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We have measured internal exposure concentrations 
of environmental contaminants – that’s the short 
version of how I usually answer what my thesis is 
about. The most common question that follows is 
‘Don’t you think it’s scary to know?’ but I think the 
opposite, that we wouldn’t know anything about it, 
scares me more. 

I hope this thesis can contribute to and be a part 
(even if it’s just a very tiny part) of future work with human biomonitoring 
and its role in identifying and mitigating our exposure to environmental 
contaminants.

9
7
8
9
1
8
0

2
1
3
4
5
5

N
O

RD
IC

 S
W

A
N

 E
C

O
LA

BE
L 

30
41

 0
90

3
Pr

in
te

d 
by

 M
ed

ia
-T

ry
ck

, L
un

d 
20

22



Population Exposure to Organic Contaminants and Human Biomonitoring 





Population Exposure to Organic 
Contaminants and Human 

Biomonitoring 

Erika Norén 

DOCTORAL DISSERTATION 

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty 
of Medicine at Lund University to be publicly defended on 20th of January at 09.15 

in room 104, The Pufendorf Institute, Biskopsgatan 3 

Faculty opponent 
Thomas Göen 



Organization 
LUND UNIVERSITY 

Document name: DOCTORAL DISSERTATION  

Division of Occupational and Environmental 
Medicine, Department of Laboratory 
Medicine 

Date of issue: 2023-01-20 

Author: Erika Norén Sponsoring organization 

Title: Population Exposure to Organic Contaminants and Human Biomonitoring 

Abstract 
We are surrounded by various chemicals, both naturally occurring and synthetically produced. Some, but not all, 
chemicals can be hazardous for human health following exposure, especially for vulnerable population groups 
including children, adolescents, and pregnant women. The increased use and production of chemicals have 
contributed positively to society in numerous ways, while also resulting in widespread contamination of the 
environment leading to unwanted human exposure. Knowledge of the magnitude of chemical exposure in 
populations and potential adverse health effects is insufficient. Human biomonitoring is one approach to estimating 
internal exposure by analysing defined exposure biomarkers in biological samples, such as blood or urine. It is a 
reliable measure of the total exposure of a substance from all routes of uptake and enables the assessment of 
simultaneous exposure to multiple compounds. Human biomonitoring can contribute with important data to 
improve these methods and the risk management of chemicals on a national and international level. However, 
human biomonitoring relies on toxicokinetic information of specific chemical compounds to ensure an appropriate 
sampling protocol that accurately captures the exposure, and for the interpretation of data within risk 
assessments. 
This thesis aims to apply human biomonitoring to investigate population exposure and temporal trends of organic 
contaminants in vulnerable population groups, i.e., adolescents, pregnant women, and infants, in southern 
Sweden. Furthermore, the included studies provide specific data on selected chemicals regarding toxicokinetics in 
humans, transplacental transfer efficiency, and whether analytical results of biological samples are affected after 
long-term storage. Exposure levels and trends were investigated for perfluoroalkyl substances (PFAS) and 
pesticides in adolescents by collecting blood and urine samples on five different occasions between years 2000 – 
2017. We analysed 14 pesticide biomarkers in urine samples, where six were detected in more than 90% of the 
samples. Exposure to four substances, one of which is banned in Sweden and the EU, slightly increased over time 
whereas three decreased. The observed trends correspond with pesticide residues detected in domestic and 
imported cultivated food, and changes in use during the same period. Furthermore, we specifically investigated 
human elimination kinetics of glyphosate, the most commonly used herbicide globally. The results indicate that the 
urinary excretion corresponds to 1–6 % of the ingested dose, much less than the previously assumed urinary dose 
recovery based on animal studies. We assessed PFAS exposure in adolescents over time and prenatal exposure 
from transplacental transfer in a birth cohort with a wide range of PFAS exposures. In adolescents, PFOA, PFOS, 
and PFHxS were found in all serum samples but concentrations decreased over time. The decreasing trends of 
PFAS closely followed the stepwise international phase-out of these substances initiated in year 2002. Prenatal 
exposure to PFAS was estimated as ratios of umbilical cord serum and maternal serum in a cohort accidentally 
exposed to high levels through contaminated drinking water. The transfer ratios indicate that the relative transfer 
efficiency of PFAS is similar in highly exposed women, resulting in higher absolute fetal concentrations and an 
increased risk of potential health outcomes. The contribution of the thesis to the research field is that it reports 
novel knowledge of population trends in the exposure of PFAS and pesticides over 17 years, and considers how 
these trends align with key policy changes, important differences in elimination kinetics of glyphosate between 
animals and humans, analytical evidence supporting the stability and integrity of biological samples after long-term 
storage, and that the transplacental transfer of PFAS in highly exposed women result in high absolute fetal 
exposures. Additionally, the results address important aspects of sample collection procedures, interpretation of 
biomonitoring data, and the relevance of studying different population groups. 
Keywords Human Biomonitoring, Population Exposure, Vulnerable Subgroups, Kinetics, Transplacental Transfer 
Efficiency, Exposure Biomarkers, Pesticides, Perfluoroalkyl Substances 
Classification system and/or index terms (if any) 

