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A B S T R A C T   

Background and aim: Due to the persistence, bioaccumulation and potential adverse health effects, there have 
been restrictions and phase out in the production of certain per- and polyfluoroalkyl substances (PFAS) since the 
early 2000s. Published serum levels of PFAS during childhood are variable and may reflect the impact of age, sex, 
sampling year and exposure history. Surveying the concentrations of PFAS in children is vital to provide in-
formation regarding exposure during this critical time of development. The aim of the current study was 
therefore to evaluate serum concentrations of PFAS in Norwegian schoolchildren according to age and sex. 
Material and methods: Serum samples from 1094 children (645 girls and 449 boys) aged 6–16 years, attending 
schools in Bergen, Norway, were analyzed for 19 PFAS. The samples were collected in 2016 as part of the Bergen 
Growth Study 2. Statistical analyses included Student t-test, one-way ANOVA and Spearman’s correlation 
analysis of log-transformed data. 
Results: Of the 19 PFAS examined, 11 were detected in the serum samples. Perfluorooctanesulfonic acid (PFOS), 
perfluorooctanoic acid (PFOA), perfluorohexanesulfonic acid (PFHxS) and perfluorononaoic acid (PFNA) were 
present in all samples with geometric means of 2.67, 1.35, 0.47 and 0.68 ng/mL, respectively. In total, 203 
children (19%) had PFAS levels above the safety limits set by the German Human Biomonitoring Commission. 
Significantly higher serum concentrations were found in boys compared to girls for PFOS, PFNA, PFHxS and 
perfluoroheptanesulfonic acid (PFHpS). Furthermore, serum concentrations of PFOS, PFOA, PFHxS and PFHpS 
were significantly higher in children under the age of 12 years than in older children. 
Conclusions: PFAS exposure was widespread in the sample population of Norwegian children analyzed in this 
study. Approximately one out of five children had PFAS levels above safety limits, indicating a potential risk of 
negative health effects. The majority of the analyzed PFAS showed higher levels in boys than in girls and 
decreased serum concentrations with age, which may be explained by changes related to growth and maturation.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of 

synthetic chemicals consisting of several thousands of different sub-
stances. Since the 1940s, PFAS have been applied in a variety of in-
dustries worldwide due to their useful properties of being chemically 
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and thermally stable, as well as being repellant to water, oil, and dirt. 
For these reasons, PFAS are commonly used in numerous products, 
including impregnation of paper, textile, and leather, and in firefighting 
foams, cosmetics, and non-stick kitchenware (Glüge et al., 2020). PFAS 
have high resistance to degradation, leading to accumulation in the 
environment. Furthermore, several of the compounds accumulate in the 
food chain and in humans (Conder et al., 2008, Russell et al., 2013). The 
fluorinated carbon length is related to the bioaccumulation of PFAS, 
although other factors may also affect the bioaccumulation potential. In 
general, perfluoroalkyl carboxylic acids with seven or more fluorinated 
carbons, e.g. perfluorooctanoic acid (PFOA) and perfluorononaoic acid 
(PFNA), and perfluoroalkane sulfonates with six or more fluorinated 
carbons, e.g. perfluorohexanesulfonic acid (PFHxS) and per-
fluorooctanesulfonic acid (PFOS), are considered bioaccumulative 
(Conder et al., 2008; Ng and Hungerbühler 2014). 

Exposure of PFAS in the general population occurs primarily through 
ingestion of contaminated food and drinking water, but exposure 
through inhalation or ingestion of contaminated dust and dermal 
exposure can also make substantial contributions (EFSA, 2020; Fromme 
et al., 2009; Haug et al., 2011; Poothong et al., 2020; Trudel et al., 
2008). In addition, there is a transplacental transfer of PFAS from the 
mother to the fetus during pregnancy, and infants are exposed through 
breastfeeding (Appel et al., 2022; Blomberg et al., 2023; Fromme et al., 
2010). PFAS exposure has been confirmed in blood samples from chil-
dren and adults in numerous countries (EFSA, 2020; Winkens et al., 
2017). 

