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Abstract 

 
The persistent and toxic perfluoroalkyl acids (PFAAs) are ubiquitously present in the 

environment and reach humans predominantly via food and drinking water. The aim of the 

present study was to investigate the effect of low-grade (<10 ng L-1 of single PFAAs) 

contaminated PFAAs drinking water on serum PFAA concentrations in a representative 

Swedish adolescent population, and to examine the influence of potential determinants on the 

variation of the PFAAs serum concentrations. This was done by using multivariate regression 

analysis on the possible determinants of blood serum PFAA concentrations in 479 Swedish 

adolescents, 10 to 21 years of age, who had left complete dietary and life style information in 

2016-17 in the nation-wide food consumption survey Riksmaten Ungdom. Raw and drinking 

water samples (DW) from water treatment plants (WTPs) that delivered DW to participants 

schools were sampled in 2018, analysed for PFAAs, and used for assessing the participants DW 

PFAA exposure. Maternal education level and maternal birth country, consumption of fish, as 

well as age and sex were significantly associated with the participants PFAAs serum 

concentrations. DW concentrations as low as <1 ng L for PFOA and PFHxS, <0.45 ng L-1 for 

PFNA and <4 ng L-1 for PFOS were significantly associated with increased adolescent serum 

concentrations of the PFAAs in question, which suggests that low-grade contaminated drinking 

water is an important exposure route for Swedish adolescents. For risk assessment purposes, it 

was investigated whether parts of the adolescent population exceeded the serum PFOS and 

PFOA concentrations corresponding to the current health-based reference intakes as assessed 

by the European Food Safety Authority (EFSA) and the U.S. Agency for Toxic Substances and 

Disease Registry (ATSDR). Around 1.7% and 2.7% of participants had PFOS serum 

concentrations exceeding serum levels used to derive the tolerable daily intake (TDI) (EFSA) 

and the minimum risk level (MRL) (ATSDR), respectively and a cause for concern was 

consequently identified. However, the high serum concentrations of participants exceeding the 

TDI and MRL serum concentrations belong to participants suspected to have been previously 

exposed to highly contaminated drinking water and not from consuming foods and beverages 

containing background concentrations of PFAAs.   
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1. Introduction 

 
1.1. Background  

Perfluoroalkyl acids (PFAAs) is a substantial group of organic surfactants, including the two 

major sub-groups are perfluoroalkane sulfonic acids (PFSAs) and perfluoroalkyl carboxylic 

acids (PFCAs). PFAAs consist of a functional hydrophilic head and a fully fluorinated 

hydrophobic carbon tail. The perfluoroalkyl moiety of PFAAs makes the compounds 

chemically and thermally stable with excellent fat and water-repellent properties (Buck et al. 

2011). PFAAs have been used globally in a wide range of consumer products, e.g. in fire-

fighting foams, coatings for paper products, textiles and cookware and in aerospace-, 

automotive-, aviation-, construction- and semiconductor industries (KEMI 2015). Due to their 

intrinsic properties, including persistency in the environment, worldwide use and large 

production volumes, several PFAAs, expressly the toxic perfluorooctane sulfonic acid (PFOS) 

and perfluorooctanic acid (PFOA), are ubiquitous in the environment and have been reported 

in both biota and humans (Giesy & Kannan 2001; Kato et al. 2015; Nyberg et al. 2018).  

PFAAs have been shown to induce immunotoxic-, developmental-, neurotoxic- and 

carcinogenic effects in both in vitro and in vivo studies (DeWitt 2015), however many of these 

effects have not been conclusively confirmed in humans (EFSA Contam Panel et al. 2018). In 

epidemiological studies on humans, PFOS and PFOA have been connected to reduced 

birthweight in infants (Fei et al. 2007; Darrow et al. 2013) and reduced antibody response post-

vaccination in children (Grandjean et al. 2012; Granum et al. 2013; Stein et al. 2016). In animal 

studies, reduced birthweight in rat and mice pups have been observed (Luebker et al. 2005; Lau 

et al. 2006) and similar immunotoxic effects which have been reported in humans have also 

been demonstrated in vitro and in animal studies (DeWitt et al. 2009). A positive association 

with PFOA and PFOS and serum lipid levels have been reported in children/adolescents/adults 

(Steenland et al. 2009; Frisbee et al. 2010), a contradicting result compared to studies on rats 

and mice were an inverse association have been reported instead (Butenhoff et al. 2012; Wang 

et al. 2014). 

Several PFAAs sources have been distinguished for humans, were food and drinking water 

have been shown to be important exposure routes, as well as inhalation of indoor house dust in 

certain cases (Björklund et al. 2009; Vestergren & Cousins 2009; Daly et al. 2018). Highly 

contaminated PFAAs ground- and surface waters, used as drinking water sources, have been 

reported in Ohio and West Virginia, U.S.A. (Shin et al. 2011), Arnsberg, Germany (Skutlarek 

et al. 2006) and in Ronneby County and Uppsala, Sweden (Glynn et al. 2012; Li et al. 2018) to 

name a few. The contamination of drinking water have been connected to industrial emissions 

from PFAAs manufacturing sites, landfill leachate and run-off from farmland treated with 

sewage sludge, and military fire training areas (DeWitt 2015; Hu et al. 2016). However, PFAAs 

is ubiquitously present in Swedish waters and a questionnaire survey performed by the Swedish 

National Food Agency (SNFA) in 2014 suggested that 3.6 million of the Swedish population is 

exposed to PFAA-contaminated drinking water. However, as the concentrations were 

considered low (<10 ng L-1) it was concluded that the present PFAAs levels did not to pose a 

risk to human health (SNFA 2014). After the discovery of highly contaminated drinking water 

in Sweden, SNFA established an action limit for drinking water producers at 90 ng L-1 for the 

Σ11 most commonly found PFAAs in ground water (Livsmedelsverket 2014). The action limit 

was based on the tolerable intake of the most toxic PFAA, perfluorooctane sulfonic acid 

(PFOS), established by European Food Safety Agency (EFSA) in 2008.  

In 2018 the European Food Safety Agency (EFSA) decreased the health-based tolerable 

intake from 1500 ng kg-1 bw-1 day-1 to 13 ng kg-1 bw-1 week-1 for PFOA and 150 ng kg-1 bw-1 

day-1 to 6 ng kg-1 bw-1 week-1 for PFOS (EFSA Contam Panel et al. 2018). These new tolerable 
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weekly intakes (TWI), corresponding to tolerable daily intakes (TDIs) of 1.86 ng kg-1 bw-1 day-

1 and 0.86 ng kg-1 bw-1 day-1 for PFOA and PFOS respectively, are close to the background 

average intake of PFAAs for 12-year old Swedish children via food and drinking water, i.e. 

0.35 ng kg-1 bw-1 day-1 and 0.86 ng kg-1 bw-1 day-1 for PFOS and PFOA respectively (Glynn et 

al. 2013). Although highly contaminated drinking water is a known and significant exposure 

route for PFAAs, the contribution of low-grade contaminated PFAAs drinking water, i.e. 

concentrations of <10 ng L-1 of single PFAA, to the total exposure is not well understood and 

could potentially be an overlooked source of exposure. Furthermore, the contribution of 

different PFAAs exposure routes in adolescents is not well understood and consequently needs 

to be addressed. 

 

1.2. Objectives 

The present study’s objectives are three-fold. Firstly, the aim was to determine blood serum 

concentrations of the most common PFAAs in a representative population of Swedish 

adolescents and for risk assessment purposes investigate if parts of this population exceeds the 

current health-based reference intakes as assessed by the European Food Safety Authority 

(EFSA) and the U.S. Agency for Toxic Substances and Disease Registry (ATSDR). Secondly, 

the aim was to evaluate possible determinants, e.g. diet, life style, demographics etc., which 

may explain at least some of the variation in serum PFAA concentrations in adolescents and 

thirdly, to evaluate the effect low-grade PFAA-contaminated on serum levels. 

 

2. Methods and material 
 

Most data used in this study was collected in the Swedish dietary survey Riksmaten ungdom 

2016-17 (Riksmaten adolescents, RMU), by the SNFA over the years 2016 and 2017 (Warensjö 

Lemming et al. 2018a). In order to give a comprehensive view of adolescent dietary habits, 

students in elementary school years 5 and 8, and year 2 in upper secondary school, were 

recruited and asked to register their personal consumption of food and beverages (over two or 

more non-consecutive days), to answer questionnaires on food habits, demography and life 

style, as well as to participate in height and weight measurements (measured by personnel from 

SNFA). Approximately 40% of recruited pupils left blood and urine samples as well (Warensjö 

Lemming et al. 2018a). Raw and drinking water from water treatment plants (WTP) which 

provided schools recruited of the recruited participants with drinking water were additionally 

sampled. 

 
2.1 Riksmaten adolescent 2016-17 

 

2.1.1 Study population 

Statistics Sweden (Statistiska Centralbyrån) selected a sample of schools which where 

representative to Sweden with regard to responsible authority (private or public), classification 

of municipalities based on population characteristics, and size of schools. The population 

characteristics of municipalities included population density and size, commuter patterns and 

business structure, as defined by the Swedish Association of Local Authorities and Regions. 

Schools with less than 10 pupils per class, where excluded. The initial selection comprised of 

619 schools with approximately 200 pupils per school year (1-2 classes per school), with the 

aim to recruit 3000 pupils in the survey. To maintain a representative study population of the 

real population, a non-response analysis was carried out by Statistics Sweden. The results of 

the non-response analysis will not be further accounted for in this report, however can be found 

in Annex 6 of Warensjö Lemming et al. (2018a). In total, 131 schools partook and out of the 

5145 pupils, 68% participated (n=3477) and 60% (n=3099) left complete diet information for 
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at least two days (i.e. on day ahead of introduction to survey and a randomized day) (Warensjö 

Lemming et al. 2018a). Forty percent of selected and recruited schools where randomized to 

leave blood and urine samples and a total of 62 schools participated. Of the 2377 pupils selected, 

55% participated (1305 pupils) and 46% (1108 pupils) left conclusive diet information and 

urine and blood samples (for plasma, serum and total blood) (Warensjö Lemming et al. 2018b). 

Not all serum samples were analysed for PFAAs concentrations in this study due to time 

limitations; the results of this study are thus only based on serum samples of the 479 participants 

that were analysed in time. 

 
2.1.2 RiksmatenFlex – registration of consumption and questionnaire 

All pupils participating in RMU where asked to fill in the online web-based method 

RiksmatenFlex, which included a questionnaire as well as a procedure for collection of food 

consumption data. Registration of consumption aimed to collect information on what type of 

foodstuff participants consumed as well as portion size. Pictures of different types of meals, 

foodstuffs as well as portion sizes of both food and beverages were shown as aids to help the 

pupil correctly register correct amount consumed. For a more comprehensive description of the 

development and layout of RiksmatenFlex, see Warensjö Lemming et al. (2018a). Registration 

was carried out over the course of three days; one registration of the day before (day 1) the 

introduction to RiksmatenFlex (carried out in school) and the next registration (day 2) was 

carried out on the same day as participants were introduced to RiksmatenFlex. The last 

registration (day 3) was done on one randomized day 2-7 days after the introduction to 

RiksmatenFlex (carried out at home). For the analysis of registered data, day 2 was excluded as 

registration was not retrospective (Warensjö Lemming et al. 2018a).  

The questionnaires, a separate part of RiksmatenFlex, aimed to gain comprehensive 

information on demographics, life style and food habits (Warensjö Lemming et al. 2018a). 

Information on demographics/lifestyle concerning both the pupil and respective 

parent(s)/caregiver(s) included for instance birth country of both pupil and 

parent(s)/caregiver(s), highest level of education of parent(s)/caregiver(s) in household and 

place of residence (Appendix 5, Warensjö Lemming et al. 2018a). The pupils were also asked 

questions of their perceived health, current medical diagnosis (if any), if and when the pupil 

had started menstruating (if female) (Appendix 2, Warensjö Lemming et al. 2018a). The 

questionnaires additionally contained questions regarding the pupil’s food habits regarding 

rarely consumed food items, both in school and at home, as two days of registrations of food 

consumption only gives a limited view of the adolescent diet (Appendix 3 and 4, Warensjö 

Lemming et al. 2018a).  
 

2.2 Blood serum and water samples 

 

2.2.1 Sampling and PFAAs analysis of blood serum 
Sampling of blood, as well as urine, was carried out by the five Occupational and 

Environmental Medicine clinics (AMM clinics), situated in Gothenburg, Linköping, Lund, 

Stockholm and Umeå. The sampling was carried out in the autumn 2016 for half of the study 

population and in the spring 2017 for the other half, in order to cover seasonal variation 

(Warensjö Lemming et al. 2018a). Nurses from the AMM clinics performed the blood sampling 

(6 test tubes, max 46 mL/pupil) and separation of serum, which was stored at -20C at the site 

after centrifugation and pipetting and then at stored at -80C before analysed for PFAAs.  

Serum samples were analysed for PFAAs by the Department of Environmental Sciences 

and Analytical Chemistry (ACES), Stockholm University, in accordance with the same 

procedures as reported by Glynn et al. (2012) and Gyllenhammar et al. (2015), with the 

following target PFAAs analytes: PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, 
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PFTriDA, PFTeDA, PFPeDA, PFBS, PFHxS and PFOS (Table 1). Branched and linear isomers 

of PFOA, PFHxS and PFOS were additional analytes. In brief, 0.5 g of serum was spiked with 

internal standards and target analytes were extracted with acetonitrile in an ultrasonic bath. 

Following centrifugation of the extracts, the supernatant was concentrated under nitrogen and 

successively underwent dispersive clean-up on graphitized carbon. Ahead of instrumental 

analysis, aqueous ammonium acetate and injection standards where added and the analysis of 

final extract was carried out on an Acquity ultra performance liquid chromatography system 

(UPLC) (Waters Corp., MA, U.S.) (Glynn et al. 2012). The UPLC was coupled to an Xeco TQ-

S tandem mass spectrometer (MS/MS) (Waters Corp., MA, U.S.) and was operated in 

electrospray ionization (ESI), run in negative ion mode (Gyllenhammar et al. 2015). 