Supplementary bibliographical information Language English 

ISSN and key title: 1652-8220, Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2023:6 

ISBN: 978-91-8021-345-5 

Recipient’s notes Number of pages 58 Price 

Security classification 

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all 
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation. 

Date 2022-12-08 Signature: 



Population Exposure to Organic 
Contaminants and Human 

Biomonitoring 

Erika Norén 



Cover by Paulina Nordling 

Copyright pp 58 Erika Norén 

Paper 1 © The Authors. Reproduced with permission from Springer Nature. 

Paper 2 © The Authors. Published by Elsevier GmbH. 

Paper 3 © The Authors. Published by Elsevier Ltd.  

Paper 4 © The Authors (manuscript unpublished)  

Faculty of Medicine 
Department of Laboratory Medicine 
Division of Occupational and Environmental Medicine 

ISBN 978-91-8021-345-5 
ISSN 1652-8220 

Printed in Sweden by Media-Tryck, Lund University 
Lund 2023



Till Rasmus 



Table of Contents 

Populärvetenskaplig sammanfattning ................................................................10 
List of papers.........................................................................................................12 

Author’s contribution to the papers ..............................................................13 
Abbreviations ........................................................................................................14 
Introduction ..........................................................................................................15 

Human biomonitoring ..................................................................................16 
The role of Human Biomonitoring ......................................................17 
Key components for human biomonitoring .........................................18 
Established Human Biomonitoring Programs .....................................21 

Exposure to environmental contaminants ....................................................22 
Aim .........................................................................................................................25 

Specific aims ................................................................................................25 
Materials and methods .........................................................................................27 

Study design .................................................................................................27 
Study populations and sample collection .....................................................27 
Organic compounds and biomarkers ............................................................30 
Chemical analysis .........................................................................................31 
Statistical analysis ........................................................................................32 
Ethical considerations ..................................................................................34 

Main results ...........................................................................................................37 
Population exposure .....................................................................................37 
Aspects of key components in human biomonitoring ..................................38 

Discussion ..............................................................................................................39 
Population exposure .....................................................................................39 
Key components of Human Biomonitoring addressed .................................42 

Exposure biomarkers ...........................................................................42 
Sample matrix, collection protocol, and storage .................................42 
Toxicokinetic data ...............................................................................44 

Strengths and limitations ..............................................................................45 
Future research perspectives ........................................................................47 



Conclusions ...........................................................................................................49 
Acknowledgements ...............................................................................................51 
References .............................................................................................................53 