Several studies have shown an association between exposure to PFAS 
and adverse health effects in humans, including reduced vaccine 
response in children, reduced birth weight, dyslipidemia, and certain 
types of cancers (Panieri et al., 2022, Rappazzo et al., 2017). In 2020, 
the European Food Safety Authority (EFSA) set a tolerable weekly intake 
(TWI) of 4.4 ng/kg body weight per week for the sum of the four PFAS 
PFOA, PFNA, PFHxS and PFOS (EFSA, 2020). Reduction in vaccination 
response in children was the basis for setting a cutoff for TWI, as this was 
the most sensitive health outcome in human cohorts, and the association 
was considered causal due to similar effects in experimental animal 
studies. The current dietary exposure to these PFAS exceeds the TWI for 
large parts of the European population, including Norwegian citizens 
(EFSA, 2020; VKM Report 2022). Chronic exposure at the TWI corre-
sponds to serum concentrations of 6.9 ng/mL for the sum of the four 
above-mentioned PFAS in adults (EFSA, 2020). The German Human 
Biomonitoring Commission has derived health related guidance values 
for the evaluation of internal exposures to PFOA and PFOS separately. 
The Human Biomonitoring (HBM)-I values in blood plasma are defined 
as 2 ng PFOA/mL and 5 ng PFOS/mL in all age groups. These values 
represent the concentrations below which, according to current 
knowledge, no adverse health effects are expected to occur (The German 
Environment Agency, 2020). 

The European Commission has recently established maximum levels 
for certain PFAS in drinking water and food (The European Commission, 
2020; 2022). PFOA, PFOS and their precursors are encompassed by the 
Stockholm Convention on Persistent Organic Pollutants, and further 
restrictions on PFAS are under development in Europe (European 
Chemicals Agency, 2023; Stockholm Convention on persistent organic 
pollutants, 2019). However, despite future restrictions or bans on more 
PFAS and their precursors, they will persist in the environment and may 
affect humans for generations to come. 

Norwegian data showed a steady increase in the concentration of 
PFAS in serum samples from the general population of adults between 
1977 to the mid-1990s (Haug et al., 2009a). Further, there was a clear 
decline in the PFOA, perfluoroheptanesulfonic acid (PFHpS) and PFOS 
concentrations from around the year 2000, which is consistent with the 
phase-out of these compounds. A clear increase was also observed for 
PFHxS, PFNA, perfluorodecanoic acid (PFDA) and perfluoroundecanoic 
acid (PFUnDA) until the early 1990s. Pooled serum samples from chil-
dren aged 5–14 years, collected in 1976, 1987, 1998 and 2007, were 

also included in the study. The PFAS concentrations in these children 
showed similar trends as for the adults (Haug et al., 2009a). The Nor-
wegian findings for PFOA and PFOS are in line with the reported trends 
in North America and Europe (Land et al., 2018). In contrast, bio-
monitoring data from China, where the production has continued, 
indicate a further increase in serum concentrations of PFOA and PFOS 
after the year 2000. Concentrations of longer-chained perfluoroalkyl 
carboxylic acids (PFCAs), including PFNA, PFDA and PFUnDA, are 
generally increasing in all parts of the world (Land et al., 2018). Pub-
lished serum levels of PFAS during childhood vary strongly and may 
reflect the impacts of body weight changes and energy needs, sex, 
sampling year, and history of exposure due to changes in the production 
of PFAS (Haug et al., 2018; Nøst et al., 2014; Winkens et al., 2017). 

The Bergen Growth Study 2 (BGS2) is a puberty reference study 
conducted in Norway in 2016. As part of this cross-sectional study, blood 
samples were collected from 1094 children aged 6–16 years to study 
hormonal changes in puberty, and exposure to endocrine disruptive 
chemicals, including PFAS (Júlíusson et al., 2023). Previous data on 
PFAS exposure in Norwegian schoolchildren were limited to either 
pooled samples or narrow age groups (Averina et al., 2018; Haug et al., 
2009a; Richterová et al., 2023). The aim of the current study was 
therefore to map PFAS exposure in a critical developmental window by 
determining serum concentrations in Norwegian children according to a 
wide age range of 6–16 years, and sex. 