Determination of limit of quantifications (LOQs) was carried out using the lowest calibration 

point. The LOQ was based on the mean blank +3 times the standard deviation in the event a 

signal occurred in the method blanks within a batch. Furthermore, concentrations <LOQ with 

a peak that had a signal to noise ratio of >3 were considered semi-quantitative and used as limit 

of detection (LOD). It should be noted that LOQs differed somewhat between batches 

(Analytical protocol, ACES). The range of LODs and LOQs for corresponding PFAAs are 

found in Table 1. 

 

2.2.2 Sampling and PFAAs analyses of drinking water 
Incoming and outgoing water were sampled in May and October 2018 from all WTP which 

provided recruited schools in RMU with drinking water; only water samples sampled in May 

are included in this study since the analytical analysis for the October samples were not finished 

on time to be included in this study. The sampling was carried out by WTP personnel and upon 

sampling, each WTP received a protocol where information about the sampling procedure was 

given. Briefly, the WTP where asked to take duplicates of both raw water (in-coming) and 

drinking water (out-coming) in 1 L high density polypropylene vials. Before sampling, the vials 

were to be rinsed three times by being half-filled and shaken with the water which was being 

sampled. Additionally, the WTPs where required to leave information of the facility’s capacity 

and technical information as well as account for each individual purifying treatment step. In the 

case when WTPs used granulated active carbon (GAC) as a biological secondary treatment, a 

250 ml vial was additionally to be filled with drinking water. Fully filled vials where then stored 

in darkness, at 4C until sent for analysis to the Department for Aquatic Sciences and 

Assessment at the Swedish University of Agricultural Sciences (SLU). 

The sampled water was analysed accordance with Gobelius et al. (2018) which used the 

analysis method as described in Ahrens et al. (2009), with slight alterations. In brief, 500 mL 

of each sample, filtered through 1.2 μm glass fiber filter (GFF) (GE Healthcare Life Sciences, 

Whatman, UK), was extracted with solid-phase extraction (SPE) utilising Oasis WAX 

cartridges (Waters Corporation, USA) after being spiked with 100 μL of internal standard (IS) 

mix. After extraction, the cartridges were washed with a 4 mL 25 mM ammonium acetate buffer 

in Millipore water. Centrifugation for 2 min at 3000 rpm successively dried the cartridges, 

which was followed by elution of extracted samples with 8 mL of a 0.1% ammonium hydroxide 

solution in methanol and 4mL of methanol. Analysis of extracts was carried out using high-

performance liquid chromatography coupled to a tandem mass spectrometer (HPLC-MS/MS; 

Agilent Technologies 1200 Series, Palo Alto, CA, USA, coupled to an Agilent 6460 Triple 

Quadrupole System, Palo Alto, CA, USA), once the extracts had been concentrated to 1 mL 

using a nitrogen stream (Gobelius et al. 2018). For details of the HPLC-MS/MS, see Ahrens et 

al. (2009). The isotope dilution method was utilised when quantifying PFAAs, where branched 

PFHxS, PFOA and PFOS were semi-quantified with the corresponding linear standard. 
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Tabell 1. Target analytes with correlating CAS number and LOD/LOQ from RMU participants PFAAs serum concentrations as well as WTPs PFAAs concentrations. 

CAS  Acronym Full name Serum (ng g-1) Water (ng L-1)  

PFCAs   LOD LOQ LOD Drinking 
LOQa 

Raw  
LOQa 

307-24-4 PFHxA Perfluorohexanoic acid 0.026-0.028 0.060-0.196 7.20 4.5-16 3.7-11 
375-85-9 PFHpA Perfluoroheptanoic acid 0.018-0.103 0.058-0.196 1.10 0.14-2.1 0.63-1.4 
335-67-1 PFOA Perfluorooctanoic acid  0.020-0.058 0.08 0.086-0.31 0.062-0.16 
 L-PFOA  ND 0.020-0.058    
 Br-PFOA  0.007-0.014 0.020-0.058    
375-95-1 PFNA Perfluorononanoic acid 0.103 0.058-0.196 0.07 0.044-0.15 0.047-0.13 
335-76-2 PFDA Perfluorodecanoic acid 0.028-0.071 0.058-0.196 0.07 0.053-0.11 0.054-0.15 
2058-94-8 PFUnDA Perfluoroundecanoic acid 0.019-0.053 0.058-0.196 0.09 0.075-0.17 0.072-0.4 
307-55-1 PFDoDA Perfluorododecanoic acid 0.016-0.047 0.058 0.14 0.068-0.63 0.066-0.68 
72629-94-8  PFTriDA Perfluorotridecanoic acid 0.013-0.045 0.058-0.196 0.16 0.05-0.69 0.048-0.49 
376-06-7 PFTeDA Perfluorotetradecanoic acid 0.043 0.058-0.196 0.20 0.28-4.2 0.19-6.6 
141074-63-7 PFPeDA Perfluoropentadecanoic acid ND 0.058-0.196 ND ND ND 
        
PFSAs        

375-73-5  PFBS Perfluorobutanesulfonic acid 0.030-.049 0.040-0.130 0.19 0.17-4.3 0.094-4.7 
355-46-4  PFHxS Perfluorohexanesulfonic acid   0.06 0.099-0.2 0.097-0.21 
 L-PFHxS  0.017-0.143 0.056-0.288    
 Br-PFHxS  0.012-0.030 0.056-0.186    
1763-23-1  PFOS Perfluorooctanesulfonic acid   1.10 0.57-1.9 0.66-4.2 
 L-PFOS  ND 0.056-0.562    
 Br-PFOS  0.068-0.218 0.056-0.562    

ND – not determined. 
a LOQ range is for water samples >LOD.  
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Calculation of the instrumental LOQ’s was carried out using ½ of the lowest calibration point 

in the calibration curve in which the relative standard deviation of the average response factor 

was (ARF) <30% (in some cases one or two points at low concentrations had to be removed). 

For each analyte, LOQs were calculated using the peak area of the lowest calibration point in 

the calibration curve. LOD was calculated by multiplying the ratio of the area of the native 

compound’s lowest calibration point and the area of the internal standard of the lowest 

calibration curve with the ratio of the amount of the internal standard and the ARF. This product 

was then multiplied with the average aliquot incorporating the ubiquitous matrix effects and 

individual water sample specific properties. The range of LODs and LOQs for corresponding 

PFAAs are found in Table 1. Additional information on sample preparation and instrumental 

analysis are accounted for in detail in Supporting Information in Gobelius et al. (2018). 

 

2.3 Data processing and calculations 
 

2.3.1 Fish consumption 

As fish consumption is seen as an important exposure route for certain PFAAs (Rylander et al. 

2010; Domingo 2012; Vestergren et al. 2012), the amount of daily consumed fish for the most 

important fish groups where calculated for each participant (n=479). This was done utilizing 

the questionnaire in which the study participants registered consumption frequency of each fish 

group. In the event participant answered that they never consumed fish in a general question 

about fish consumption, yet later answered that they consumed certain fish groups with a 

specific frequency when asked about frequency, the answered frequency was included in this 

study. Participants were asked to report frequency of consumption for the most recent 12 

months of the following fish groups: ‘White lean fish’ (e.g. cod, saithe, Alaska Pollock, hake, 

hoki, plaice, pangasius and tilapia); ‘Prepared products’ (e.g. Swedish fish balls and fish 

fingers); ‘Herring and mackerel’ (conserved, pickled, salted or smoked); ‘Salmon, char, trout 

and rainbow trout’; ‘Sardines, sardelles and anchovies’; ‘Baltic herring and bloater’; 

‘Freshwater fish’ (i.e. pike-perch, perch, pike and burbot); ‘Shark, large halibut, ray, swordfish 

and tuna’ (fresh, not canned); and ‘Canned tuna’. The consumption frequency of the shellfish 

groups ‘Crab’ and ‘Shellfish excluding crab’ (e.g. crayfish/langoustine, shrimps, lobster and 

mussels) were also reported. As fish consumption frequency in RiksmatenFlex was reported as 

a frequency over a specific time period (occasions of consumed fish per year/month/week/day), 

a yearly consumption frequency was determined in the calculation of the daily amount 

consumed fish (Table 2.). Utilizing the average portion sizes for fish (99 g) and shellfish (42 

g), as obtained from reported data in RMU (n=3099), the participant´s daily consumption of 

each fish and shellfish group was calculated as grams per day by dividing the frequency of 

yearly consumption with 365 days and dividing the resulting daily consumption with the portion 

size (Table 2.). 

 
Table 2. Daily consumption of fish and shellfish (g day-1) for each possible response interval frequency.  

Response interval - 
frequency 

Yearly consumption 
frequency (times yr-1) 

Amount of daily 
consumed fish (g day-1) 

Amount of daily consumed 
shellfish (g day-1) 

Never 0 0 0 
1-3 consumption/year 2 0.5 0.2 
4-8 consumption/year 6 1.6 0.7 
9-11 consumption/year 10 2.7 1.2 
1-3 consumption/month 24 6.5 2.8 
1 consumption/week 52 14.1 6.0 
2 consumption/week 104 28.2 12.0 
3 consumption/week 156 42.3 18.0 
>1 consumption/day 365 99.0 42.0 
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In addition to answering the food frequency questionnaire, RMU participants registered types 

of consumed food over three days. Estimation of daily fish consumption by frequency 

questionnaires is a well-established data collection method (Rylander et al. 2010; Bjermo et al. 

2013; Kang et al. 2018) and it is thus important to investigate whether the daily registration of 

foods in RiksmatenFlex is a viable data collection method. Consequently, using the daily 

registration data, the habitual consumption of fish and shellfish was calculated by SNFA 

utilizing the Multiple Source Method (MSM, Version 1.0.1) (DifE 2017). Habitual 

consumption of fish and shellfish was calculated utilizing the registered food consumption from 

registration day 1 and 3 in RiksmatenFlex, as they were considered independent and was 

calculated separately for each school grade, considering each grade as an individual population. 

Participants who had answered that they do not consume fish or shellfish, and not registered 

any fish nor shellfish consumption, were considered as non-consumers and thus lacked a 

habitual consumption of these food groups. 

 

2.3.2 Collection of WTP data 

To determine if the participants household received drinking water from the same WTP which 

delivered to their school, participants poste codes were compared to post codes within WTPs 

distribution area. Data on if the household received municipal water or water from privately 

drilled/dug wells were retrieved from the RiksmatenFlex questionnaire. Moreover, WTPs were 

asked to provide a list of postcodes within their distribution area. If this information could not 

be provided, the online postal service PostNord as well as online information on WTP 

distribution areas available from the drinking water producers were used instead to retrieve the 

same data. In the event the source of the household drinking water (well water/municipal water) 

was not known by participants/participants parents/guardians, or if the question was not 

answered, the participants postcode was compared to the WTPs distribution areas instead. In 

the event a participant answered that they received municipal water but did not register an 

existing post code in RiksmatenFlex, it was assumed that the participants household received 

water from the same WTP that delivered to participants school.  

 

2.4 Statistical analysis 
Associations between serum PFAAs concentrations of the participants and drinking water 

exposure, and personal characteristics, were analysed by the general linear model procedure 

(GLM). Analyses were done for the PFAAs which had been detected in more than 75% of the 

participants, i.e. PFOA, PFNA, PFDA, PFUnDA, PFBS, PFHxS and PFOS (Table 5 and Table 

6). Branched and linear isomers of PFOA, PFHxS and PFOS, respectively, were summed and 

statistical analyses were performed using the total concentration. The statistical analyses were 

carried out in three tiers; In Tier 1 associations between PFAA concentrations and the potential 

explanatory variables were analysed in order to find the major determinants of PFAA 

concentrations in the children/adolescents. Moreover, it was investigated if associations 

between serum PFAA concentrations and fish consumption differed depending on method of 

determination of fish consumption; Tier 2 examined the association between PFAAs serum 

concentrations and drinking water PFAA concentrations, assuming all participants received 

drinking water from the WTP which delivered drinking water to the schools; Tier 3 analysed 

the association between PFAA serum and drinking water PFAA concentrations among study 

participants who received drinking water from the participating WTPs to both their schools and 

their home address. All GLM analyses were performed on naturally log-transformed PFAAs 

data, as the data followed a log-normal distribution.  

Furthermore, the GLM procedure was used to calculate adjusted means of PFAAs 

concentrations associated with categorical covariates. In consequence of the logarithmic 

transformation, anti-logged adjusted means were geometric means. Outliers with standardized 
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residuals ≥3 (±) were removed until residual plots followed a satisfactory normal distribution. 

PFBS could not be analysed for association with potential determinants as serum concentrations 

did not follow normal, nor log-normal distribution. Instead, potential differences between 

participants receiving drinking water containing PFBS concentrations >LOD were compared 

with those receiving drinking water <LOD using the Mann-Withney U test. These tests were 

carried out on the same populations as included in Tier 2 and 3 (see below). All statistical 

analyses were carried out in Minitab® 2018 statistical software, with the significance level set 

to p≤0.05.  

 

2.4.1 Tier 1: Treatment and coding of serum concentrations 

For optimal statistical data treatment, in samples with PFAAs serum concentrations <LOQ 

measured concentrations ≥LOD were used. In samples with PFAAs serum concentrations 

<LOD concentrations were set to LOD/√2; LOD was determined in the analytical batch where 

the sample in question was analysed. In the event no LOD was reported for the batch, the lowest 

LOQ for that PFAAs analyte was used instead.  

 
2.4.1.1  Base model 

The potential determinants of PFAA serum concentrations were first tested on all participants, 

a largely heterogenic group, and secondly only on 8th grade participants, which can be 

considered more homogenic in terms of age and residence in proximity to school than 2nd year 

upper secondary participants. The analyses were however not performed on 5th graders 

separately since there was a suspicion that some of these participants had previously been 

exposed to highly contaminated drinking water.  