10 

Populärvetenskaplig sammanfattning 

Allt i vår omgivning består av olika kemikalier, både naturligt förekommande och 
syntetiskt framställda. Vissa är vi beroende av, som syret i luften, medan andra 
ämnen kan vara hälsofarliga om vi exponeras för dem, speciellt för känsliga grupper 
i befolkningen som exempelvis barn, ungdomar och gravida kvinnor. Inom 
miljömedicinen är syftet att undersöka och förebygga olika riskfaktorer i miljön som 
kan påverka människors hälsa negativt. Den kraftigt ökade användningen och 
framställningen av kemikalier har bidragit positivt till samhället på flera sätt genom 
exempelvis utvecklingen av medicinska behandlingar och förbättrad 
skadebekämpning som ökat avkastningen inom jordbruket. Den ökade 
användningen har dock medfört en ökad spridning av kemikalier i miljön vilket lett 
till en oönskad exponering av miljön och människor. Ända fram till 2000-talet har 
det varken funnits tillräcklig kunskap eller data om hur utbredd exponeringen av 
olika populationer är, eller hur exponeringen påverkar oss.  

Ett tillvägagångssätt för att undersöka hur omfattande exponeringen i befolkningen 
är biologisk övervakning, så kallad human biomonitorering, som har använts för att 
undersöka yrkesexponering sedan 1930-talet. Det innebär att biologiska prover, 
vanligtvis urin eller blod, samlas in och analyseras för biomarkörer, i detta fall det 
kemiska ämnet vi kan ha exponerats för eller dess nedbrytningsprodukt. Detta är ett 
tillförlitligt mått på den totala exponeringen av ett ämne från alla upptagsvägar, och 
möjliggör analys av flera ämnen för att få en komplett bild av all samtidig 
exponering. Metoden förutsätter att lämpliga exponeringsbiomarkörer finns och att 
dessa går att analysera i biologiska prover med kvalitetssäkrade metoder. 
Exponeringen är ofta svår att definiera eller förutsäga i epidemiologiska 
populationsstudier eller modelleringar som är av relevans för att undersöka 
exponeringens koppling till hälsoeffekter eller kunna förutsäga potentiella 
exponeringsscenarior. Där är human biomonitorering ett viktigt komplement som 
bidrar med kunskap som delvis kan förbättra dessa metoder, och användas inom 
riskhantering av kemikalier på nationell och internationell nivå. 

För att kunna tolka och använda data från human biomonitorering inom 
riskbedömningar behövs kunskap om de ämnen som analyseras, vad som händer när 
de absorberas i kroppen, hur de utsöndras och hur de bör analyseras. För att 
säkerställa att data reflekterar den faktiska exponeringen är det viktigt att ta hänsyn 
till detta i beslut om hur, när och vilka biologiska prover som samlas in.  
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I den här avhandlingen har human biomonitorering applicerats för att undersöka 
exponeringen av miljöföroreningar, med särskilt fokus på bekämpningsmedel och 
perfluorerade alkylsyror (PFAS) i sårbara populationsgrupper (ungdomar, gravida 
och nyfödda) och hur exponeringen förändrats över tid. De ingående studierna 
bidrar även med ny kunskap om detaljer för specifika kemikalier avseende 
metabolism och utsöndring hos människor, överföringen mellan mamma och foster 
under graviditet samt om analysresultaten av biologiska prover påverkas av lång 
tids förvaring i biobanker.  

Exponeringsnivåer och trender undersöktes för bekämpningsmedel och PFAS i 
ungdomar i Skåne genom insamling av blod- och urinprover från totalt 1213 
personer vid fem olika tillfällen mellan 2000 – 2017. Vi analyserade 14 biomarkörer 
för bekämpningsmedel i urinproverna och utav dessa detekterades sex i över 90% 
av proverna. Fyra ämnen, varav ett förbjudet i Sverige och nu även EU, ökade över 
tid medan tre ämnen minskade. De observerade trenderna hade tydliga kopplingar 
till resthalter detekterade i både inhemsk och importerad odlad mat samt 
förändringar av användningen eller inom lagstiftningen under samma tidsperiod. De 
mest använda perfluorerade ämnena PFOA, PFOS och PFHxS hittades i alla 
blodprover, men minskade över tid. Trenderna är tydligt kopplade till den 
internationella utfasning av dessa ämnen som skett stegvis genom både frivilliga 
och lagstadgade initiativ under aktuell tidsperiod.  