2. Materials and methods 

2.1. Study design and sampling 

Serum samples from 1094 children (645 girls and 449 boys) aged 
6–16 years were collected in January–June 2016 as a part of the Bergen 
Growth Study 2 (BGS2). The BGS2 is a cross-sectional study of growth 
and pubertal development in Norwegian children. The children were 
recruited from six randomly selected public schools in Bergen – the 
second largest city in Norway. All children in the selected schools were 
invited to participate in the study, and all children who agreed to 
participate were included. The overall participation rate was 43% and 
ranged from 29% to 53% across schools. Numbers of participants by age 
and sex are presented in Supplementary Table 1. The selected schools in 
BGS2 covered varied socioeconomic backgrounds, but children of par-
ents with an academic degree were overrepresented (80.4%) compared 
to the general population of Bergen (40.8%, Statistics Norway, 2023). 
The proportion of children with parents of Norwegian, European, and 
non-European origin was 80.7%, 7.6% and 11.7%, respectively. Based 
on the criteria for weight status defined by the International Obesity 
Task Force (Cole et al., 2000), 7.4% of the participants were children 
with underweight, 11.2% with overweight and 2.1% with obesity 
(Júlíusson et al., 2023). An experienced biomedical laboratory scientist 
collected blood samples for hormonal, genetic and endocrine disruptive 
chemicals analysis, including PFAS analysis, by venipuncture from an 
antecubital vein. Further details of the study design and measurement 
protocol of the BGS2 have recently been described (Júlíusson et al., 
2023). 

2.2. Analysis of PFAS 

Nineteen PFAS in total, including perfluorobutanoic acid (PFBA), 
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), 
perfluoroheptanoic acid (PFHpA), PFOA, PFNA, PFDA, PFUnDA, per-
fluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTrDA), 
perfluorotetradecanoic acid (PFTeDA), perfluorobutanesulfonic acid 
(PFBS), PFHxS, PFHpS, PFOS, perfluorodecanesulfonic acid (PFDS), 
perfluorooctanesulfonamide (PFOSA), N-methylperfluorooctanesul 
fonamide (MeFOSA) and N-ethylperfluorooctanesulfonamide (EtFOSA), 
were analyzed at the Norwegian Institute of Public Health using high- 
performance tandem mass spectrometry, by a previously described 
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method (Haug et al., 2009b). In brief, the method involves transferring 
150 μL serum to a centrifugation tube, adding internal standards and 
methanol to make up a total volume of 150 μL methanol, before mixing 
using a whirl mixer. The samples are then centrifuged, and the super-
natant is transferred to a glass autosampler vial added 500 μL 0.1 M 
formic acid and mixed on a whirl mixer. The samples are analyzed by 
injection of 80 μL extract on a column switching liquid chromatography 
(LC) system coupled to a triple quadrupole mass spectrometer (MS). For 
quantification of PFOS, the total area of the linear and branched isomers 
is integrated. The limit of quantification (LOQ) was 0.1 ng/mL for PFBA, 
0.2 ng/mL for PFTeDA and PFDS, and 0.05 ng/mL for the remaining 16 
PFAS. 

The laboratory participates regularly in interlaboratory compari-
sons, was through an extensive process (Nübler et al., 2022), and was 
approved for measuring a range of PFAS in the HBM4EU project 
(HBM4EU, 2022). Procedure blanks and in-house controls, as well as 
two samples from the interlaboratory comparisons in the EU project 
HBM4EU, were analyzed along with the samples. The procedure blanks 
(n = 66) did not contain PFAS above the limit of quantification, except 
for PFOA and PFNA in a few samples in concentrations close to LOQ. The 
relative standard deviations (RSDs) for the in-house controls (n = 42) 
varied between 10 and 15%. For the interlaboratory comparison sam-
ples (n = 11 per sample), the mean % differences from the assigned 
values, except PFPeA, were in the range of − 14 to +6%, demonstrating 
high quality of the analyses. The results of PFPeA were deemed unsat-
isfactory due to a high deviation from the assigned values. 

