium (ISCED 3–4) 737 (39)  
High (ISCED ≥ 5) 1015 (53)  
Degree of urbanization  2 (0.1) 
Cities 620 (32)  
Towns and suburbs 750 (38)  
Rural areas 585 (30)  
Recent renovation 
Yes 492 (39) 681 (35) 
No 784 (61)  

AM = arithmetic mean; SD = standard deviation. 
a In some studies variable was not included in the questionnaire (see Sup

plementary Material Table S3). 

Table 3 
Food and drinking water consumption in population of European teen
agers (n = 1957).   

n (%) Missing n (%)* 

Drinking water  912 (47) 

Bottled 141 (13)  
Tap 810 (78)  
Ground 24 (2)  
Other 70 (7)  
Drinking water - source  391 (20) 
Public 1488 (95)  
Private well 73 (4)  
Both 5 (1)  

Food consumption 

Fish  131 (7) 
never 187 (10)  
<1x/month 279 (16)  
≤1x/week but ≥ 1x/month 826 (45)  
2-3x/week 332 (18)  
4-6x/week 150 (8)  
≥7x/week 52 (3)  

Seafood  362 (19) 
never 145 (9)  
<1x/month 69 (4)  
≤1x/week but ≥ 1x/month 741 (47)  
2-3x/week 416 (26)  
4-6x/week 164 (10)  
≥7x/week 60 (4)  

Meat  346 (18) 
never 19 (1)  
<1x/month 91 (6)  
≤1x/week but ≥ 1x/month 332 (21)  
2-3x/week 241 (15)  
4-6x/week 394 (24)  
≥7x/week 534 (33)  

Offal  638 (33) 
never 870 (66)  
<1x/month 365 (28)  
≤1x/week but ≥ 1x/month 76 (5)  
2-3x/week 8 (1)  
4-6x/week -  
≥7x/week -  

Milk and dairy products  344 (18) 
never 50 (3)  
<1x/month 34 (2)  
≤1x/week but ≥ 1x/month 403 (25)  
2-3x/week 160 (10)  
4-6x/week 191 (12)  
≥7x/week 775 (48)  

Eggs  640 (33) 
never 39 (3)  
<1x/month 123 (9)  
≤1x/week but ≥ 1x/month 770 (58)  
2-3x/week 311 (24)  
4-6x/week 60 (5)  
≥7x/week 14 (1)  

Fast food  638 (33) 
never 130 (10)  
<1x/month 408 (31)  
≤1x/week but ≥ 1x/month 528 (40)  
2-3x/week 185 (14)  
4-6x/week 58 (4)  
≥7x/week 10 (1)  

Local food  1221 (62) 
never 193 (26)  
<1x/month 226 (30)  
≤1x/week but ≥ 1x/month -  
2-3x/week 4 (1)  
4-6x/week 6 (1)  
≥7x/week 307 (42)  

* In some studies variable was not included in the questionnaire (see Supple
mentary Material Table S4). 
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Mean age of teenagers at sampling was 14.5 (±1.4) years and 52% were 
girls. 7% of teenagers already had a part-time job. More than a half 
(56%) of the study population have ever drunk an alcoholic beverage, 
7% were smokers and 25% of teenagers reported exposure to passive 
smoking. The largest number of participants were from Western Europe 
(38%), while Eastern Europe was represented only by one study (15%). 
More than half of the households had high educational level, only 8% of 
households had low educational level. 30% of teenagers was living in 
cities, 38% in towns or suburbs and 30% in rural areas, however, cate
gories were not equally represented in some studies. For example, in 
PCB cohort follow-up, none of the participants was living in cities and in 
SLO CRP study, all the participants were living in rural area. On the 
other hand, in BEA and CROME studies, majority of participants was 
living in cities (86 and 73%, respectively). Recent renovation was re
ported by 39% of the households. The main source of drinking water was 
public source (95%) and the most common type of drinking water was 
tap water (78%). For food consumption, 10% of teenagers never ate fish 
and 9% never ate seafood. Fish consumption several times per week was 
reported by 29% of study population and even more (40%) ate seafood 
more than once a week. Meat was consumed everyday by 33% of 
teenagers, only 1% never ate meat. On the other hand, 66% of teenagers 
responded that they never ate offal. Almost half of the study population 
(48%) consumed milk and/or dairy products daily. Majority of partici
pants (58%) consumed eggs several times per month but less than once a 
week. Fast food consumption several times per week was reported by 
19% of teenagers, 10% never consumed fast food. 44% of teenagers 
consumed local food several times per week, however, data on con
sumption of local food was available only in 4 studies. Detailed char
acteristics of study participants in each study are presented in the 
Supplementary Tables S3 and 4. 