I en experimentell exponeringsstudie undersökte vi utsöndringen av världens mest 
använda bekämpningsmedel glyfosat i urin hos människor. Tre volontärer gavs en 
känd dos av glyfosat och halterna i urin följdes i upp till 100 timmar efteråt. 
Resultaten tyder på att mängden glyfosat som utsöndras i urin hos människor är 
lägre än vad som tidigare uppskattats baserat på djurstudier, vilket har betydelse för 
tolkningen av mått på den inre exponeringen hos människor. 

Vi undersökte exponeringen av PFAS hos nyfödda genom analys av blodprov från 
gravida kvinnor och navelsträngsprov från förlossningen i en populationsgrupp som 
oavsiktligt exponerats för höga halter från förorenat dricksvatten. Resultaten visar 
att överföringen är lika effektiv för dessa ämnen hos kvinnor med hög exponering, 
vilket resulterar i högre halter hos barnet vid födseln. 

Resultaten bidrar med nya kunskap avseende exponering för mindre välstuderade 
bekämpningsmedel i allmänbefolkningen, hur trender i exponeringen för PFAS och 
bekämpningsmedel påverkats av policyförändringar under tidsperioden, att 
långtidsförvaring av biologiska prover inte påverkar analysresultat nämnvärt, att 
persistenta ämnen förs över lika effektivt hos högexponerade kvinnor till foster 
under graviditeten, samt viktiga skillnader i utsöndring av världens mest använda 
ogräsmedel hos djur och människor. Detta belyser även viktiga aspekter avseende 
provinsamling, tolkning av analysresultat samt relevans av att studera fler och olika 
populationsgrupper. 
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Introduction 

Everything we touch, drink, eat and the air we breathe contains chemicals. Thereby, 
we are exposed to physical, biological, and chemical agents, including synthetic and 
naturally occurring compounds, in our everyday life. Some compounds, such as 
oxygen, are essential for our existence whereas exposure to other chemicals may be 
harmful or pose a risk to human health. The focus of environmental medicine is to 
study the interactions between such risk factors in our environment and human 
health (Howe 1980). 

The large-scale use and application of chemicals have revolutionised numerous 
areas of society, improving our health and food security through increased pest 
control in agricultural food production and the development of new or more 
effective pharmaceuticals (Fama et al. 2022). At the same time, new or increased 
chemical exposure has had a negative impact on our environment and human health. 
In the 1960s, Rachel Carson (1962) raised concerns about the contamination of the 
environment through the wide application of pesticides, which increased the 
awareness of chemical management and initiated the modern environmental 
movement. Over the past four decades the amount and diversity of synthetic 
chemicals used, thereby also contaminating the environment, has increased at a rate 
incomparable to other ongoing global environmental processes of planetary change, 
including climate change (Bernhardt et al. 2017). The remaining question is how we 
can limit the negative effects associated with the chemicals that are already a part 
of our modern lifestyle and society. 

There are legal frameworks in place to control the use of chemical compounds, that 
have been developed at national and international levels to mitigate human and 
environmental exposure. Still, knowledge about the toxicological profiles and 
properties of specific compounds, common exposure scenarios, and current 
exposure levels is needed to support policymaking. In the European Union, the 
production and use of chemicals are regulated through the Registration, Evaluation, 
Authorisation, and Restriction of Chemicals program (REACH), implemented in 
2007.  This framework only requires that chemical compounds used as pesticides or 
biocides must go through a complete risk assessment before being released on the 
market. For chemicals used at an industrial level, the industry needs to provide 
toxicological data on possible effects, usually obtained from experimental data on 
laboratory animals. Agencies and policymakers rely on this data to evaluate possible 
risks of the use and unintentional exposure to different chemicals, but what is often 
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missing and most difficult to predict is data on population exposure and potential 
risks to human health. Additionally, modeling is often used to predict possible 
exposure scenarios of new or previously not studied chemical compounds, but many 
synthesized chemical formulas do not behave as we expect when released into the 
environment. Human biomonitoring data can contribute to data that improve model 
predictions (Bevan et al. 2017). 