Explanatory variables in the Tier 1 GLM base models were consistent for all PFAAs, 

including ‘age’, ‘BMI’ (kg m-2), ‘maternal birth country’, ‘maternal education level’, ‘months 

fully nursed during infancy’, ‘school’, ‘sex’, ‘smoking’ and ‘snuffing’ as plausible 

determinants. Previous studies have reported age as PFAAs serum determinant (Daly et al. 

2018; Kang et al. 2018); ‘age’ (years) was consequently included as a potential continuous 

determinant. ‘BMI’ (kg m-2) was included as a determinant as negative association between 

several PFAAs measured in the present  study and height has previously been reported (Lee et 

al. 2018). A Swedish study found mothers from highly industrialized Nordic countries to have 

higher serum concentrations of PFOA, PFNA and PFOS compared to mothers from less 

industrialized countries (Ode et al. 2013); ‘maternal birth country’ was thus added as a potential 

determinant. In this case participants were assorted in accordance with the World Bank country 

classification by income level with the following classifications ‘high-income’, ‘upper-middle-

income’, ‘lower-middle-income’ and ‘low-income’ (World Bank Group 2018). On the occasion 

participants registered maternal birth countries not included in the World Bank classification, a 

similar country from the same region was instead used for the classification. Palestine was 

classified as Israel, Kosovo as Serbia, and Kurdistan as Turkey. The geo-cultural historical 

region of Kurdistan stretches across several country borders; however, adjacent countries have 

the same income classification as Turkey. Ogaden was classified as Ethiopia, ‘the Middle East’ 

as Egypt, and ‘Africa’ as Nigeria. In the event two different countries was reported without 

information of maternal birth country, the first country reported by the participant was classified 

as the maternal country. This was based on the fact that in 22 out of 33 times when different 

maternal and paternal birth country was stated, the maternal birth country was given before the 

paternal. ‘Maternal education level’ was included as possible determinant as studies have found 

increasing education level to be positively associated with some of the PFAAs included in the 

present study (Bjermo et al. 2013; Brantsæter et al. 2013). The classification was based on the 

reported highest maternal education level, with the following categories: ‘lacks formal 

education’, ‘elementary school or equivalent’, ‘vocational education or equivalent’, ‘minimum 
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of 3-year upper secondary school or equivalent’ and ‘university education’. Concerning the 

inclusion of the potential determinant ‘months fully nursed during infancy’, postnatal exposure 

via breast milk of certain PFAAs has shown to be an important determinant of infancy serum 

concentrations (Winkens et al. 2017; Gyllenhammar et al. 2018). The length in months 

participants had been fully nursed during infancy was registered with either of the following 

frequencies: ‘never fully nursed’, ‘less than a month’, ‘1-3 months’, ‘4-6 months’, ‘7-12 

months’ and ‘<12 months’ which were coded as 0, 0.5, 2, 5, 9.5 and 12 months respectively. 

‘Sex’ was included as a plausible determinant to intercept potential differences in gender (Ji et 

al. 2012; Bjermo et al. 2013)  and ‘schools’ were included to adjust for potential regional 

differences amongst the participants (Li et al. 2018). ‘Smoking’ was included since it has been 

reported to be associated with PFAAs serum concentrations in adults (Bjerregaard-Olesen et 

al. 2016; Tsai et al. 2018). Although no information on the potential association between 

PFAAs serum levels and snuffing has been reported to the best of my knowledge, ‘snuffing’ 

was additionally added as a potential determinant. Participants in 8th grade and 2nd year upper 

secondary school were asked about their smoking and snuffing habits, and these variables were 

coded as current snuffer/smoker, former snuffer/smoker and as never have snuffed/smoked.  

Furthermore, numerous studies have pinpointed food consumption as an important 

exposure route for many PFAAs, were consumption of fish is seen to be the food group of most 

importance (Rylander et al. 2010; Domingo 2012; Vestergren et al. 2012). Consequently, the 

calculated intake of fish and shellfish (g day-1) from the frequency questionnaire in 

RixmatenFlex, from here on referred to as ‘amount of daily consumed fish’, was included in 

the GLM base models. The habitual consumption of ‘fish and shellfish’, as determined from 

the 24-h registration data was separately added to the base model for all PFAAs. This step was 

included in order to determine which method of data collection that gave the strongest 

associations to the PFAA serum concentrations. 

 
2.4.1.2  Menstruation models 

It has been suggested that regular blood loss via menstrual bleeding increases elimination of 

certain PFAAs in women (Wong et al. 2014). Subsequently, the influence of menstruation on 

female participants was examined by creating new GLM models with explanatory variables 

from the base models which had shown to be significantly associated with the participants 

serum PFAAs concentrations, i.e. ‘age’, ‘maternal birth country’, ‘maternal education level’ 

and ‘schools’ (Appendix B, Table 1 to 3). ‘Amount of daily consumed fish’ was a more 

frequently significant determinant than ‘habitual consumption of fish and shellfish’ and was 

thus included in the menstruation models. Separate menstruation models were created each for 

PFOA, PFNA, PFDA, PFUnDA, PFHxS and PFOS, with different sets of female participants; 

participants from all school grades as well as on 5th and 8th grade participants separately, one 

including all participants and one excluding two schools with participants which could be 

suspected to previously been exposed to drinking water highly contaminated with PFAAs 

(Uppsala and Ronneby) (Glynn 2012; Li et al. 2018). The first menstruation model included 

menstruation as a categorical variable, were female participants had either reported not to or 

having started menstruating. The second menstruation model included menstruation as a 

continuous variable; ‘menstruation length (years since onset)’ was based on the reported age of 

menstruation start. The number of menstruating years was assumed to commence on the 

birthday of the year participants registered menstruation start. In the two instances participants 

registered that they started menstruating at an age one month older than their current age, the 

length of menstruation was assumed to be 0.1 as it was believed that the participant just started 

menstruating and mixed up either of the registrations. 
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2.4.2 Tier 2 and 3: Treatment and coding of water data 

For statistical analyses of PFAAs concentrations in WTPs water, PFAAs concentrations <LOQ 

were replaced with a concertation of LOQ/2. A mean between raw and drinking water PFAA 

concentrations was calculated for each WTP; this mean is from here on referred to as drinking 

water (DW) concentration unless stated otherwise. On the occasion two WTP delivered water 

to an RMU school, the distribution was assumed to be 50/50 if no additional information had 

been given by the WTPs. The concentration of PFAA analytes delivered to those schools was 

consequently calculated as a new mean between the WTPs. For schools who received water 

from three different WTP’s, the proportions (30%, 70% and 30%) given by the WTPs in 

question were used to calculate the PFAAs concentrations delivered to corresponding schools. 

In the event PFAAs concentrations could not be analysed for a specific WTP and schools 

obtained water from that WTP as well as another WTP with measured PFAA concentrations, 

the PFAA concentration of the latter WTP was used.  

In analysis of association between the participants PFAAs serum concentrations and 

drinking water, both Tier 2 and 3 GLM models included determinants which in the base model 

were shown to be significantly associated with PFAA serum concentrations, i.e. ‘age’, ‘amount 

of daily consumed fish, ‘maternal birth country’, ‘maternal education level’ and ‘sex’ 

(Appendix B, Tables 1 to 3). Drinking water PFAAs concentrations were coded as a continuous 

covariate (ng L-1) and as a categorical covariate, with mean DW PFAA concentrations 

categorized as <LOD, >LOD to ≤1 or >1 ng L-1 for PFHxS and PFOA. As PFOS LOD was >1 

ng L-1, the following categories were used instead: <LOD, >LOD to ≤4 or 4< ng L-1 for PFOS. 

As PFNA was not measured above 1 ng L-1 in any of the water samples (Table 4), the categories 

<LOD, >LOD to ≤0.2 or >0.2 ng L-1 were used instead. GLM models in Tier 2 included either 

the categorical or the continuous drinking PFAAs variable. Analyses were performed on all 

RMU participants and on all participants excluding those from an area with reported historical 

exposure to highly PFAA contaminated drinking water (Uppsala and Ronneby). GLM models 

in Tier 3 were tested on the same population groups as in Tier 2, however only including 

participants which received drinking water from participating WTPs both at home and in 

school; participants were excluded if their postcodes did not correspond to the postcodes within 

the WTP distribution area. On the occasion a participant received drinking water from different 

participating WTPs in school and at home, a new mean PFAA concentration was calculated 

assuming equal consumption of drinking water from the different WTPs. GLM models in Tier 

3 only included categorically coded drinking water variables.  

 

2.5  Risk assessment 
The PFAAs serum concentrations among the RMU participants were, to the extent possible, 

compared to the serum concentrations used to determine the health-based tolerable daily intakes 

(TDIs), as carried out by the European Food Safety Agency (EFSA). Furthermore, RMU serum 

concentrations were compared with calculated serum concentrations used for the derivation of 

the minimal risk levels (MRL) as undertaken by the U.S. Agency for Toxic Substances and 

Disease Registry (ATSDR). 

EFSA identified a PFOS-induced decrease in antibody response after vaccination in 

children as the most sensitive critical effect when deriving the TDI for PFOS, and the PFOA-

induced increase in total serum cholesterol in adults as the sensitive critical effect for PFOA. 

For the derivation of TDIs, EFSA used the lower 95% confidence limit (BMDL) concentrations 

of the modelled serum PFOS/PFOA concentrations associated with a 5% change in antibody 

and cholesterol levels (benchmark doses 5%, BMD05). The long-term PFOS/PFOA intakes 

resulting in the BMDL05 concentrations were set as TDIs for PFOS/PFOA; the modelled 

BMDL05  was 10.5 and 9.2 ng mL-1 for PFOS and PFOA, respectively (EFSA Contam Panel et 
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al. 2018). EFSAs utilization of epidemiological data enabled direct comparison between 

PFOS/PFOA serum concentrations of RMU participants with the EFSA modelled BMDL05.   

ATSDR used modelled time weighted average (TWA) serum concentrations of PFHxS, 

PFOS, PFOA and PFNA at the no-observed-adverse-effect level (NOAEL) or the lowest-

observed-adverse-effect level (LOAEL) in animal studies as point of departure (POD) in 

derivation of the MRLs (ATSDR 2018). TWAs in animals were used as a base for estimating 

the long-term human equivalent doses (HEDs) corresponding to the TWAs (ATSDR 2018). In 

MRL determination, ATSDR allocated uncertainty factors (UF) to the HEDs, accounting for 

differences in toxico-dynamics between animals and humans, for toxico-kinetic and toxico-

dynamic variability in humans, and in certain cases for uncertainties of the critical effect POD. 

The predicted TWA serum concentrations and associated uncertainty factors were used for 

calculation of predicted serum concentrations in humans at MRL (MRL concentrations) are 

found in Table 3.   

Comparisons between RMU serum PFOA/PFNA/PFHxS/PFOS concentrations and 

concentrations at BMDL05 or MRL were used as a risk assessment approach in the present 

study. RMU concentrations ≤BMDL05 or MRL concentrations were regarded as safe from a 

health risk perspective, and RMU concentrations >BMDL05 or MRL concentrations were 

interpreted as a health concern.  

 
Table 3. TWA serum concentrations at point-of-departure (POD) n animal studies where the most critical effects were 

identified and used for determination of MRL, with correlating uncertainty factors (UFs) (ATSDR 2018) .  

Risk 
assessment 

PFAA TWA serum 
concentrations (ng mL-1) 

Total UFa Calculated human 
serum concentrations 
at MRL (ng mL-1) 

ATSDR PFOA 8290  300b 27.6 
 PFNA 6800 300c 22.7 
 PFHxS 73220 300c 244.1 
 PFOS 7430 300d 24.8 

a Uncertainty factor (UF) of 3 for extrapolation from animal studies to humans with dosimetric adjustments and 

an UF of 10 for human variability was included. 
b An additional UF was included for extrapolation from a LOAEL. 
c An additional modifying factor (MF) of 10 was included for database limitations 
d An additional MF of 10 was included for concern that immunotoxicity may be a more sensitive endpoint 

compared to the developmental toxicity of with the MRL is derived from. 

 

3. Results 
 

The characteristics of the study participants can be found in Tables 1 to 3 in Appendix A. 
 

3.1.Drinking water PFAA concentrations 

Measured median concentration were highest for PFOS for both drinking and raw water of the 

45 participating WTPs (Table 4); two WTPs did not send water samples to the laboratory and 

were thus excluded. Drinking/raw water concentrations of PFOA, PFNA, PFHxS, PFBS and 

PFOS were >LOD at least in one WTPs, while PFHxA, PFDA, PFUnDA, PFDoDA, PFTriDA 

and PFTeDA were not detected in drinking water samples from any WTP (Table 4). PFDA, 

PFUnDA, PFDoDA, PFTriDA and PFTeDA concentrations were below LOD for all WTP raw 

water (Table 4). LOD for corresponding PFAAs and for range of analytical batches LOQ are 

found in Table 1. 
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Table 4. Measured PFAA concentrations (ng L-1) in drinking and raw water of 45 WTP. a 

 Drinking water  Raw water 

PFAA Median (ng/L)  (min-max) % detectedb  Median (ng/L) (min-max) % detectedb 

PFHxA <LOD  0.00 3.85 1.85 – 30.0 5.3d 
PFHpA 0.70 0.07 – 2.10 5.0c 0.55 0.32 – 8.20 5.3d 
PFOA 0.40 0.04 – 1.90 71.1 0.68 0.03 – 7.30 75.0d 
PFNA 0.05 0.02 – 0.37 44.4 0.06 0.02 – 0.42 46.7 
PFDA <LOD  0.00 <LOD  0.00 
PFUnDA <LOD  0.00 <LOD  0.00 
PFDoDA <LOD  0.00 <LOD  0.00 
PFTriDA <LOD  0.00 <LOD  0.00 
PFTeDA <LOD  0.00 <LOD  0.00 
PFHxS 0.10 0.05 – 7.90 45.5c 0.23 0.05 – 73.0 55.6 
PFBS 0.17 0.09 – 3.10 25.0c 0.11 0.05 – 6.90 15.6 
PFOS 0.80 0.29 – 4.20 17.8 1.80 0.33 – 67.0 15.6 

Italic – concentration below LOD, though higher than a few individual LOQs due to analyses in different analytical 

batches (see Table 1 for LOD for corresponding PFAAs). 