2.3. Statistical analysis 

The distribution of all PFAS in serum failed the Shapiro-Wilk test of 
normality due to positive skewness. The natural logarithm of the values 
was used in further analysis. Concentrations below the LOQ were set to 
LOQ divided by the square root of two for analysis (Duffek et al., 2020; 
Papadopoulou et al., 2016). Statistical analyses were performed using 
IBM SPSS Statistics version 26. The geometric mean concentration (GM) 
and 95% confidence interval (CI) were calculated by back transforming 
the geometric mean and the CI of the log-transformed data to the orig-
inal scale of measurement. The children were grouped according to age 
as 6–7 years, 8–9 years, 10–11 years, 12–13 years, and 14–16 years. 
Statistical significance of the differences in geometric means between 
age groups was tested with one-way ANOVA, and Student t-test was used 
to compare PFAS concentrations between sexes. Further, Spearman’s 
correlation analysis was used to explore correlations among different 
PFAS. For PFHpA and PFHpS, detected vs. non-detected were compared 
using the Pearson’s chi-squared test. 

2.4. Ethical considerations 

This study was approved by the Norwegian Regional Committee for 
Medical and Health Research Ethics West (reference number 2015/128). 
Written informed consent was obtained from a parent or legal guardian 
of each participating child, and from the participants themselves when 
they were 12 years of age and older. The children received age- 
appropriate information ahead of participation. Assent from the par-
ticipants themselves was an additional requirement for inclusion. A 
cinema voucher was given as an incentive to participate in the study. 

3. Results 

3.1. PFAS concentrations in serum 

The distributions of PFAS concentrations in serum samples from the 
1094 children (645 girls and 449 boys) included in BGS2, are shown in 
Table 1. PFOS, PFOA, PFHxS and PFNA were detected in all samples. 
PFOS was the substance showing the highest serum concentrations, with 
a GM of 2.67 ng/mL, followed by PFOA (1.35 ng/mL), PFNA (0.68 ng/ 
mL) and PFHxS (0.47 ng/mL). The concentration of PFDA, PFUnDA and 
PFHpS was substantially lower. For PFBA, PFHxA, PFBS, PFDS, PFOSA, 
MeFOSA and EtFOSA serum concentrations were below the LOQ in all 
children. PFPeA was detected in a small number of samples, but the 
measurements were deemed unreliable according to the quality assur-
ance system and are therefore not reported (see section Analysis of PFAS 
for further information). Only PFAS that were quantifiable in at least 
50% of the samples were included in further analyses. 

In total, 132 (12%) and 90 (8%) out of the 1094 children had serum 
concentrations above the HBM I values of 2 ng/mL for PFOA and 5 ng/ 
mL for PFOS respectively, and 203 (19%) children had concentrations 
above HBM I values for PFOA, PFOS or both. Furthermore, 241 children 
(22%) had serum concentrations above 6.9 ng/mL (level corresponding 
to the EFSA TWI) for the sum of PFOA, PFNA, PFHxS and PFOS. The 
highest proportion of children exceeding the limit of 6.9 ng/mL was 
found in the youngest age groups, respectively 181 out of 705 children 
(26%) below 12 years of age, versus 60 out of 389 children (15%) above 
12 years of age. Fig. 1 shows a scatter plot of the sum of PFOA, PFNA, 
PFHxS and PFOS in all 1094 children by age and sex. Supplementary 
Table 2 gives a more detailed presentation of the proportion of children 
exceeding the PFAS safety limits by age and sex. 

3.2. Correlation among PFAS in serum 

There was a significant positive correlation among all the seven 
PFAS, as shown in Table 2. The strongest correlation was for PFDA with 
PFUnDA (Spearman correlation coefficient: 0.782), and for PFDA with 

Table 1 
Serum concentrations (ng/mL) of PFAS in 1094 children aged 6–16 years.   