Biological monitoring is a way to measure and quantify exposure from all sources 
by measuring the absorbed concentration inside the body using biological samples. 
By repeated measurements of the compound of interest or their metabolites in 
biological samples, human biomonitoring (HBM) can assess the exposure at the 
individual or population level and how it varies over time. According to United 
Nations Environment Program (2013), human biomonitoring has been emphasized 
as one of the primary health indicators to evaluate the effectiveness of sustainable 
management of chemicals. Today, human biomonitoring is considered crucial in the 
risk assessment process of chemical exposures to be used in combination with other 
tools, such as ambient monitoring (Jeddi et al. 2022; Tranfo, 2020). 

Human biomonitoring 
Human biomonitoring is the determination of concentrations of defined exposure 
biomarkers in biological samples as a measurement of internal exposure. A 
biomarker has several definitions but, in this context, refers to exposure biomarkers 
which is a chemical compound, or a degradation product/metabolite of that 
compound, measurable in biological samples. Biological samples, or matrices, 
commonly used for human biomonitoring purposes include urine, blood, breast 
milk, and hair. In contrast to ambient monitoring, which measures concentrations of 
chemical substances in environmental matrices such as air, water, and food, human 
biomonitoring considers all routes of uptake, includes all relevant exposure sources, 
and accounts for the kinetics of chemicals while measuring the internal exposure 
(Angerer et al. 2007). It is therefore a useful tool for exposure assessments within 
risk assessment, health prevention, and policy making. The data generated from 
human biomonitoring can be used in establishing reference ranges for specific 
chemicals, identifying highly exposed populations, studying time trends in 
exposure, and evaluating the effectiveness of policy measures taken (Bahadori et al. 
2007). The measurement of biomarkers provides data and information that can be 
used as input in modeling which is the only available option to predict exposure 
before introducing chemical compounds on the market or to evaluate model 
predictions (Bevan et al. 2017). However, routine human biomonitoring in general 
populations is currently not anchored in legislation, as opposed to the monitoring of 
occupational exposure and external exposure sources (Jeddi et al. 2022).  Analysis 
of internal exposure concentrations is a measure of the total exposure at a certain 
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point in time and cannot distinguish between the different sources of exposure, 
which is why ambient monitoring is still an important complement to being able to 
identify important sources of exposure to reduce the emissions (Angerer et al. 2007).  

The concept of human biomonitoring was originally introduced in occupational 
medicine to ensure the safe conditions of exposed workers. The earliest examples 
of human biomonitoring in occupational settings are from the 1930s, when lead and 
benzene metabolites were quantified in blood and urine (Kehoe et al. 1933; Yant et 
al. 1936). However, measuring internal exposure requires analytical techniques that 
can detect low concentrations in biological matrices, which were not introduced and 
accessible for laboratories until the 1960s (Angerer et al. 2007). Lead was widely 
applied as an additive in gasoline but in the 1970s, evidence of its high toxicity was 
discovered (UNEP & OECD 1999). Human biomonitoring was then first applied in 
the context of public health to measure blood concentrations of lead in the general 
population in the USA in urban areas exposed to fuel emissions (Azar et al. 1975). 
In 1977, the Commission of the European Communities (CEC) also announced a 
directive requiring a screening program to be introduced in member states to assess 
lead exposure in the general population (Council directive 77/312/EEC 1977). 
Increased awareness of the toxic properties of lead combined with systematic 
measurements of lead exposure in general populations initiated the global reduction 
or phase-out of lead in gasoline (UNEP & OECD 1999). 