<LOD – for all samples of water tested for that PFAA 
a Concentrations <LOQ was set to LOQ/2 in the calculations in median and range (min-max).  
b Percent detected PFAAs in water samples >LOD.  
c Off all the water samples could PFHpA in 5 samples, PFHxS in 1 sample and PFBS in 1 sample not be analytically 

assessed; these samples were consequently excluded when calculating percent detected PFAAs for all the samples.  
d Off all the water samples could PFHxA in 7 samples, PFHpA in 7 samples and PFOA in 1 sample not be 

analytically assessed; these samples were consequently excluded when calculating percent detected PFAAs for all 

the samples.  

 

Median concentrations in serum of the children/adolescents were below LOD in all analytical 

batches of PFHxA, PFHpA, br-PFOA, PFDoDA, PFTriDA, PFTeDA and PFPeDA (Table 5- 

6). Range for the analytical batches LOD are found in Table 1. For PFCAs with carbon chain 

length ≥7, median concentrations decreased with decreasing carbon chain length, with the 

highest median concentration of Sum-PFOA being >1 ng/g (Table 5). Sum-PFOS had the 

highest median of all PFAAs being twice as high as PFOA and median concentrations were 

decreasing with decreasing carbon chain length of the PFSA’s (Table 5-6). Male participants 

had a tendency of higher median PFAAs concentrations compared to females (Table 5-6). 
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Table 5. PFCA serum concentrations (ng g-1) in all RMU children/adolescents. 

PFCA Sex Mean (SD)a Median (min – max)  % ≥LOQ detected 

PFHxA Tot 0.030 (0.012) <LOD (0.000 – 0.103) 4.20 
 Males 0.030 (0.012) <LOD (0.000 – 0.074)  
 Females 0.029 (0.012) <LOD (0.000 – 0.103)  
PFHpA Tot 0.053 (0.064) <LOD (0.000 – 0.604) 41.54 
 Males 0.046 (0.041) <LOD (0.000 – 0.240)  
 Females 0.059 (0.076) <LOD (0.000 – 0.604)  
L-PFOA Tot 1.299 (0.666) 1.176 (0.000 – 6.134) 99.78 
 Males 1.303 (0.647) 1.210 (0.000 – 6.134)  
 Females 1.297 (0.680) 1.135 (0.401 – 5.721)  
Br-PFOA Tot 0.015 (0.012) <LOD (0.000 – 0.138) 21.85 
 Males 0.015 (0.012) <LOD (0.000 – 0.138)  
 Females 0.015 (0.012) <LOD (0.000 – 0.121)  
Sum-PFOA Tot 1.131 (0.667) 1.183 (0.000 – 6.134) 99.78 
 Males 1.137 (0.647) 1.210 (0.000 – 6.134)  
 Females 1.312 (0.6819 1.135 (0.401 – 5.271)  
PFNA Tot 0.387 (0.205) 0.348 (0.000 – 1.715) 98.96 
 Males 0.416 (0.214) 0.380 (0.000 – 1.749)  
 Females 0.366 (0.197) 0.337 (0.000 – 1.751)  
PFDA Tot 0.206 (0.135) 0.177 (0.000 – 1.171) 99.37 
 Males 0.212 (0.140) 0.184 (0.000 – 1.005)  
 Females 0.202 (0.132) 0.172 (0.000 – 1.171)  
PFUnDA Tot 0.134 (0.094) 0.115 (0.000 – 0.711) 92.07 
 Males 0.144 (0.106) 0.117 (0.000 – 0.711)  
 Females 0.128 (0.084) 0.113 (0.000 – 0.556)  
PFDoDA Tot 0.018 (0.013) <LOD (0.000 – 0.149) 14.20 
 Males 0.018 (0.013) <LOD (0.000 – 0.139)  
 Females 0.018 (0.015) <LOD (0.000 – 0.149)  
PFTriDA Tot 0.020 (0.017) <LOD (0.000 – 0.164) 14.41 
 Males 0.020 (0.016) <LOD (0.000 – 0.120)  
 Females 0.020 (0.017) <LOD (0.000 – 0.164)  
PFTeDA Tot 0.038 (0.005) <LOD (0.000 – 0.043) 0.21 
 Males 0.038 (0.005) <LOD (0.000 – 0.043)  
 Females 0.037 (0.005) <LOD (0.000 – 0.000)  
PFPeDA Tot 0.000 (0.000) <LOD (0.000 – 0.000) 0.00 
 Males 0.000 (0.000) <LOD (0.000 – 0.000)  
 Females 0.000 (0.000) <LOD (0.000 – 0.000)  

Ntot for PFHpA, PFNA, PFDA, PFUnDA, PFDoDA, PFTriDA, PFTeDA, PFPeDA, L-PFHxS, br-PFHxS, Sum-

PFHxS, L-PFOS, br-PFOS and sum-PFOS was 479 and 197 and 282 for males and females respectively. Ntot for 

PFHxA, L-PFOA, br-PFOA, sum-PFOA and PFBS was 476, where nmen and nwoman are 197 and 279 respectively. 

ND – not detected; <LOD – range of LOD due to different batches is detailed in the text. 
a Serum concentrations <LOD were corrected for with LOD/√2. 
b Range of LOD for corresponding PFCA is found in Table 1. 
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Table 6. PFSA serum concentrations (ng g-1) in all RMU children/adolescents.  

PFSA Sex Mean (SD)a Median (min – max) b % ≥LOQ detected 

PFBS Tot 0.115 (0.197) <LOD (0.000 – 2.686) 56.72 
 Males 0.115 (0.228) <LOD (0.000 – 2.686)  
 Females 0.115 (0.173) <LOD (0.000 – 1.683)  
L-PFHxS Tot 1.934 (13.19) 0.388 (0.000 – 254.6) 98.75 
 Males 2.480 (18.84) 0.440 (0.000 – 254.6)  
 Females 1.554 (6.913) 0.359 (0.000 – 80.88)  
Br-PFHxS Tot 0.109 (0.272) <LOD (0.000 – 3.743) 11.48 
 Males 0.109 (0.334) <LOD (0.000 – 3.743)  
 Females 0.109 (0.219) <LOD (0.000 – 2.439)  
SumPFHxS Tot 2.011 (13.19) 0.389 (0.000 – 258.4) 98.75 
 Males 2.680 (19.14) 0.450 (0.000 – 258.4)  
 Females 1.542 (6.330) 0.360 (0.000 – 83.22)  
L-PFOS Tot 2.789 (6.987) 1.757 (0.000 – 127.2) 99.79 
 Males 3.233 (9.340) 1.941 (0.000 – 127.2)  
 Females 2.478 (4.687) 1.624 (0.000 – 51.60)  
Br-PFOS Tot 1.451 (5.682) 0.821 (0.000 – 109.8) 99.79 
 Males 1.726 (8.025) 0.972 (0.000 – 109.8)  
 Females 1.259 (3.148) 0.749 (0.068 – 32.53)  
Sum-PFOS Tot 4.239 (12.62) 2.606 (0.000 – 237.02) 99.79 
 Males 4.960 (17.33) 2.830 (0.000 – 237.02)  
 Females 3.736 (7.802) 2.376 (0.548 – 84.13)  

Ntot for PFHpA, PFNA, PFDA, PFUnDA, PFDoDA, PFTriDA, PFTeDA, PFPeDA, L-PFHxS, br-PFHxS, Sum-

PFHxS, L-PFOS, br-PFOS and sum-PFOS was 479 and 197 and 282 for males and females respectively. Ntot for 

PFHxA, L-PFOA, br-PFOA, sum-PFOA and PFBS was 476, where nmen and nwoman are 197 and 279 respectively. 
a Serum concentrations <LOD were corrected for with LOD/√2. 
b Range of LOD for corresponding PFSA is found in Table 1. 

 

3.2. Regression analysis – Tier 1 

Tier 1 analysed the association between potential determinants and PFAAs concentrations in 

the RMU population. In the multiple regression analyses including covariate ‘amount of daily 

consumed fish’ performed on all participants, female participants had lower adjusted mean 

serum concentrations of PFNA, 

PFHxS and PFOS compared to 

male participants (Figure 1). 

There was a significant difference 

in adjusted mean concentrations 

between schools for all PFAAs 

with <75% detected serum 

concentrations in this study, 

except for PFDA (Appendix A, 

Table 2). The difference in 

adjusted mean serum 

concentration varied between 

schools, which can be seen for e.g. 

PFHxS (Figure 2). Participants 

with mothers born in high-income 

countries had higher adjusted 

mean serum concentrations of 

PFOA, PFNA and PFOS compared 

to participants born by mothers 

from low-, lower-middle- and 

upper-middle-income countries, 

Figure 1. PFNA (n=439), PFHxS (n=440) and PFOS (n=443) adjusted mean 

serum concentrations (ng g-1) in the RMU population stratified by gender. Models 

are adjusted for ‘age’, ‘BMI’, ‘amount of daily fish consumed, ‘maternal birth 

country’, ‘maternal education level’, ‘schools’, ‘smoking habits’ and ‘snuffing 

habits’. * = ≥0.05, ** = ≥0.01 and ***= ≥0.001 significance level; females were 

used as reference.     
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while the highest adjusted mean 

serum concentration of PFUnDA 

was seen for participants with 

mothers born in lower-middle-

income countries (Figure 3). 

Mean serum concentrations of 

PFNA, PFDA, PFUnDA and 

PFOS increased with 0.27 to 0.77 

percent per g day-1 by daily 

consumption of fish (Table 7). 

Age is inversely associated with 

PFNA and PFHxS serum 

concentrations (Table 7). The 

adjusted mean serum 

concentration of PFHxS and 

PFOS was highest for 

participants whose mothers had 

finished an equivalent to 

elementary school level, 

compared to participants with 

mothers who had either a lower 

or higher finished level of 

education (Figure 4). 

Participants PFAAs serum 

concentrations were not 

associated with BMI nor with 

smoking and snuffing habits.   

To investigate whether 

the 24-h retrospective 

registration of consumed food is 

an effective data collection 

method for fish, ‘habitual 

consumption of fish and 

shellfish’ was included in the GLM models instead of ‘amount of daily consumed fish’. Mean 

serum concentrations of PFNA, PFDA and PFUnDA increased with 0.45 to 1.24 percent by 

gram consumed fish per day (Table 7); the participants PFOS serum concentrations were no 

longer associated with fish consumption. This exchange of fish consumption covariate did not 

markedly change the associations for other covariates in the model with a few exceptions; 

‘maternal education level’ was no longer a significant covariate for PFOS (Appendix B, Tables 

1-2). 

 

 

 

 

 

 

 

 

Figure 2. PFHxS (n=440) adjusted mean serum concentrations (ng g-1) in the 

entire RMU population stratified by the 57 participating schools. The model 

included the covariates ‘age’, ‘sex’, ‘BMI’, ‘maternal birth country’, ‘maternal 

education level’, ‘schools’, ‘smoking habits’ and ‘snuffing habits’ and ‘amount 

of daily consumed fish’.  
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Table 7. Associations between serum PFAA concentrations in children/adolescents and age and fish consumption. 

PFAAs n R-sq % Continuous variables Coef. % Coef. SE p-
value 

PFNA 439a 35.16 Age -8.83 3.65 0.016 
   Amount of daily consumed fish 0.46 0.10 0.000 
 441b 29.97 Habitual consumption of fish 

and shellfish 
0.45 0.16 0.008 

PFDA 445a 24.12 Amount of daily consumed fish 0.54 0.13 0.000 
 444b 23.21 Habitual consumption of fish 

and shellfish 
0.75 0.20 0.000 

PFUnDA 446a 29.62 Amount of daily consumed fish 0.77 0.16 0.000 
 445b 30.71 Habitual consumption of fish 

and shellfish 
1.24 0.26 0.000 

PFHxS 440a 71.32 Age -17.45 4.92 0.000 
PFOS 443b 59.66 Amount of daily consumed fish 0.27 0.10 0.009 

For age, the coefficient represents the percentage (%) change in PFAA serum concentration per year and for 

‘amount of daily consumed fish’, the coefficient represents the percentage change (%) in PFAAs serum 

concentration per gram consumed fish per day. 
a Adjusted for ‘age’, ‘BMI’, ‘amount of daily consumed fish’, ‘maternal birth country’, ‘maternal education level’, 

‘sex’, ‘schools’, ‘smoking habits’ and ‘snuffing habits’. 
b Adjusted for ‘age’, ‘BMI’, ‘habitual consumption of fish and shellfish, ‘maternal birth country’, ‘maternal 

education level’, ‘sex’, ‘schools’, ‘smoking habits’ and ‘snuffing habits’. 

 

 

The analysis of 

association of possible 

explanatory variables and 

PFAAs concentrations was 

furthermore carried out on 

only 8th grade participants as 

they can be considered a 

more homogenous 

population in terms of age 

and proximity to school than 

the entire RMU population. 