LOQ N > LOQ %>LOQ P2.5 P50 P97.5 Max AM GM 95%CI GM 

PFHpA 0.05 301 27 < LOQ < LOQ 0.17 0.40 0.05 < LOQ <LOQ-0.116 
PFOA 0.05 1094 100 0.6 1.38 2.60 3.95 1.44 1.35 0.664–2.761 
PFNA 0.05 1094 100 0.28 0.66 1.93 4.49 0.77 0.68 0.259–1.783 
PFDA 0.05 1082 99 0.06 0.16 0.36 0.74 0.17 0.15 0.062–0.384 
PFUnDA 0.05 976 89 < LOQ 0.11 0.32 1.03 0,13 0.11 <LOQ-0.347 
PFDoDA 0.05 62 6 < LOQ < LOQ 0.08 0.27 < LOQ < LOQ <LOQ-0.058 
PFTrDA 0.05 58 5 < LOQ < LOQ 0.07 0.21 < LOQ < LOQ <LOQ-0.051 
PFTeDA 0.20 2 0.2 < LOQ < LOQ < LOQ 0.25 < LOQ < LOQ  
PFHxS 0.05 1094 100 0.20 0.47 1.64 11.04 0.58 0.49 0.171–1.284 
PFHpS 0.05 602 55 < LOQ 0,05 0.14 0.29 0.06 0.05 < LOQ-0.126 
PFOS 0.05 1094 100 0.08 2.66 6.83 18.5 2.96 2.67 1.098–6.475 
Σ4PFAS    20.62 5.41 11.4 22.4 5.76 5.38 2.64–11.0 

LOQ = limit of quantification; AM = arithmetic mean; GM = geometric mean (back-transformed arithmetic mean of the natural logarithm of concentrations); 95%CI =
95% confidence interval; PFHpA = perfluoroheptanoic acid; PFOA = perfluorooctanoic acid; PFNA = perfluorononaoic acid; PFDA = perfluorodecanoic acid; PFUnDA 
= perfluoroundecanoic acid; PFDoDA = perfluorododecanoic acid; PFTrDA = perfluorotridecanoic acid; PFTeDA = perfluorotetradecanoic acid; PFHxS = per-
fluorohexanesulfonic acid; PFHpS = perfluoroheptanesulfonic acid; PFOS = perfluorooctanesulfonic acid; Σ4PFAS = sum of PFOA, PFNA, PFHxS and PFOS. 
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PFOS (Spearman correlation coefficient: 0.621). 

3.3. PFAS concentrations by age and sex 

Serum concentrations of PFOS, PFOA, PFDA, PFHxS, PFHpS and 
PFUnDA were significantly higher in children under the age of 12 years 
than in children that were above 12 years (Fig. 2). For several of the 
PFAS the decreasing age trend started about two years earlier in girls 
compared to boys. 

Serum concentrations of PFNA, PFHxS, PFHpS and PFOS were 
significantly higher in boys compared to girls in all age groups combined 
(Table 3). After stratification by age group, there were no significant 
differences between the sexes in the youngest age group, (6–7 years), for 
any of the PFAS. For PFOA, significantly higher values in boys than girls 
were observed in the age group 12–13 years specifically. PFDA was the 
only PFAS that showed significantly lower levels in boys compared to 
girls, more specifically in the age group 14–16 years (Fig. 2). GM by age 
and sex are presented in Supplementary Table 3. In addition, detected 
versus non-detected were examined for PFHpA and PFHpS. A higher 
proportion of boys had detected levels of PFHpS compared to girls (63% 
vs. 50%), and a higher proportion of children under 12 years of age had 
detected levels of PFHpS compared to older children (62% vs. 43%), 
both significant at the 0.05 level. No significant differences were found 
for PFHpA. 

4. Discussion 

Through the Bergen Growth Study 2, we assessed PFAS exposure 
data from 1094 children aged 6–16 years, living in Bergen, Norway. 
PFOS, PFOA, PFNA and PFHxS were detected in all samples, which 
demonstrated widespread exposure in the sample population of Nor-
wegian children analyzed in this study. PFOS had the highest serum 
concentration, followed by PFOA, PFNA and PFHxS. About one out of 
five children had serum concentrations above levels considered safe. 
Furthermore, serum concentrations were generally higher in the youn-
gest age groups compared to the oldest. In addition, there were signifi-
cant differences between boys and girls, in particular for PFNA, PFHxS, 
PFHpS and PFOS. The significant positive correlations between the PFAS 
point to similar exposure sources and pathways, e.g., contaminated 
food, which based on prior studies has been considered the main source 
of exposure (EFSA, 2020). 