In 1984, the concept of Human Biomonitoring was summarized through the 
following definition, published by Zielhius (1984): 

“a systematic continuous or repetitive activity for collection of biological samples for 
analysis of concentrations of pollutants, metabolites or specific non-adverse 
biological effect parameters for immediate application, with the objective to assess 
exposure and health risk to exposed subjects, comparing the data observed with 
reference level and – if necessary – leading to corrective actions” 

Even though human biomonitoring has gained recognition since then and is 
increasingly applied as a tool for exposure assessment of hazardous substances, the 
definition remains pertinent. 

The role of Human Biomonitoring 
Continuous measurements of internal exposures can be used for different purposes, 
with the overall aim to create a chemically safe environment and mitigate exposure 
to hazardous substances in population groups or occupational settings (Ganzleben 
et al. 2017; Zidek et al. 2017). Analysis of biological samples enables measurements 
of both total compound-specific exposure levels but also simultaneous exposure to 
multiple compounds. Furthermore, it can show how the exposure varies with 
geographical area, age, and other factors relevant to identifying vulnerable groups 
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at risk. Repeated measurements over time make it possible to define emerging 
compounds but also to evaluate implemented restrictions of chemical use and its 
effect on chemical body burden at a population level. 

Human biomonitoring can be applied to assess internal exposure in different target 
populations and across life stages (Jeddi et al. 2022). At a national and international 
level, it provides information on how exposure varies with i.e., geographic area, age, 
over time, or a combination of these (Vorkamp et al. 2021), data that can be used to 
define reference values for chemicals (Joas et al. 2012). Furthermore, it provides 
information on the proportion and characteristics of exposure and how it varies in 
different population groups, which makes it possible to identify more susceptible 
groups at risk (Gilles et al. 2021). It can also be used to evaluate if actions with bans 
or restrictions on chemicals have led to a decrease in internal exposure 
concentrations (Schulz et al. 2007; Wittsiepe et al. 2000). Reversed, it can also help 
to reveal elevated concentrations of internal exposure with time and be used as an 
early alarm for policymakers (Joas et al. 2012). Additionally, human biomonitoring 
can be applied to assess early biological effects and link biomarkers between 
exposure and effect to facilitate the identification of dose-response relationships 
(Louro et al. 2019). 

Human biomonitoring has many strengths but also limitations, including its 
dependence on toxicological and metabolic data and that biomarker levels measured 
are very dynamic. However, modelling often has similar requirements of data input 
to support accurate exposure predictions. A combination of data from ambient 
monitoring, questionnaires, toxicology data from animal studies, and results from 
epidemiologic studies is ideal to facilitate the risk assessment process.  

Key components for human biomonitoring 
There are many important factors to consider when measuring human exposure to 
ensure that the internal exposure is captured as accurately as possible. For example, 
considering which biological matrix is most suitable for analysing a selected 
compound, what biomarker best reflects the exposure, and which intake or dose that 
corresponds to the measured concentrations in the biological samples. These 
decisions are based on previous research on specific compounds, both experimental 
and observational studies, to better understand the toxicology, kinetics, and 
biological mechanisms to evaluate possible risks of adverse health effects. 

Critical factors to consider when assessing population exposure are generally related 
to the main components included in the human biomonitoring process, namely the 
choice of exposure biomarkers, the sample matrix, the protocol for sample 
collection and storage, and the analytical method used to quantify the exposure.  
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Figure 1. Schematic overview of key elements within human biomonitoring.
A summary of the concept of human biomonitoring and its important components. Key components addressed in this 
thesis are highlighted in green.