Supplementary Table S2 gives an overview of the LOQ, percentage of 
samples above LOQ, and observed percentiles per compound per data 
collection. Only PFOS, PFOA, PFNA and PFHxS were quantified for at 
least 60% (PFOS 100%, PFOA 98%, PFHxS 81% and PFNA 80%) in the 
overall population, and were explored in further analyses. 

For PFNA, GerES V-sub was excluded from the statistical analyses as 
only 12% of the values were quantified due to a high LOQ of 0.5 μg/L in 
comparison with the other LOQs (0.012–0.288 μg/L) (Table S2). For 
PFHxS, BEA was excluded from the statistical analyses as only 20% of 
the values were quantified due to a high LOQ of 0.34 μg/L in comparison 
with the other LOQs (0.014–0.25 μg/L) (Table S2). 

PFOS is the most abundant PFAS compound, with an overall GM and 
95% CI of 2.13 μg/L (95% CI: 1.63–2.78), followed by PFOA [0.97 μg/L 
(95% CI: 0.75–1.26)], PFHxS [0.41 μg/L (0.33–0.52)] and PFNA [0.30 
μg/L (0.19–0.45)]. In the basic model adjusted for sex and educational 
level of the household, geographical region was a strongly influencing 
factor on the estimated exposure levels. Significantly higher levels were 
observed in the North (represented by 2 studies from NO and SE) and 
West (represented by 3 studies from FR, DE and BE) of Europe versus the 
South (represented by 3 studies from ES, EL, SI) and East (only repre
sented by one study from SK) of Europe (Fig. 1) for all four PFASs, except 
for PFNA for which the observed difference between West and South was 
not statistically significant, while the East was significantly lower in 
comparison with all other regions. Excluding the data from Sweden, for 
which the comparability was not guaranteed by the HBM4EU QAU, did 
not affect the interpretation of the results (data not shown). 

Detailed results of multiple linear regressions are presented in Sup
plementary Tables S5–8. We present results from pooled sample analysis 
only. Boys had significantly higher concentrations of the four PFAS 
compared to girls. In addition, we observed that medium and high 
educational level of household to be associated with increased levels of 
all four PFAS analysed compared to low educational level. Regarding 
dietary variables, we observed significant associations between PFOS 
and PFNA levels and consumption of seafood and fish (both p < 0.001), 
the same trend was observed for PFOA and PFHxS although not statis
tically significant (Fig. 2). Consumption of seafood and fish at least 2 

times per week was associated with 21% (95% CI: 12–31%) increase in 
PFOS levels and 20% (95% CI: 10–31%) increase in PFNA levels. Con
sumption of eggs at least 2 times per week was associated with 11% 
(95% CI: 2–22%) (p = 0.020) and 14% (95% CI: 2–27%) (p = 0.019) 
increase in PFOS and PFNA levels, respectively. Consumption of offal 
was associated with 14% (95% CI: 3–26%) increase in PFOS levels (p =
0.012). Local food consumption at least 2 times per week was associated 
with 40% (95% CI: 19–64%)) increase in PFOS levels (p < 0.001), the 
same trend was observed between the other PFAS and local food con
sumption, although not statistically significant. We did not find any 
significant association between consumption of milk and dairy products 
or fast food consumption and PFAS levels. The observed associations 
between dietary determinants and PFAS concentrations were not 
affected by educational level in the model. As a sensitivity analysis, we 
included sampling year in MLR model. However, it was not significant in 
the MLR models. MLR models used in the pooled data analysis were 
applied to study-by-study analysis and we observed the same direction 
of the associations with dietary variables across the studies, although 
mostly not significant. 

4. Discussion 

The HBM4EU aligned studies (2014–2021) generated PFAS exposure 
data for 1957 teenagers (12–19 years) from 9 European countries 
geographically spread over Europe. European exposure values, calcu
lated as GM with 95% CI, were obtained for PFOS [2.13 μg/L 
(1.63–2.78)], PFOA ([0.97 μg/L (0.75–1.26)]), PFNA [0.30 μg/L 
(0.19–0.45)] and PFHxS [0.41 μg/L (0.33–0.52)]. Significantly higher 
concentrations were observed in the North and West of Europe versus 
the South and East. 