The regression analyses 

using Tier 1 models on 

participants in 8th grade only 

and including the covariate 

‘amount of daily consumed 

fish’, differed slightly from 

to the results of the same 

regression model including 

all RMU participants. Age 

and sex were no longer 

significant determinants of 

PFNA and PFHxS serum 

concentrations. PFHxS 

serum concentrations were 

additionally no longer 

associated with the level of 

maternal education, and 

‘schools’ was thus the only 

Figure 3. Adjusted mean serum concentration (ng g-1) of PFOA (n=441), PFNA (n=439), 

PFUnDA (n=446) and PFOS (n=443) in the RMU population stratified by maternal birth 

country. Models included the covariates ‘age’, ‘BMI’, ‘amount of daily fish consumed, 

‘maternal birth country’, ‘maternal education level’, ‘sex’, ‘schools’, ‘smoking habits’ 

and ‘snuffing habits’. * = ≥0.05, ** = ≥0.01 and ***= ≥0.001 significance level; high-

income was used as reference. 
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remaining significant covariate. Sex and daily consumption of fish were no longer significant 

determinants for PFOS. However, PFOS serum concentrations decreased with 23.1% per year 

of age (p=0.045, Coef. SE=11.4). Unlike the non-significant association between PFDA serum 

concentrations and maternal birth country in the regression analysis including all participants, 

8th grade participants (n=172) with mothers from high-income-countries had a higher adjusted 

mean PFDA serum concentration, where participants with mothers from upper-middle-income 

countries had 56.4% less PFDA (SE: 19.8, p=0.005) compared the mothers from high-income-

countries. Although the association between PFOS serum concentrations maternal birth country 

remained, the highest adjusted mean concentration was found amongst pupils with mothers 

born in lower-middle-income countries and not high-income-countries. ‘Schools’ was no 

longer a significant determinant for PFUnDA serum concentrations, however participants who 

never snuffed had higher PFUnDA serum concentrations compared to participants had 

previously snuffed and who snuffed occasionally/daily (Coef. -178%, SE: 64.3, p=0.007). No 

included covariate was significantly associated with 8th grade participant PFOA serum 

concentrations.  

The effect off menses on the female RMU populations PFAAs serum concentration was 

additionally carried out. ‘Menstruation (yes/no)’ and ‘menstruation length (years since onset)’ 

were not significantly associated with PFAAs serum concentrations in either the entire female 

study population or among female participants in 5th and 8th grade, with one exception; The 

length of menstruation among 5th grade girls was inversely associated with PFOS serum level, 

which decreased 30.8% (SE = 14.16) per year of menstruation.  

 
Figure 4. PFHxS (n=440) and PFOS (n=443) adjusted mean serum concentrations (ng g-1) in the entire RMU population 

stratified by maternal education levels. Covariates in the models were ‘age’, ‘sex’, ‘BMI’, ‘maternal birth country’, ‘maternal 

education level’, ‘schools’, ‘smoking habits’ and ‘snuffing habits’ and ‘amount of daily consumed fish’. *=≥0.05, **=≥0.001 

and ***=≥0.001; the category university was used as a reference. 

3.3. Regression analysis – Tier 2 

Tier 2 GLM models investigated the effect of PFAAs contaminated drinking water on all RMU 

participants, by either including drinking water as continuous or categorical variables. 

Participants receiving DW with PFHxS and PFOA concentrations >1 ng L-1, and PFOS 

concentrations >4 ng L-1, had the higher adjusted mean serum concentrations of these PFAAs 

compared to participants who received DW with concentrations <1 and <4 ng L-1, respectively 

(Figure 6). This was also the case when the participants from schools with a known history of 

receiving highly contaminated DW were excluded (Figure 6). Furthermore, participants serum 

concentrations at >LOD to ≤1 ng-1L-1 for PFOA and PFHxS (excluding the regression analysis 
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on all participants) and >LOD to ≤4 ng L-1 for PFOS were significantly larger compared to 

participants consuming drinking water with PFHxS and PFOS concentrations <LOD (Figure 

6). PFNA serum concentrations were not significantly associated with the categorically coded 

PFNA concentrations in DW (results not shown). Furthermore, there was no significant 

difference in median PFBS serum concentration between participants receiving drinking water 

containing PFBS>LOD and those participants receiving drinking water with non-detected 

PFBS concentrations (results not shown).  

 

 
Figure 6. Adjusted mean serum concentration (ng g-1) of PFOA (n=412 and 394), PFHxS (n=401 and 393) and PFOS (n=408 

and 396) in the entire RMU population (all schools) and excluding participants with a history of known PFAA contamination 

of drinking water, stratified by DW contamination category. Models included covariates ‘age’, ‘sex’, ‘maternal birth country’, 

‘maternal education level’, ‘drinking water’ and ‘amount of daily consumed fish’. *=≥0.05, **=≥0.001 and ***=≥0.001; the 

category <LOD is used as a reference. 
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For the multiple regression analysis on all participants, including DW PFAA concentrations as 

a continuous variable, adjusted means of PFHxS, PFOS and PFNA serum concentrations 

increased with increasing DW concentrations (Table 8). The highest increase was observed for 

PFHxS and the lowest for PFOS (Table 8). No significant association between PFOA and DW 

concentrations as a continuous variable was seen. A somewhat larger increase in serum 

concentrations per 1 ng L-1 increase in DW concentrations was observed when participants from 

schools with a known history of receiving highly contaminated drinking water were excluded 

(Table 8). 

 
Table 8. Association between PFAAs serum concentrations and PFAAs concertation in drinking water coded as a continuous 

variable.a 

PFAA n R-sq (%) Coef. (%) Coef (SE) p-value 

PFHxSb 409 39.49 18.7 1.43 0.000 
PFHxSc 392 21.19 22.9 3.74 0.000 
PFOSb 406 18.95 2.12 0.55 0.000 
PFOSc 396 22.36 10.6 1.87 0.000 
PFNAb 413 13.12 42.3 21.0 0.045 
PFNAc 394 13.67 48.6 22.1 0.029 

The regression coefficient represents the percentage (%) increase in serum concentration per ng L-1 increase in 

drinking water concentration. 
a Adjusted for ‘age’, ‘amount of daily consumed fish’, ‘maternal birth country’, ‘maternal education level’ and 

‘sex’. 
b Including participants from all schools. 
c Excluding participants from two schools with previous history of known PFAA contamination of drinking water. 

 

3.4. Regression analysis – Tier 3 

The regression models in Tier 3 investigated the associations between participants PFAA serum 

concentration and PFAA concentrations in drinking water solely on participants receiving 

drinking water from the same WTP which delivered to their home as to their school. For the 

regression analysis including categorically coded DW including all participants, as well as 

separately analysed on only RMU participants who had not previously been exposed to highly 

contaminated PFAA DW, participants consuming DW at >1 ng L-1 PFHxS and PFOA and >4 

ng L-1 PFOS had higher adjusted serum concentrations compared to participants consuming 

water from a WTP with concentrations <1 and <4 ng L-1 (Figure 7). Moreover, participants 

with both PFHxS, PFOA and PFOS concentrations at >LOD to ≤1 and >LOQ to ≤4 

respectively, had significantly higher mean concentrations compared to participants consuming 

water with PFOA, PFHxS and PFOS concentrations <LOD (Figure 7). PFNA serum 

concentrations were not significantly associated with the categorically coded PFNA 

concentrations in DW (results not shown). Additionally, there is no significant difference in 

median PFBS serum concentration between participants receiving DW with PFBS 

concentrations <LOD and those receiving DW containing PFBS>LOD (results not shown).  
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Figure 7. Adjusted mean serum concentration (ng L-1)  of PFOA (n=334 and 316), PFHxS (n=327 and 315) and PFOS (n=328 and 

310) on RMU participants who received drinking water at home from the same WTP as delivered to participant’s school, stratified 

by contamination category. The GLM model was run on all these participants (all schools) as well as on participants with no previous 

history of known PFAA contamination of drinking water (excluding schools). Models included the covariates ‘age’, ‘sex’, ‘maternal 

birth country’, ‘maternal education level’, ‘drinking water’ and ‘amount of daily consumed fish’. *=≥0.05, **=≥0.001 and 

***=≥0.001; the category <LOD is used as a reference. 
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3.5.Risk assessment 

All RMU participant had PFOA serum concentration below EFSAs BMDL05 and ATSDR MRL 

concentrations (Table 9). Similarly, no participant had serum concentrations of PFHxS, PFOS 

and PFNA exceeding the ATSDR MRL concentrations (Table 9). The percentage of 

participants with serum concentrations of PFOS exceeding the EFSA was 2.7% based on 

reduced antibody response post-vaccination in children (Table 9). With delayed eye opening 

and decreased pup weight in rat as a critical effect, 1.7% of participants surpassed the ATSDR 

MRL serum PFOS concentration (Table 9). 

 
Table 9. Overview of number (n) and percentage (%) of RMU participants with serum concentrations above the BMDL05 (as 

determined by EFSA) and the predicted serum concentrations (calculated from ATSDR MRL). The median (minimum – 

maximum) of participants above the corresponding serum concentrations (ng mL-1) are presented as well. 

PFAAs Risk 
assessment 

Critical effect TDI/MRL 
serum 
concentration 
(ng/ml) 

n participants 
exceeding 
TDI/MRL 
concentrations 
(%) 

Median (min-max) 
concentration in 
participants 
exceeding TDI/MRL 
concentrations 
(ng/ml) 

PFOA EFSA Increase in human 
total serum 
cholesterol in adults 

9.2 0 (0.0) 0.0 (0.0 – 0.0) 

 ATSDR Altered activity and 
skeletal alterations 
in mouse offspring 

27.6 0 (0.0) 0.0 (0.0 – 0.0) 

PFOS EFSA Reduced antibody 
response post-
vaccination in 
children 

10.5 13 (2.7) 28.84 (10.82 – 237.02) 

 ATSDR Delayed eye 
opening and 
decreased pup 
weight in rat 

24.8 8 (1.7) 59.54 (25.31 – 237.02) 

PFHxS ATSDR Thyroid follicular 
cell damage in rat 

244.1 0.0 0.0 (0.0 – 0.0) 

PFNA ATSDR Decreased body 
weight and 
developmental 
delays in mouse 

22.7 0.0 0.0 (0.0 – 0.0) 

 

4. Discussion 

 
Discussion of the findings of this study is carried out in accordance with the three tiers of this 

study as well as the risk assessment. Although limited in numbers, studies of PFAAs in 

children/adolescents with an age range close to the RMU population was incorporated in the 

discussion to the extent possible. If no information on child/adolescent data could be found 

other age-group categories were accounted for instead.  

 
4.1.RMU participants serum concentrations 

Comparison of the RMU populations PFAAs serum concentrations with that of other 

populations is difficult from several aspects. Firstly, there are few studies on 

children/adolescents which covers the same age span as the RMU population (age 10-21 years). 

Secondly, temporal differences in sampling time prevents further comparison as the most 

commonly detected PFAAs in humans have shown a decreasing trend over the past decade 

(Nyberg et al. 2018). Thirdly, different analytical methods have been used over time with 

different LODs/LOQs. To my best of knowledge, no sampling of child/adolescent serum with 

regard to PFAAs has been conducted within the same time period as for the RMU participants, 
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i.e. 2016/17. Nonetheless, the closest sampling yet, a study on a Korean population ages 3-18, 

sampled in 2012-2014 (Kang et al. 2018), reported serum concentrations similar to the RMU 

population were median concentrations was highest for PFOS of all the measured PFAAs’,  

followed by PFOA, both having serum concentrations >1 ng mL-1. The median concentrations 

of the long-chain PFCAs and PFHxS were all <1 ng mL-1 (Kang et al. 2018), which was 

similarly found in the RMU population. Similar to both the RMU population and the results 

reported by Kang et al. (2018), a Norwegian study on adolescents ages 15-19 years of age, 

sampled 2010-2011, reported median concentrations of PFHxS, PFNA and PFDA to be <1 ng 

mL-1 and the highest median serum concentration was PFOS, followed by PFOA, both having 

concentrations >1 ng mL-1 (Averina et al. 2018). These similarities in reported concentrations 

in different adolescent populations inevitably suggest that although spatial differences exist, 

humans are exposed to PFAAs globally. 

 

4.2. Tier 1 – Determinants of PFAA concentrations 

Tier 1 investigated potential determinants of the RMU participants PFAAs serum 

concentrations, as there currently exists a knowledge gap on what determinants influence child 

and adolescent PFAAs serum concentrations. Analysis of association included potential 

demographic variables, i.e. age, sex, menstruation, school, maternal birth country and education 

level, effects of possible determinants associated with life style and anthropometry, i.e. BMI, 

snuffing and smoking habits as well as the influence of diet, i.e. fish.  

 

4.2.1. Demography 

 

4.2.1.1. Gender differences and menstruation 

In the RMU population, males had significantly higher PFNA, PFHxS and PFOS serum 

concentrations compared to female participants after adjustment of covariates; associations 

which did not remain significant when only including 8th grade participants in the analyses, 

which may be explained by loss of statistical power. The associations between sex and PFAAs 

in serum in children and adolescents in previous studies are somewhat ambiguous. A study on 

Korean children and adolescents (3-18 years of age) found that once stratified by age, males 

tended to have higher PFUnDA, PFHxS and PFOS concentrations than females if older than 

10-12 years of age (Kang et al. 2018); a result which is consistent with the RMU participants. 

However, Zhou et al. (2016) found PFAAs serum concentrations not to be significantly 

different between genders in a population of 225 Taiwanese adolescents between ages 13-15. 

Similarly, Schecter et al. (2012) found no significant differences in PFOS, PFOA and PFNA 

serum concentrations by sex in 300 serum samples of U.S. children <13 years of age. 

Correspondingly, Toms et al. (2009) found no apparent difference between gender in pooled 

blood samples of Australian children <12 years of age. In adults, males have been found to have 

higher PFAAs concentrations compared to females (Ji et al. 2012; Calafat et al. 2007; Kärrman 

et al. 2006), a discrepancy to some extent believed to be caused by higher elimination in women 

due to placental transfer of PFAA during pregnancy, breastfeeding and loss of PFAA in blood 

during menses (Kärrman et al. 2007; Wong et al. 2014). The onset of menses may thus to some 

extent explain the difference between the female and male RMU participants.  