A previous Norwegian study in pregnant women found that variables 
related to socioeconomic status (i.e., higher maternal education and 
household income) were related to higher levels of various PFAS 
(Brantsæter et al., 2013). Higher PFAS concentrations were also found in 
European teenagers from households with a higher educational level 
(Richterová et al., 2023). Because children of parents with a higher level 
educational level were overrepresented in the current study, the PFAS 
levels might be higher in children participating in BGS2 compared to 
non-participants and the general population of children in Bergen. 

The PFAS levels in the current study are comparable to those of other 
European studies that have analyzed samples from the same period and 
age range (Haug et al., 2018; Richterová et al., 2023). Previous publi-
cations on PFAS exposure in Norwegian schoolchildren have been 
limited to either pooled samples or narrow age ranges (Averina et al., 
2018; Haug et al., 2009a; Richterová et al., 2023). The Norwegian na-
tional data of 12-year-old children included in the European Human 
Biomonitoring Initiative (HBM4EU) aligned studies, show similar con-
centrations compared to our data, i.e., PFOA of 1.28 vs 1.35 ng/mL, 
PFNA of 0.44 vs 0.68 ng/mL, PFHxS of 0.48 vs 0.47 ng/mL and PFOS of 
2.79 vs 2.67 ng/mL (Richterová et al., 2023). In our study, the propor-
tion of children exceeding serum levels of 6.9 ng/mL for the sum of 
PFOA, PFNA, PFHxS and PFOS was 22% in total and 15% for children 
above 12 years of age. In comparison, 14% of children aged 12–18 years 

Fig. 1. Sum of PFOA, PFNA, PFHxS and PFOS serum 
concentrations 
Scatter plot showing the sum of perfluorooctanoic 
acid (PFOA), perfluorononaoic acid (PFNA), per-
fluorohexanesulfonic acid (PFHxS) and per-
fluorooctanesulfonic acid (PFOS) in all 1094 children 
by age and sex. The horizontal line at 6.9 ng/mL is 
the estimated serum concentration in adults resulting 
from chronic exposure at the tolerable weekly intake 
of 4.4 ng/kg body weight per week for the sum of the 
four PFAS, set by the European Food Safety 
Authority.   

Table 2 
Spearman’s correlations among PFAS in serum (n = 1094).   

PFNA PFDA PFUnDA PFHxS PFHpS PFOS 

PFOA 0.442 0.535 0.301 0.415 0.372 0.457 
PFNA  0.462 0.403 0.235 0.296 0.342 
PFDA   0.782 0.308 0.367 0.621 
PFUnDA    0.301 0.348 0.608 
PFHxS     0.525 0.604 
PFHpS      0.595 

PFOA = perfluorooctanoic acid; PFNA = perfluorononaoic acid; PFDA = per-
fluorodecanoic acid; PFUnDA = perfluoroundecanoic acid; PFHxS = per-
fluorohexanesulfonic acid; PFHpS = perfluoroheptanesulfonic acid; PFOS =
perfluorooctanesulfonic acid. All correlations are significant at the 0.01 level (2- 
tailed). 
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Fig. 2. Geometric mean concentrations for PFAS by age and sex 
GM = geometric mean (back-transformed arithmetic mean of the natural logarithm of concentrations); PFOA = perfluorooctanoic acid; PFNA = perfluorononaoic 
acid; PFDA = perfluorodecanoic acid; PFUnDA = perfluoroundecanoic acid; PFHxS = perfluorohexanesulfonic acid; PFHpS = perfluoroheptanesulfonic acid; PFOS =
perfluorooctanesulfonic acid. The stars denote p-values <0.05 for sex differences. 
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in the HBM4EU studies had serum concentrations above 6.9 ng/mL 
(Richterová et al., 2023). The proportion of children in the HBM4EU 
studies exceeding the health-based guidance value of EFSA was calcu-
lated per country, and ranged from 1% in Spain, to the maximum of 24% 
in France (Lobo Vicente et al., 2023). 