Exposure biomarkers
A selected exposure biomarker must be as specific as possible, where the measured 
concentrations exclusively are a direct consequence of and reflect an exogenous 
exposure (Hoet and Haufroid 1997; Vorkamp et al. 2021). Variations in dose should 
correlate with the measured exposure concentrations. Since there is always an intra-
individual variability in biomarker concentrations it can be complicated to 
determine the exposure and it is, therefore, preferable if the biological half-life of a 
biomarker is not too short, as in a few hours or even less (Bevan et al. 2017). 
Additionally, biomarkers are more useful if their toxicokinetic properties, the 
biological fate of the parent compound or metabolites, and excretion profiles, are 
known (Bevan et al. 2017; Manno et al. 2010). Many chemicals are metabolized 
before they are excreted in the urine, and the parent compound might only be 
detected in low concentrations in urine samples. Therefore, relevant metabolites
must be identified and used as biomarkers instead (Bevan et al. 2017).
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Sample matrix 
The sample availability can have practical implications, particularly if the most 
suitable matrix requires an invasive, time-consuming, or complicated collection 
procedure. Furthermore, maintained compound stability and sample quality must be 
guaranteed during sample collection and storage. For all biological sampling, a 
validated sampling protocol for the procedure of collection, transportation, 
processing, and storage is further needed. Storage conditions, such as temperature 
and duration, should be maintained during transport and storage prior to analysis 
and long-term storage in biobanks to avoid the sample quality being impaired. 
Variations in matrix composition also need to be considered in some cases, 
including the inter-individual variation in excretion rates (Hays et al. 2015). 
Hydration status mainly impacts urine dilution, and thereby the measured urinary 
concentrations, which can be adjusted for either the creatinine content or the specific 
gravity/density (Vorkamp et al. 2021).   

Sampling strategy 
Toxicokinetic data, including excretion profile and biological half-life, can help 
determine the best time to sample and extrapolate an estimate of the oral dose from 
internal exposure concentrations (Bevan et al. 2017). Furthermore, urine samples 
can be collected in different ways, for example as a 24-hour void urine sample or 
spot urine sample. Voided urine has been considered the standard procedure, but 
spot urine samples can be equally useful depending on the study objectives and the 
measured compound. The strategy chosen should be based on informed decision-
making considering both toxicokinetic data and the elimination half-life of targeted 
chemicals along with the duration of exposure (Bevan et al. 2017). For human 
biomonitoring purposes, a repeated cross-sectional sampling strategy is preferred as 
it reflects a snapshot of the exposure at a specified time (Becker et al. 2014). A 
representative sample of a defined population group should be included, and a larger 
sample size can reduce the impact of both intra- and inter-individual variation, 
particularly for compounds with short biological half-lives (Angerer et al. 2006). 

Analytical method 
There is a long list of separate criteria for evaluating analytical methods in general, 
for example, as described by Vorkamp et al. (2021). The focus of this thesis is not 
on the general validation of analytical methods but on some important aspects of 
applying such methods in human biomonitoring. 

An important part of verifying that analytical criteria are fulfilled, as well as the 
comparability of HMB results, is through both internal and external quality controls 
i.e., interlaboratory comparisons and certifications through analysis of reference 
materials (Göen et al. 2012; Nübler et al. 2022). For human biomonitoring purposes, 
sensitivity is also important, as in that detection limits are low enough to capture 
and quantify background exposure concentrations in the general population. At the 
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same time, the specificity of the measurements should be maintained. Interferences 
from endogenous compounds might also pose a problem as well as contamination 
of samples before, during, or after collection and analysis. 

Interpretation of HBM population data 
For human biomonitoring to be meaningful it is essential to interpret the data in the 
context of health risk assessment, which is often dependent on the available data for 
the specific compound or substance measured (Bevan et al. 2017). To make this 
possible, guidance values translated to measured internal concentrations are needed 
to improve and quantitatively understand the data in terms of the magnitude of 
exposure, health outcomes, or both. Current suggestions of guidance values to 
compare the measured concentrations with include either a value or range of the 
internal exposure representing the general background population or preferably a 
health-related reference value based on available toxicological or epidemiological 
data (Apel et al. 2020; Bevan et al. 2017; Gilles et al. 2021). The benefit of these 
values is that they can be used directly from measured internal concentrations 
without calculating the dose intake. A harmonized strategy for deriving such health-
related values for internal exposure has been developed by the HBM4EU initiative 
and the work is in progress (Apel et al. 2020). These values are referred to as Human 
Biomonitoring Guidance Values (HBM-GVs) and are equivalent to HBM-I values 
developed by the German Human Biomonitoring Commission (Apel et al. 2020; 
Schümann et al. 2021). Although, sufficient toxicological-, epidemiological- and 
exposure data are for most substances usually not available. 