With regard to the effect of menses on female PFAAs serum levels in RMU, onset of 

menstruation was not significantly associated with serum PFAA concentrations neither on all 

RMU female participants nor females in the 8th grade. However, an increasing length of 

menstruation significantly decreased 5th grade female RMU participants PFOS serum 

concentrations. Wong et al. (2014) estimated that elimination via menstruation contributes to 

ca 30% of differences between half-lives in adult men and women; this suggests that 

menstruation does affect elimination. However, the effect of menstruation on PFAA serum 
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concentrations was not large enough in RMU to be detected since almost all female participants 

in the 8th grade as well as in the entire RMU population had started menstruating.  The 

differences would consequently be most noticeable amongst 5th grade female participants as 

many had yet to start menstruating.  

Moreover, the RMU participants, unlike study populations on young children (Schecter 

et al. 2012; Toms et al. 2009), are at the onset of puberty which may indicate that reported sex 

differences in serum PFAA concentrations could be due to hormonal differences influencing 

PFAA toxicokinetics. Sex differences in renal elimination of PFOA in rats have previously 

been suggested to be regulated by sex hormones on sex-related mechanisms of renal PFAA 

excretion (Kudo et al. 2002). Harada et al. (2005) did conversely not find significant differences 

in renal elimination of PFOS in humans between sexes in an adult Japanese population, and 

there is no indication that the sex-related excretion mechanisms are present in humans (Zhang 

et al. 2011). Lifestyle, dietary differences, etc. between genders could contribute to the 

differences in PFAA serum concentrations since pubertal males have been shown to consume 

more food and beverages than females (Warensjö Lemming et al. 2018a). Additionally, once 

entering puberty, males are known to grow physically larger than females (Warensjö Lemming 

et al. 2018a). 

 

4.2.1.2. Duration of breastfeeding 

Fulltime nursing during infancy was not significantly associated with RMU participants PFAAs 

serum levels. Kang et al. (2018) reported a positive association between breastfeeding duration 

and PFDA, PFUnDA, PFHxS and PFOS serum levels in children ages 3-5. Similarly, a study 

on children ≤3 years found a positive association between PFOA and PFOS serum 

concentrations and full-time nursing (Mondal et al. 2014). A strong association between fully 

nursed children and PFOA and PFOS serum concentrations in a Farao Islands birth cohort ages 

1.5-5 years old have been reported, increasing with about 30% per month (Mogensen et al. 

2015). Although breastfeeding has been shown to be an important exposure route for nursed 

infants (Kärrman Anna et al. 2007; Bjermo et al. 2013) the effects of breastfeeding would most 

likely not be strong enough in the RMU adolescents to influence serum PFAA concentrations. 

The effect of breastfeeding on participants serum levels is likely strongest during early 

childhood and later becomes less prominent, potentially due to a an increased influence of 

PFAA exposure from other sources, excretion and growth dilution (Wu et al. 2015). 

 

4.2.1.3. Age 

Although the study design and statistical analysis approaches varies, previous studies on the 

association between age and PFAAs serum concentrations in children and adolescents have 

suggested, similarly as in RMU, that levels of some PFAAs decrease with increasing age. Kang 

et al. (2018), reported that an increase in age of the Korean study population (ages 3-18 years) 

was associated with decreased PFOA, PFNA and PFOS serum levels. Stratified by age, PFOA, 

PFHxS and PFOS serum concentrations were seen to increase from age group 0-2 to 3-5 years, 

only to decrease until age group 12-19 years in an U.S. population (ranging from 0 to >60 years) 

(Daly et al. 2018). Kato et al. (2009) reported higher PFHxS concentrations in age groups <11 

years compared to groups >11 years in pooled serum samples from an U.S. population. 

Similarly, pooled serum samples of an U.S. population showed the highest PFHxS, PFNA and 

PFOA concentrations in children and adolescents <15 years (age range: 0 to 60+ years) (Toms 

et al. 2009). The inverse association between age and all RMU participants PFNA and PFHxS 

serum concentrations are in line with the findings of the earlier studies. Higher concentrations 

of certain PFAAs during childhood compared to adulthood suggests higher exposure during 

early life stages, which could at least partly explain why RMU participants PFNA and PFHxS 

serum concentrations were decreasing with increasing age. High exposure during early stages 
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of childhood could be explained by transplacental transfer of PFAA during fetal life, exposure 

during breastfeeding (Bjermo et al. 2013), or child-specific behaviours, i.e. inhaling of 

household dust and increased hand-to-mouth activity with products containing PFAAs 

(Kubwabo et al. 2005; Strynar & Lindstrom 2008). Using physiologically-based 

pharmacokinetic models on a hypothetical female population (ages 2-20 years), it was estimated 

that simulated PFOS concentrations increased between 2-9 years of age and concentrations then 

decreased with increasing age and simulated PFOA levels showed a continuous decrease with 

increasing age (Wu et al. 2015). It was suggested that the inverse associations between 

child/adolescent age and PFAA concentrations in part could reflect a growth dilution of PFAAs 

levels. This could explain why PFNA and PFHxS serum concentrations were decreasing with 

increasing age.  

Furthermore, it is questionable whether the inverse association seen for 8th grade 

participants and PFOS is casual as the age differences among this sub-population is not more 

than 1-2 years; this association is likely random. The additional lack of association for the other 

PFAAs analytes, i.e. mainly PFOA and PFOS for the entire RMU population, is likely 

explained by different study designs, ages as well as interpopulation differences.  

 

4.2.1.4. Maternal education level 

Previous studies have been fairly consistent with regard to associations between PFAA 

concentrations and the education level of the study subjects; adult PFAA serum/plasma 

concentrations are often increasing with increasing education level. In these cases education 

level has been suggested to influence life style patterns such as environmental conditions and 

diet that in turn influences PFAAs exposure patterns (Brantsæter et al. 2013; Bjermo et al. 

2013; Bjerregaard-Olesen et al. 2016; Tsai et al. 2018). However, to my best of knowledge, no 

other studies have investigated the association of maternal education level and the PFAAs 

concentrations reported in their offspring. The level of attained education in mothers was 

included as a covariate based on the hypothesis that education level might influence the 

exposure patterns in the household and subsequently the PFAAs exposure pattern of the 

child/adolescent. This would consequently entail that RMU participants with mothers who 

attained a higher level of education would have higher PFAAs concentrations compared to 

participants with mothers having attained a lower level of education. This was however not 

seen in the RMU participants, where participants with mothers who had completed an 

elementary education or equivalent had highest PFHxS and PFOS serum concentrations 

compared to participants with mothers who attained higher or lower levels of education. 

However, the adjusted mean concentrations of PFHxS and PFOS were only slightly higher than 

those of participants of mothers who attained the highest level of education (Figure 4). It should 

be noted that the low number of participants in the elementary or equivalent education category 

(n=31) may potentially add uncertainty to the results. Furthermore, when the association was 

investigated on only 8th grade participants, neither PFHxS nor PFOS were longer significantly 

associated with the maternal education level; however, a result which may at least partly be due 

to the loss of statistical power. 

 

4.2.1.5. Maternal birth country 

Previous studies have shown that females born in highly industrialized Nordic countries have 

higher PFAAs levels compared to females born elsewhere, a discrepancy which is suggested to 

be connected to different exposure routes, lifestyles and contamination sources (Ode et al. 2013; 

Bjerregaard-Olesen et al. 2016; Tsai et al. 2018). Although the participants birth country was 

registered in RiksmatenFlex, the birth country of the mother was included instead, based on the 

belief that the mother to a larger extent influence the household lifestyle and diet than the 

child/adolescent. The result from the present study suggests that the country of which the 
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mother was born in affects the PFOA, PFNA and PFOS serum concentration in their children, 

with the tendency of highest concentrations among participants with mothers from high-income 

countries. In the separate analysis of 8th grade participants, the results differed somewhat from 

those in the whole population, which could be explained by intrapopulation differences within 

the entire RMU population. Some RMU participants were born in the same country as the 

mother, and PFAA exposures of the participants before moving to Sweden would in these cases 

be similar as those of their mothers. Different lifestyles for families with parents born in certain 

areas of the world could also contribute to the observed relations between maternal birth 

country and PFAA serum concentrations in the participants.  

 

4.2.2. Anthropometry and lifestyle  

 

4.2.2.1. BMI 

Although BMI (kg m-2) among adults has been shown to be inversely associated with PFOS 

and PFOA plasma concentrations (Hölzer et al. 2008; Eriksen et al. 2010), no associations were 

observed among RMU participants. To my best of knowledge, the association between BMI 

and PFAA levels have not been investigated in adolescents before, taking potential cofounders 

into account. Comparison between adults and adolescents should be made with care as they are 

different populations.  

 

4.2.2.2. Smoking and snuffing habits 

No associations were found between RMU participants PFAAs levels and smoking. Previous 

studies shows ambiguous associations with smoking; studies on pregnant Danish women 

(n=1438) (Bjerregaard-Olesen et al. 2016) and pregnant Japanese women (n=2123) (Tsai et al. 

2018) found that active smokers had lower PFAA concentrations compared to pregnant non-

smokers. Hypothetically, associations with smoking could be due to physiological effects of 

smoking affecting the toxicokinetics of PFAAs (Bjerregaard-Olesen et al. 2016; Tsai et al. 

2018). Other studies on pregnant women did however not observe any significant smoking 

associations (Ode et al. 2013; Kristensen et al. 2013). It is important to bear in mind that 

pregnant women as a study population is not representative for other populations. Moreover, 

albeit adjusting for potential cofounding effects as conducted by Bjerregaard-Olesen et al. 

(2016) and Tsai et al. (2018), the smoking associations seen among pregnant mothers in some 

studies may be an effect of residual confounding of unknown life-style factors related to both 

smoking and serum PFAA concentrations. Furthermore, in the event smoking in fact affects 

PFAAs concentrations, only 1.67% (n=8) of RMU participants were registered to be daily 

smokers which subsequently is not enough to detect a statistically significant effect. 

Eight grade participants who snuffed daily had higher PFUnDA concentrations 

compared to participants who did not snuff; an association not seen when the whole RMU 

population was studied. No associations were observed for other PFAAs in RMU. This may 

suggest that the observed association is a random finding. Similar as for smoking, the lack of 

association may be due to the low number of adolescents reporting to be snuffers; only 1.67% 

(n=8) of the RMU participants snuffed daily. The association of potential effect of snuffing on 

neither human nor animal has not been investigated to this date to my best of knowledge. 

 

4.2.3. Diet 

 

4.2.3.1. Consumption of fish 

Serum concentrations of PFOS, PFNA, PFDA and PFUnDA increased with the consumed 

amount of fish consumption, both when consumption data from the registration (not PFOS) and 

food frequency questionnaire were used. This is in agreement with previous findings were fish 
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has been the main contributor of dietary intake of PFAAs in Sweden, specifically for long 

chained PFAAs, i.e. more than 8 perfluorinated carbons (Vestergren et al. 2012). Based on the 

results from the multiple regression analyses, RMU participants consuming two portions of fish 

per week would on average have a theoretical increased in intake of PFNA, PFDA, PFUnDA 

and PFOS at ca 13%, 15%, 22% and 8% respectively compared to RMU participants not 

consuming fish at all. The Swedish food market basket surveys (1999-2010) showed that the 

total dietary intake of PFOA and PFHxS were attributed to consumption of several food groups, 

with little contribution from fish (Vestergren et al. 2012). This could explain why neither 

PFHxS nor PFOA concentrations of the RMU participants were significantly associated with 

fish consumption.  

For habitual consumption of fish and shellfish the associations with PFNA, PFDA and 

PFUnDA concentrations were also observed when all RMU participants were studied. The 

degree of explanation of the regression model (R2) including habitual fish intake did not differ 

considerably from that including daily fish consumption instead (Appendix B, Table 3). These 

results suggest that both estimation of habitual consumption of fish from the two independent 

24-h food consumption registration and estimation of consumption from the food frequency 

questionnaire are feasible methods for collection of fish consumption data. The questionnaire 

also caught the association with PFOS, suggesting that this method may allow participants to a 

larger extent correctly register their fish consumption as a participant is more likely to register 

a wider range of what they consume yearly rather than what has been consumed over two days 

of their life. The associations between PFOS/PFNA/PFDA/PFUnDA and fish consumption is 

in agreement with the finding that the main food source of these PFAAs is fish (Vestergren et 

al. 2012). A study with similar methods of data collection on adults (age 18-80 years) found 

that both collection methods of fish consumption gave significant associations between 

consumption and PFNA (only frequency data), PFDA and PFUnDA serum concentrations. In 

this study it was suggested that the 4-day dietary record resulted in an underestimation of the 

consumed amount of fish while the opposite was suggested for the frequency questionnaire 

(Bjermo et al. 2013). This could potentially explain the tendency of steeper percent increase in 

PFNA, PFDA and PFUnDA serum concentrations per gram fish consumption observed for the 

habitual consumption of fish than for the questionnaire fish consumption in the present study   

When associations with fish consumption was studied in 8th graders only, the 

associations between PFNA, PFDA and PFUnDA concentrations and fish consumption 

remained significant suggesting that fish consumption indeed is an important exposure route 

for long-chained PFAAs as it was detected even with loss of statistical power and in an more 

homogenic RMU subpopulation. In contrast to the analyses including all participants, PFOS 

serum concentrations were not associated with daily fish consumption which could at least 

partially be due to a loss of statistical power. 

 

4.3. Tier 2 and 3 – Drinking water as a source of PFAAs exposure 

‘Schools’ was a highly significant determinant for almost all PFAA in RMU, showing that there 

were regional differences in serum PFAA levels. As most schools received water from different 

WTPs, the covariate school may at least partially reflect differences in PFAA contamination of 

drinking water consumed by the participants. When including DW PFAA concentrations in 

water delivered to the participating schools, instead of the covariate ‘school’ in the regression 

models, the levels of PFOA, PFNA, PFHxS and PFOS in DW were positively associated with 

the serum concentrations of these PFAA (Tier 1). Increased serum concentrations were seen 

already at DW PFAA concentrations close to 1 ng L-1 for PFHxS and PFOA and 4 ng L-1 for 

PFOS. These results remained after excluding participants not receiving DW from the WTPs 

participating in RMU. This strongly suggests that low-grade contaminated drinking water, with 

concentrations of single PFAA <10 ng/L, significantly contributes to the total intake of these 
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PFAAs and is consequently an important exposure route. For PFNA the association was 

significant only when DW PFNA was included as a continuous variable in the statistical model. 