These GM levels of PFOS and PFOA are comparable to data reported 
for Canadian teenagers for sampling in the same period (2016–2017 and 
2018–2019) in a comparable age group (12–19 years) (Health Canada, 
2019, 2021), and slightly lower than the levels observed in the United 
States (2015–2016 and 2017–2018; 12–19 years) (US-CDC, 2022). The 
GM levels for PFNA and PFHxS are lower than those reported from 
Health Canada and US-CDC. Respectively 9 and 8% of the HBM4EU 
participants exceeds the HBM-I values for PFOS (5 μg/L) and PFOA (2 

Fig. 1. Estimated geometric mean (GM) and 95% confidence interval (CI) for 
plasma/serum concentrations of PFOS, PFOA, PFHxS and PFNA by European 
region adjusted for sex of the participant and educational level of the household 
Contributing studies for Northern Europe: NEBII (Norway), Riksmaten Ado
lescents 2016–17 (Sweden); for Eastern Europe: PCB cohort follow-up 
(Slovakia); for Southern Europe: BEA (Spain), CROME (Greece), SLO CRP 
(Slovenia); and for Western Europe: ESTEBAN (France), GerES V-sub (Ger
many), FLEHS IV (Belgium). 
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μg/L) derived by the German HBM Commission (Apel et al., 2017). For 
the sum of PFOS, PFOA, PFNA and PFHxS the proportion of participants 
exceeding the blood serum concentration of 6.9 μg/L derived from the 
external Tolerable Weekly Intake established by EFSA (2020) was 14%, 
indicating that concerns for adverse health effects cannot be excluded 
(Govarts and Gilles, 2022; submitted). In the subpopulation of teenagers 
with high seafood & fish, offal and egg consumption, the proportion of 
exceedance was even elevated to 17%, 16% and 16%, respectively. 

For regulated PFAS, PFOS and PFOA, time trends were previously 
observed indicating that sampling year might be one of the determinants 
of PFAS exposure (Land et al., 2018; Schoeters et al., 2017). In our study, 
pooled data analysis did not show significant association between 
sampling year and PFAS concentrations in teenagers. This could prob
ably be explained by the short sampling time frame for the aligned 
studies that include samples only from 2014 until 2021, therefore the 
difference in sampling year between study participants is not substantial 
and it appears that it does not affect the PFAS levels as much as other 
assessed factors. Effect of sampling year can also partially be addressed 
by the study variable in the model and addition of sampling year 
together with the study variable in the model could lead to 
over-adjustment. 

In this study, significantly higher concentrations of all four PFAS 
were observed in boys compared to girls. Similar results were previously 
observed in children and adolescents (Canova et al., 2021) as well as in 
adults (Calafat et al., 2007). For adolescent girls, menstruation could be 
an elimination pathway for PFAS, resulting in lower levels of PFAS in 
blood (Colles et al., 2020), however, we did not have data on menarche 
available in all studies. We observed association between higher PFAS 
concentrations and higher educational level, which was also reported in 
other studies in different populations (adults - Calafat et al., 2007; 

pregnant women - Bjerregaard-Olesen et al., 2016; newborns – 
Richterová et al., 2018). 

We observed higher frequency of seafood and fish and eggs con
sumption to be significantly associated with higher levels of PFOS and 
PFNA in teenagers. Higher PFOS levels were significantly associated 
with offal consumption and higher consumption of local food. We did 
not find any significant association between diet and PFOA or PFHxS 
levels, although the same increased trend was observed with seafood 
and fish consumption and local food. Even though food packaging could 
be an important source of PFAS, fast food consumption was not associ
ated with PFAS levels in our study population. 

Associations between seafood and fish consumption and PFAS levels 
were reported by several studies (Haug et al., 2010; Jain, 2014; Man
zano-Salgado et al., 2016; Shu et al., 2018). In the current study, not 
only countries with high consumption of fish and seafood (e. g. Spain or 
Norway) but also data from countries with low consumption of fish (e. g. 
Slovakia or Germany) were included in pooled analysis with similar 
results as previous studies. Fish and seafood consumption was identified 
as one of the main contributors to dietary exposure to PFAS by EFSA 
(2020). 

We observed an association between eggs consumption at least 2 
times per week and higher PFOS and PFNA levels. Similarly, PFNA levels 
were significantly associated with consumption of eggs more than once 
per week in Belgian adults (Colles et al., 2020). On the other hand, Liu 
et al. (2017) did not observe association between eggs consumption and 
PFAS blood concentrations. EFSA (2020) reported high concentrations 
of PFOS and PFOA in eggs and egg products, which suggests it can be an 
important source of exposure to PFAS for those, whose eggs consump
tion is high. 

In our study, consumption of offal was associated with significantly 

Fig. 2. Associations between PFAS concentrations in teenagers and food consumption 
Reference category: seafood & fish consumption = <2x/week; eggs consumption = <2x/week; offal consumption = never; local food consumption = <2x/week 
All models adjusted for study, sex and educational level of household. 
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higher PFOS levels, and the same trend was observed for PFOA and 
PFNA, although not statistically significant. This association was 
observed in the study by Tian et al. (2018) as well. They observed 
consumption of offal at least once a week to be associated with higher 
PFOS and PFNA levels in pregnant women. In addition, a Belgian study 
observed increased PFOS, PFOA and PFNA levels in cord blood when 
mothers reported consumption of offal (Colles et al., 2020). PFAS are 
absorbed in the gastrointestinal tract of mammals, then distributed via 
plasma to the other parts of the body and tend to accumulate in the liver 
(EFSA, 2020). 