EFSA showed results from toxicokinetic (TK) modeling of PFOA and 
PFOS serum concentration under constant exposure conditions that 
indicated a decline in serum concentration after the breastfeeding 
period until age 5–6 years, followed by a gradual increase over time 
until it stabilized after age 30–40 years. The impact of breastfeeding for 
12 months on serum concentrations disappeared around the age of 10 
years according to the model used by EFSA (EFSA, 2020). Our data 
showed higher serum concentrations in children under 12 years of age 
compared to children in the older age groups, which deviates from 
EFSA’s TK model. Both duration of breastfeeding and dietary intake will 
affect the expected change in serum concentration with age. In Norway, 
breastfeeding rates are high compared to several other European 
countries (Theurich et al., 2019). In addition, Norwegian national sur-
vey data show that many women continue breastfeeding after the first 
twelve months (Norwegian Institute of Public Health 2020; Revheim 
et al., 2023). Longer breastfeeding duration leads to later decrease in 
serum concentrations. In the current study, we have not accessed data 
on food intake or breastfeeding. Inverse associations between PFAS 
concentrations and age in schoolchildren have been reported in previous 
publications, and can, at least partly, be explained by growth dilution 
(Koponen et al., 2018; Nyström et al., 2022). 

Reported sex differences in biomonitoring data in children are var-
iable (Winkens et al., 2017). In our study, the majority of the PFAS 
showed higher levels in boys compared to girls. Published data from 
adults generally show higher PFAS levels in men compared to women, 
which is primarily attributed to blood loss via menstruation, transfer of 
PFAS to the fetus during pregnancy, and excretion via breast milk 
(Winkens et al., 2017). Pregnancy and breastfeeding are not relevant for 
our study population. However, menstruation can contribute as shown 
in previous studies for PFOS (Nyström et al., 2022; Wong et al., 2014). In 
addition, females have lower energy intake per kilogram of body weight 
compared to males, implying a lower PFAS intake per kilogram of body 
weight (Shomaker et al., 2010). As girls are entering puberty earlier than 
boys, their growth spurt and following growth dilution will occur 
earlier. This, in addition to menstruation, could explain the different age 
patterns between the sexes. Future research should include further 
exploration of the relationships of PFAS in relation to growth and 
maturation. 

A limitation of the present study is that we only included children 
living in Bergen. Our findings may therefore not be representative for 
the entire Norwegian population of children. However, our data 

correspond well with the national data from Norwegian children in the 
HBM4EU studies (Richterová et al., 2023). As this is a cross-sectional 
study, the observed differences between age groups could be due to 
changes related to growth and maturation, behavioral factors, as well as 
differences in exposure levels and duration. On the other hand, a 
cross-sectional design with sample collection during a narrow time 
frame might be more beneficial than a longitudinal design, given that 
exposure levels have changed during the last decades. Finally, a 
cross-sequential design might give a more complete picture. Strengths of 
our study include a relatively large number of participants and a wide 
range of PFAS assessed using a sensitive analytical method. All blood 
samples were collected during a narrow time frame which avoids 
interference of the sample time point when comparing age groups or 
sexes. 

5. Conclusions 

In the current study, 11 of the 19 analyzed PFAS were detected in the 
serum samples of children recruited through the BGS2. The children 
covered a wide age range, from 6 to 16 years of age, and PFAS exposure 
was stratified by age and sex. PFOS, PFOA, PFHxS and PFNA were 
present in all samples demonstrating widespread exposure in the sample 
population of Norwegian children analyzed in this study. Approximately 
one out of five children had serum concentrations above safety levels, 
indicating a potential risk of negative health effects. The majority of the 
analyzed PFAS showed higher levels in boys than in girls, and higher 
levels in the youngest age groups compared to the oldest. Future ana-
lyses should include examining the relationships between PFAS, growth 
and maturation. 
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