Nevertheless, as the measured concentrations did not exceed 0.45 ng L-1 for any WTP, the 

results strongly suggest that low-grade contamination is a significant exposure route for PFNA 

as well. Removing participants who does not receive drinking water at home from the same 

WTP which deliver to their school, as carried out in Tier 3, should hypothetically strengthen 

the association between DW and PFAA serum concentrations as it would remove background 

variation associated with drinking water. This was seen for PFHxS where the percentage change 

between the highest concentration category and the reference was larger in Tier 3 compared to 

Tier 2 (Appendix C, Table 1-2), which suggest, much like other studies (Vestergren et al. 2012), 

that drinking water is the main route of exposure for PFHxS. This was however not the case for 

neither PFOS nor PFOA (Appendix C, Table 1-2), which suggests that although drinking water 

is a significant exposure route, other sources are contributing to the participants serum 

concentrations to a larger extent.  

Around the world, a large variation in PFAA concentrations in drinking water have been 

reported. In 2006 Arnsberg, Germany, tap-water samples contained PFOA at concentrations 

500-640 ng L-1 resulting in residing Arnsberg residents having 4.5-8.3 times higher PFOA 

concentrations compared to reference populations. The contamination was believed to stem 

from inorganic and organic waste legally applied to adjacent agricultural lands (Exner & Färber 

2006). In 2012 Uppsala, Sweden, drinking water was contaminated with PFHxS, PFOS, PFOA, 

PFHxA and PFBS, with PFHxS and PFOS concentrations ranging between 25-45 ng L-1 (Glynn 

2012). Similar to Uppsala, a communal WTP in Ronneby, Sweden, in 2012  measured high 

concentrations of PFAAs in the outgoing water, with PFHxS and PFOS levels at 1200 and 4000 

ng L-1, respectively (Glynn 2013). It is likely that historical high exposure to PFAA-

contaminated DW may explain why some RMU participants from Uppsala and Ronneby had 

higher serum concentrations than other participants. Lower-grade PFAA contamination of DW, 

similar as observed in the RMU WTPs, have also been reported from other parts of the world; 

Loos et al. (2007) analysed tap-water samples originating from Lake Maggiore, Italy, found 

PFCA concentrations ranging from 1.0-2.9 ng L-1, 6.2-9.7 and 0.3-0.7 for PFOA, PFOS and 

PFNA respectively; in 2007 Catalonia, Spain, tap-water were found to contain PFOA (0.32-

6.28 ng L-1), PFNA (<0.42-0.52 ng L-1), PFHxS (<0.18-0.28 ng L-1) and PFOS (0.39-0.87 ng 

L-1) (Ericson et al. 2008).  

The results from the RMU study population suggest that low-grade exposure may be a 

significant PFAA exposure source, which has to be taken into account in the risk assessment of 

total PFAA exposure. Moreover, risk mitigation can more easily be taken against PFAAs 

contaminated drinking water in comparison to measures to decrease exposure from other 

PFAAs exposure routes (e.g. consumption of fish or other dietary intakes). The most currently 

used remediation technique for removal of PFAAs is filtration of DW through GAC (Ochoa-

Herrera et al. 2008; Kucharzyk et al. 2017), however other remediation techniques have 

demonstrated similar levels removal efficiency as GAC, such as nanofiltration (Tang et al. 

2007) and reverse osmosis (RO) (Tang et al. 2006).  

 

4.4. Risk assessment 

The results showed that current PFOA, PFNA and PFHxS serum concentrations in a 

representative population of children/adolescent from Sweden is not a health concern, with 

regard to the most sensitive critical health endpoints determined in the ATSDR and EFSA risk 

assessments (ATSDR 2018; (EFSA Contam Panel et al. 2018). A cause for concern was 

however identified for PFOS where 2.7% and 1.7% of participants, respectively, had serum 

concentrations exceeding the BMDL05 and MRL serum PFOS concentrations.  
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It is important to bear in mind that the most sensitive critical effect for PFOS identified 

by EFSA, i.e. decreased vaccination antibody levels in children, is only a biomarker of health 

effects. This indicative immunosuppression, although regarded as an adverse effect, cannot 

directly be translated to risks of disease. The study of children from the Faroe Islands, which 

EFSA used in deriving TDI for PFOS, reported a geometric mean serum concentration  of 17 

ng mL-1 among 5 year old children (Grandjean et al. 2012), which is within the range of PFOS 

concentrations in RMU participants who exceeded the EFSA BMDL05 serum concentration. 

Although there is no evidence of increased risks of disease due to PFOS effects on vaccination 

antibody response, there currently exists a knowledge-gap about the future health implications 

of this indicative immune system deficit. 

 ATSDR determined delayed eye opening and decreased pup weight in rat offspring after 

exposure of the dams as critical effects for PFOS (ATSDR 2018). An inverse association 

between maternal PFOS concentrations and birth weight have been reported by several human 

studies (Fei et al. 2007; Washino et al. 2009; Darrow et al. 2013), supporting decreased pup 

weight as a critical effect of PFOS. However, as the PFOS MRL is derived from serum 

concentrations present during gestation, the transferability of this MRL to children/adolescents 

is questionable as the consequent effect is considered adverse for pregnant women and not any 

other population. Still, the long half-life of PFOS in women, reported at mean 3.4 to 6.2 years 

(Li et al. 2018; Zhang et al. 2011), prevents a rapid elimination and reduced birth weight is thus 

a relevant critical health endpoint for those RMU females who in the future is planning on 

conceiving.   

However, the predicted maternal TWA serum concentration of over 7000 ng PFOS mL-

1 at the LOAEL for decreased pup weight was substantially higher than the maternal 

serum/plasma PFOS concentrations reported to be associated with decreased birth weight in 

humans where mean maternal serum concentrations of 15.6 ng mL-1 was reported in a U.S. 

cohort (Darrow et al. 2013) and a mean maternal plasma concentrations of 29.9-35.5 ng mL-1 

in a Danish population (Fei et al. 2007). The large disparity between the serum/plasma 

concentrations associated with decreased pup/birth weight in the animal and human studies may 

be explained by a non-causal association in the human studies, by both inter- and intraspecies 

differences in toxicodynamics, the low number of animals in the animal study compared to the 

large size of the two epidemiological studies, and differences in study design where rats are 

kept under extremely controlled conditions, unlike for humans in the epidemiological studies. 

Furthermore, a NOAEL could not be determined in the animal study used to derive MRL, 

suggesting that effects on pup weight may occur at lower doses that the observed LOAEL. It is 

important to bear in mind that the critical effects used in the ATSDR assessment are 

representative for gestational women and their offspring, and not necessarily representative for 

the general population. 

Currently no efforts have been made by EFSA, ATSDR or the U.S. Environmental 

protection agency (U.S. EPA) to assess health risks with cumulative exposure of humans to all 

PFAAs; EFSA is attempting to make this assessment during later 2019. Although all 

participants in this study population is not currently at risk with regard to their present PFOA, 

PFHxS and PFNA serum concentrations, as well a large majority with regard to their existing 

PFOS serum concentrations, a potential mixed combination effect of all investigated PFAAs 

has not currently been assessed.  

 

4.5. Strengths and limitations 

This study has a few potential limitations which needs to be considered. One important 

limitation is that data sampling of participants lifestyles and food habits is self-reported by 

either participant themselves or participants parent(s)/guardian(s) and relies on correct 

comprehension of what is being asked for and then answering from memory. Inaccurate 
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registration would increase the background variation of data, making it more difficult to observe 

associations between serum PFAA concentrations and determinants. However, the large 

population size, to some extent, compensates for the increased variation making the statistical 

power high enough to be able to detect significant associations.  

 Assessment of the effect of drinking water PFAA exposure on the participants PFAAs 

levels are uncertain as drinking water was only sampled once from ingoing and outgoing water 

from each WTP. Consequently, these samples only reflect the PFAA concentrations at that 

specific time of sampling and do not capture the fluctuations of PFAA concentrations in the 

drinking water back in time. The fact that serum PFOA, PFNA, PFHxS and PFOS associations 

with the PFOA, PFNA, PFHxS and PFOS levels in DW were significant suggest that the cross-

sectional sampling at least to some extent reflects the average of temporal fluctuations of PFAA 

concentrations in the DW.  

 

5. Conclusion 
 

Up to 1.7 to 2.7% of the adolescents in this study exceeded the serum PFOS concentrations 

corresponding to the serum concentration which were used to derive MRLs as determined by 

ATSDR and the health-based TDIs determined by EFSA. The health implications of these 

exceedances are not known; however no diseases have conclusively been associated with PFAA 

exposures at these levels. A part of the variation in serum PFAA concentration could be 

explained by the covariates included in the regression models, including demographic 

covariates such as school, age, gender, maternal birth country and maternal education level. 

The effect of menstruation on serum PFAA concentrations amongst the female adolescents was 

weak, however, it could be observed for PFOS on 5th graders who were at the onset of menses. 

Consumption of fish was a significant exposure route, for mainly long-chained PFCAs and 

PFSAs. The 24-h interview collection method of fish consumption did not differentiate 

considerably from the standard collection method, i.e. frequency questionnaires; however, the 

questionnaires allows for collection of consumption of certain types of fish which are not often 

consumed. All these covariates are important to consider in future studies of associations 

between serum/plasma PFAA concentrations and health outcomes in adolescents. Furthermore, 

the present study indicates that low-grade PFAAs contaminated drinking water significantly 

influence Swedish adolescents PFNA, PFOA, PFHxS and PFOS serum concentrations. This 

exposure source has to be considered in future risk assessment of these PFAAs.  
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Appendix A 

 
Anthropometric measurements including the number of the study population and age of the 

entire RMU population are found in Table 1. General characteristics of the study population 

and background information of different covariates that were incorporated in the GLMs are 

found in Table 2. Daily fish consumption of commonly consumed fish groups collected using 

the frequency questionnaire in RiksmatenFlex is found in Table 3.  

 
Table 1. Background information of the entire RMU population. 

Background information  n (%) Median (min-max) 

Participants Tot 479  
 Males 197 (41.04)  
 Females 282 (58.96)  
BMI (kg m-2) Tot 479 20.43 (13.78 – 37.23) 
 Males 197 20.42 (14.46 – 37.23) 
 Females 282 20.61 (13.78 – 35.51) 
Age (years) Tot 479 14.61 (10.77 – 21.03) 
 Males 197 14.42 (10.87 – 20.12) 
 Females 282 14.66 (10.77 – 21.03) 
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Table 2. General characteristics of the entire RMU population. 

General characteristics Additional information n (%) Median (min-max) 

Sampling Duration (days) 253  
 Times (days) 77  
Schools  57  
AMM regions  7  
Grade 5 148 (30.90)  
 8 184 (38.41)  
 11 147 (30.69)  
Water treatment plants  46  
Water supplier Municipal 408 (86.44)  
 Private 52 (11.02)  
 Not known 12 (2.54)   
Menstruation Non-menstruating female 84 (17.65)  
 Menstruating female 195 (40.97)  
Breast feeding (months) Tot 463 5.00 (0.00 – 12.00) 
 Males 188 5.00 (0.00 – 12.00) 
 Females 275 5.00 (0.00 – 12.00) 
Maternal education level  No education 5 (1.07)  
 Elementary school or equivalent 31 (6.64)  
 Vocational education or 

equivalent 
88 (18.84)  

 Minimum of 3 years upper 
secondary school 

93 (19.91)  

 University education 238 (50.96)  
 Unknown 12 (2.57)  
Paternal education level No education 5 (1.08)  
 Elementary school or equivalent 45 (9.74)  
 Vocational education or 

equivalent 
98 (21.21)  

 Minimum of 3 years upper 
secondary school 

119 (25.76)  

 University education 117 (38.31)  
 Unknown 18 (3.90)  
Birth country – participant High income level 449 (93.74)  
 Upper middle-income level 10 (2.09)  
 Lower middle-income level 4 (0.84)  
 Low income level 16 (3.34)  
Birth country – mother High income level 406 (84.58)  
 Upper middle-income level 40 (8.33)  
 Lower middle-income level 6 (1.25)  
 Low income level 24 (5.00)  
 Unknown 1 (0.21)  
Birth country – father High income level 403 (83.96)  
 Upper middle-income level 43 (8.96)  
 Lower middle-income level 6 (1.25)  
 Low income level 24 (5.00)  
 Unknown 1 (0.21)  
Smoking habits Non-smoker 421 (88.08)  
 Previous smoker 8 (1.67)  
 Occasional smoker 32 (6.69)  
 Smoker (daily) 8 (1.67)  
 Not willing to answer 9 (1.88)  
Snuffing habits Non-snuffer 445 (92.71)  
 Previous snuffer 6 (1.25)  
 Occasional snuffer 18 (3.75)  
 Snuffer (daily) 8 (1.67)  
 Not willing to answer 3 (0.63)  
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Table 3. Daily amount of consumed fish as reported in the RiksmatenFlex frequency questionnaire. 