We found that consumption of local food at least 2 times per week 
was associated with higher levels of PFOS. However, data on local food 
consumption were available only in 4 studies and the definitions of local 
food varied across the studies with different types of food included in the 
variable. 3 out of 4 studies (CROME, SLO CRP and FLEHS IV) included 
only plant-based local food, one study (PCB cohort follow-up) included 
both plant-based and animal-based local food. Despite these limitations, 
association between PFOS and local food consumption was observed in 
both, the pooled dataset, and each study separate (results not shown). 
This suggests that even in countries with no PFAS production (e. g. 
Slovakia), local food might be contaminated by these chemicals. 

One of the limitations of this study is that we were not able to 
perform statistical analyses for the other eight PFAS compounds 
measured, due to a high LOQ in some studies and subsequent low 
quantification frequency. Although PFAS were measured in blood serum 
or plasma (Table S1), this probably does not affect the results, since 1:1 
serum to plasma ratio was observed for PFHxS, PFOS, and PFOA, 
independently of concentrations measured (Ehresman et al., 2007). 
Another limitation is underrepresentation of households with lower 
educational level in all studies, except of BEA and SLO CRP studies. Due 
to missing data on use of consumer products containing PFAS, we could 
not investigate the association between the use of these products in the 
households and PFAS concentrations in teenagers. Another limitation is 
that not all studies measured the total PFOS levels, but only the linear 
isomer was measured (ESTEBAN and FLEHS IV) (Table S1). Branched 
PFOS may account for more than 30% of the total sum of PFAS (Schultz 
et al., 2020), therefore, these levels could be an underestimation of the 
actual exposure levels for these studies. As both studies are situated in 
the West of Europe, this further strengthens the observation on 
geographical differences, with higher values observed in the North and 
West of Europe. 

Despite the limitations, our study has several strengths as well. One 
of our main advantages is the size of our study population. We analysed 
PFAS and questionnaire data on 1957 teenagers from 9 European 
countries. We had geographic coverage of all four European regions and 
we covered countries with different lifestyle and dietary patterns. Our 
study provides the most recent data on exposure as the sampling period 
was from 2014 to 2021. The comparability and accuracy of measured 
PFAS concentrations between laboratories was assured by QA/QC pro
gramme performed within HBM4EU project. Two studies in which PFAS 
exposure data were generated before the HBM4EU QA/QC program 
were deemed comparable by the HBM4EU QAU, since the laboratories 
successfully passed the QA/QC programme. Only for one study (Riks
maten Adolescents, 2016–17) comparability was not guaranteed by the 
HBM4EU QAU. Moreover, questionnaire data used in the study were 
harmonized, which improved results of the statistical analysis for PFAS 
exposure determinants. 

5. Conclusion 

This is the first study using harmonized and quality controlled 
comparable PFAS exposure data across Europe. Significantly higher 
PFAS concentrations were observed in teenagers in the North and West 
of Europe compared to the South and East. Some dietary factors were 
identified as determinants of PFAS exposure. Higher frequency of sea
food and fish consumption was associated with higher levels of PFAS. 

Eggs consumption was associated with higher levels of PFOS and PFNA. 
Additionally, PFOS levels were associated with offal consumption and 
higher consumption of local food. These results provide information 
about potential sources of exposure to PFAS for targeted monitoring of 
PFAS in food. 
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Esteban López, M., Göen, T., Mol, H., Nübler, S., Haji-Abbas-Zarrabi, K., Koch, M.H., 
Kasper-Sonnenberg, M., Dvorakova, D., Hajslova, J., Antignac, J.P., Vaccher, V., 
Elbers, I., Thomsen, C., Vorkamp, K., Pedraza – Díaz, S., Kolossa-Gehring, M., 
Castaño, A., 2021. The European human biomonitoring platform - design and 
implementation of a laboratory quality assurance/quality control (QA/QC) 
programme for selected priority chemicals. Int. J. Hyg Environ. Health 234. https:// 
doi.org/10.1016/j.ijheh.2021.113740. 

Fillol, C., Oleko, A., Saoudi, A., Zeghnoun, A., Balicco, A., Gane, J., Rambaud, L., 
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López, M.E., Fábelová, L., Fillol, C., Franken, C., Frederiksen, H., Gabriel, C., 
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