Fish consumption (g/day)  n Median (min max) g day-1 

White fish Tot 478 6.50 (0.00 – 99.00) 
 Males  197 6.50 (0.00 – 99.00) 
 Females 281 2.70 (0.00 – 42.30) 
Processed fish Tot 476 2.70 (0.00 – 42.30) 
 Males  195 2.70 (0.00 – 42.30) 
 Females 281 2.70 (0.00 – 28.20) 
Preserved fish Tot 479 0.00 (0.00 – 42.30) 
 Males  197 0.50 (0.00 – 42.30) 
 Females 282 0.00 (0.00 – 42.30) 
Red fish Tot 477 6.50 (0.00 – 42.30) 
 Males  195 6.50 (0.00 – 42.30) 
 Females 282 6.50 (0.00 – 42.30) 
Canned tuna Tot 478 0.00 (0.00 – 99.00) 
 Males  197 0.00 (0.00 – 99.00) 
 Females 281 0.00 (0.00 – 14.10) 
Anchovy/sardelle/sardine  Tot 476 0.00 (0.00 – 42.30) 
 Males  196 0.00 (0.00 – 42.30) 
 Females 280 0.00 (0.00 – 6.50) 
Baltic herring/bloater Tot 475 0.00 (0.00 – 42.30) 
 Males  195 0.00 (0.00 – 42.30) 
 Females 280 0.00 (0.00 – 14.10) 
Freshwater  Tot 472 0.00 (0.00 – 14.10)  
 Males  194 0.50 (0.00 – 14.10) 
 Females 278 0.00 (0.00 – 14.10) 
Large white fish Tot 476 0.00 (0.00 – 28.20) 
 Males  195 0.00 (0.00 – 28.20) 
 Females 281 0.00 (0.00 – 14.10) 
Crab Tot 473 0.00 (0.00 – 6.00) 
 Males  194 0.00 (0.00 – 2.80) 
 Females 279 0.00 (0.00 – 6.00) 
Crustacean Tot 475 0.20 (0.00 – 12.00) 
 Males  196 0.70 (0.00 – 12.00) 
 Females 279 0.20 (0.00 – 6.00) 
Tot. fish consumption  Tot 479 18.9 (0.00 – 212.0) 
 Males  197 19.50 (0.00 – 212.0) 
 Females 282 17.25 (0.00 – 160.5) 
Tot. crustacean consumption Tot 477 0.40 (0.00 – 12.20) 
 Males  196 0.70 (0.00 – 12.20) 
 Females 281 0.20 (0.00 – 12.00) 
Tot. fish/crustacean consumption  Tot 479 20.00 (0.00 – 213.4) 
 Males  197 21.30 (0.00 - 213.4) 
 Females 282 18.00 (0.00 – 172.5) 
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Appendix B 

 

The associations between the RMU participants PFAAs serum concentration and significant 

categorical covariates from GLM models in Tier 1 are found in Table 1-2. Associations between 

significant continuous determinants and all RMU participants PFAAs concentrations from Tier 

1 are found in Table 3.  

 
Table 1. Association between PFCAs serum concentration and significant categorical covariates in participants from all 

grades, Tier 1. a 

PFCA  
(n) 

Discrete variables p-value F-value Adjusted 
mean  
(ng L-1) 

CI (low-high) 

PFOAb Schools 0.001 1.96 NP NP 
(441)      
PFOAc Schools 0.000 2.01 NP NP 
(441)      
PFNAd Maternal birth country 0.001 5.69   
(439) Low income   0.238 0.168 – 0.339 
 Lower middle income   0.335 0.214 – 0.525 
 Upper middle income   0.289 0.220 – 0.380 
 High income   0.374 0.292 – 0.479 
 Schools 0.000 2.20 NP NP 
 Sex 0.003 8.94   
 Male   0.326 0.255 – 0.418 
 Female   0.285 0.222 – 0.365 
PFNAe Maternal birth country 0.001 5.32   
(441) Low income   0.240 0.167 – 0.345 
 Lower middle income   0.313 0.196 – 0.500 
 Upper middle income   0.325 0.246 – 0.429 
 High income   0.393 0.305 – 0.508 
 Schools 0.001 5.32 NP NP 
 Sex 0.013 6.26   
 Male   0.332 0.257 – 0.429 
 Female   0.295 0.228 – 0.381 
PFUnDAf Maternal birth country 0.014 3.75   
(446) Low income   0.062 0.035 – 0.109 
 Lower middle income   0.138 0.062 – 0.309 
 Upper middle income   0.060 0.038 – 0.094 
 High income   0.089 0.059 – 0.135 
 Schools 0.005 1.63 NP NP 
PFUnDAg Maternal birth country 0.021 3.30   
(445) Low income   0.062 0.035 – 0.110 
 Lower middle income   0.119 0.053 – 0.263 
 Upper middle income   0.064 0.041 – 0.100 
 High income   0.093 0.062 – 0.140 
 Schools 0.003 1.67 NP NP 

CI – confidence interval. NP – not presented.  
a Adjusted for ’age’, ‘BMI’, ‘smoking habits’, ‘snuffing habits’, ‘school’, ‘maternal birth country’, ‘maternal 

education level’, ‘sex’, ‘nursed during infancy’ additional adjustment by stepwise incorporation of covariates 

‘amount of daily consumed fish’ and ‘habitual consumption of fish and shellfish’. 
b Individually adjusted for ‘amount of daily consumed of fish’; R-sq: 44.23% 
c Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 44.86% 
d Individually adjusted for ‘amount of daily consumed of fish’; R-sq: 35.16% 
c Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 29.97% 
f Individually adjusted for ‘amount of daily consumed of fish’; R-sq: 29.62% 
g Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 30.17 % 
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Table 2. Association between PFSAs serum concentration and significant categorical covariates in participants from all 

grades, Tier 1. a  

PFSA  
(n) 

Discrete variables p-value F-value Adjusted 
mean  
(ng L-1) 

CI (low-high) 

PFHxSb Maternal education level 0.028 2.75   
(440) Lacks formal education   0.577 0.300 – 1.110 
 Elementary school or equivalent   0.785 0.539 – 1.144 
 Vocational education or 

equivalent 
  0.594 0.424 – 0.832 

 Minimum of 3-year upper 
secondary school or equivalent 

  0.556 0.397 – 0.779 

 University   0.685 0.496 – 0.994 
 Schools 0.000 12.42 NP NP 
 Sex 0.009 6.97   
 Males   0.687 0.493 – 0.959 
 Females   0.584 0.419 – 0.816 
PFHxSc Maternal education level 0.027 2.78   
(440) Lacks formal education   0.574 0.299 – 1.103 
 Elementary school or equivalent   0.779 0.536 – 1.132 
 Vocational education or 

equivalent 
  0.590  0.421 – 0.826 

 Minimum of 3-year upper 
secondary school or equivalent 

  0.549 0.392 – 0.770 

 University   0.678 0.491 – 0.935 
 Schools 0.000 12.48   
 Sex 0.013 6.21   
 Males   0.678 0.486 – 0.947 
 Females   0.582 0.417 – 0.812 
PFOSd Maternal birth country 0.001 5.48   
(443) Low income   1.452 1.016 – 2.075 
 Lower middle income   1.891 1.186 – 3.015 
 Upper middle income   1.863 1.140 – 2.460 
 High income   2.326 1.799 – 3.006 
 Maternal education level 0.070 2.19   
 Lacks formal education   1.395 0.843 – 2.309 
 Elementary school or equivalent   2.234 1.675 – 2.981 
 Vocational education or 

equivalent 
  1.933 1.492 – 2.504 

 Minimum of 3-year upper 
secondary school or equivalent 

  1.808 1.396 – 2.341 

 University   2.059 1.608 – 2.635 
 Schools 0.000 7.51 NP NP 
 Sex 0.001 11.50   
 Males   2.018 1.568 – 2.608 
 Females   1.719 1.333 – 2.218 
PFOSe Maternal birth country 0.001 5.84   
(443) Low income   1.462 1.020 – 2.097 
 Lower middle income   1.828 1.142 – 2.925 
 Upper middle income   1.948 1.472 – 2.579 
 High income   2.396 1.854 – 3.098 
 Schools 0.001 7.33 NP NP 
 Sex 0.001 11.57   
 Males   2.038 1.573 – 2.640 
 Females   1.733 1.338 – 2.245 

CI – confidence interval. NP – not presented.  
a Adjusted for ’age’, ‘BMI’, ‘smoking habits’, ‘snuffing habits’, ‘school’, ‘maternal birth country’, ‘maternal 

education level’, ‘sex’, ‘nursed during infancy’ additional adjustment by stepwise incorporation of covariates 

‘amount of daily consumed fish’ and ‘habitual consumption of fish and shellfish’. 
b Individually adjusted for ‘amount of daily consumed of fish’; R-sq 71.32 % 
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c Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 70.70% 
d Individually adjusted for ‘amount of daily consumed of fish’; R-sq: 59.66% 
e Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 59.00% 

 
Table 3. Association between PFAAs serum concentration and significant continuous covariates in participants from all 

grades, Tier 1.a 

PFAAs n  Continuous variables Coef. 
(%) 

Coef. 
SE 

p-value F-value 

PFNAb 439 Age -8.83 3.65 0.016 5.87 

  Amount of daily consumed fish 0.46 0.10 0.000 22.36 

PFNAc 441 Age -9.40 3.79 0.014 6.16 

  Habitual consumption of fish 0.45 0.16 0.008 7.23 

PFDAl 445 Amount of daily consumed fish 0.54 0.13 0.000 18.70 

PFDAm 444 Habitual consumption of fish 0.75 0.20 0.000 13.88 

PFUnDAd 446 Amount of daily consumed fish 0.77 0.16 0.000 23.10 

PFUnDAe 445 Habitual consumption of fish 1.24 0.26 0.000 22.65 

PFHxSf 440 Age -17.45 4.92 0.000 12.56 

PFHxSg 443 Age -17.59 4.91 0.000 12.84 

PFOSh 443 Amount of daily consumed fish 0.27 0.10 0.009 6.92 

CI – confidence interval. 
a Adjusted for ’age’, ‘BMI’, ‘smoking habits’, ‘snuffing habits’, ‘school’, ‘maternal birth country’, ‘maternal 

education level’, ‘sex’, ‘nursed during infancy’ additional adjustment by stepwise incorporation of covariates 

‘amount of daily consumed fish’ and ‘habitual consumption of fish and shellfish’. 
b Individually adjusted for ‘amount of daily consumed of fish’; R-sq: 35.16% 
c Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 29.97% 

f Individually adjusted for ‘amount of daily consumed of fish’; R-sq 71.32 % 
g Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 70.70% 
h Individually adjusted for ‘amount of daily consumed of fish’R-sq: 59.66% 
i Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 59.00% 
l Individually adjusted for ‘amount of daily consumed of fish’; R-sq; 23.21% 
m Individually adjusted for ‘habitual consumption of fish and shellfish’; R-sq: 23.21% 
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Appendix C 

The associations between all RMU participants PFOA, PFHxS and PFOS serum concentration 

and the concentrations found in the drinking water from Tier 2 is found in Table 1. The 

associations between the RMU participants PFOA, PFHxS and PFOS serum concentrations 

who received drinking water at home from the same WTP which delivered to participants 

school and the concentrations found in drinking water in Tier 3 is found in Table 2. 

 
Table 1. Association between RMU participants PFAAs serum concentrations and PFAAs concentration in drinking water. a  

PFAA n R-sq (%) Category (ng/L) Coef (%) Coef (SE) p-value 

PFHxSa 401 19.81 <LOD Ref.    
   >LOD to ≤ 1 14.7 8.03 0.069 
   >1 61.9 12.4 0.000 
PFHxSb 393 15.90 <LOD Ref.   
   > LOD to ≤ 1 17.5 7.45 0.019 
   >1 45.7 11.8 0.000 
PFOAb 412 8.19 <LOD Ref.   
   > LOD to ≤ 1 15.12 6.22 0.016 
   >1 22.75 7.05 0.001 
PFOAc 394 7.80 <LOD Ref.   
   > LOD to ≤ 1 11.81 5.94 0.047 
   >1 22.96 6.77 0.001 
PFOSa 408 20.79 <LOD Ref.   
   > LOD to ≤ 4 19.1 5.48 0.001 
   >4 41.2 9.46 0.000 
PFOSb 396 21.19 <LOD Ref.    
   > LOD to ≤ 4 21.5 5.38 0.000 
   >4 42.2 10.8 0.000 

The coefficient describes the percentage change in adjusted mean serum concentration for that specific category 

when tested against the reference. 
a Adjusted for ‘age’, ‘amount of daily consumed fish’, ‘maternal birth country’, ‘maternal education level’ and 

‘sex’.  
b Including participants from all schools. 
c Excluding participants from two schools with previous history of known PFAA contamination of drinking water. 
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Table 2. Association between PFAAs serum concentrations in participants receiving drinking water from the same WTP at 

home as in school and corresponding WTP PFAA concentration.a  

PFAA n R-sq (%) Category (ng/L) Coef (%) Coef (SE) p-value 

PFHxSb 327 36.66 <LOD Ref.    
   >LOD to ≤ 1 34.2 9.19 0.000 
   >1 148 14.4 0.000 
PFHxSc 315 24.90 <LOD Ref.   
   > LOD to ≤ 1 34.88 8.10 0.000 
   >1 98.2 13.9 0.000 
PFOAb 334 10.51 <LOD Ref.   
   >LOD to ≤ 1 19.47 6.66 0.004 
   >1 22.96 7.66 0.003 
PFOAc 316 8.91 <LOD Ref.   
   >LOD to ≤ 1 16.51 6.30 0.009 
   >1 23.28 7.33 0.002 
PFOSb 328 19.50 <LOD Ref.   
   >LOD to ≤ 4 13.92 5.96 0.020 
   >4 23.23 8.35 0.006 
PFOSc 310 18.80 <LOD Ref.   
   >LOD to ≤ 4 14.58 6.01 0.016 
   >4 18.58 9.23  0.046 

The coefficient describes the percentage change in adjusted mean serum concentration for that specific category 

when tested against the reference. 
a Adjusted for ‘age’, ‘amount of daily consumed fish’, ‘maternal birth country’, ‘maternal education level’ and 

‘sex’.  
b Including participants from all schools. 
c Excluding participants from two schools with previous history of known PFAA contamination of drinking water. 
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