Established Human Biomonitoring Programs 
There are several examples of national biomonitoring programs that have been 
initiated. The National Health and Nutrition Examination Survey (NHANES), 
considered a pioneer program in human biomonitoring, was introduced in the 1960s 
in the United States to assess the health and nutritional status of the population 
through a nationally representative sample of individuals per year. After year 1999 
it began measuring environmental parameters, including exposure concentrations of 
organic contaminants, in biological samples (CDC 2020; Johnson et al. 2013). The 
equivalent Canadian Health Measures Survey (CHMS) was launched in 2007 
(Pollock et al. 2021). 

Several examples exist in European countries as well, such as the German 
Environmental Surveys, GerES (Schulz et al. 2007), Czech Environmental Health 
Monitoring System (Cerna et al. 2012), French national biomonitoring program, 
ELFE (Dereumeauz et al. 2017), and PROBE in Italy (Alimonti. 2011) to mention 
a few. There is also a human monitoring program (HÄMI) in Sweden organized by 
the Swedish Environmental Protection Agency (Knudsen 2021). However, many 
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countries lack a nationwide program, and biomonitoring data is only collected 
within specific research projects.  

In 2004, The European Commission recognized the need for a joint human 
biomonitoring initiative to increase the comparability of exposure levels across 
Europe in their Environmental and Health Action Plan 2004 (European Commission 
2004). The first step towards an international program within the EU was taken in 
2005 through some major studies exploring how such an initiative could be 
implemented (Schindler et al. 2014). In 2017, the common framework Human 
Biomonitoring for Europe (HBM4EU) was launched and ongoing until 2022, after 
which it continues as the Partnership for the Assessment of Risks from Chemicals 
(PARC) until year 2027 (Giles et al. 2021). The aim of both HBM4EU and PARC 
is to harmonize human biomonitoring data and increase the collaboration between 
research organizations and European health and safety agencies to provide science-
based evidence for chemical policy development.  

Exposure to environmental contaminants 
Some, but not all, useful chemicals applied in the industry, agriculture, or consumer 
products possess toxic and potentially hazardous properties (EEA-JRC 2013; Prüss-
Ustün et al. 2011). Individuals can be exposed to chemicals through ingestion, 
inhalation, dermal uptake, or a combination of exposure routes. We are usually 
exposed to several compounds simultaneously, but the health effects of combined 
exposure are poorly understood, and an approach for the cumulative risk needs to 
be further developed (Bil et al. 2022). It is not only the toxic properties of chemicals 
that are of concern for public health. High persistence and long biological half-lives 
are important for cumulative exposure, and most chemical compounds can be toxic 
if they exceed a certain concentration or dose (Cousins et al. 2020). Also, the 
susceptibility to exposure varies and certain population groups can be more sensitive 
to exposure. Overall, groups identified as more vulnerable to negative effects from 
chemical exposure include children, adolescents, pregnant women, and foetuses 
during sensitive windows of development (Kuipers and Mascolo 2017). 
Additionally, people with certain occupations or lower socioeconomic status can 
also be at increased risk (Kuipers and Mascolo 2017). 

This thesis focuses on two major categories of organic contaminants with different 
chemical properties, PFAS and agricultural pesticides. Both PFAS and pesticides 
have been included on the list of prioritized compounds in HBM4EU, along with 16 
other categories for which increased knowledge is needed to support policymaking. 
These prioritized groups were identified and selected based on concern for human 
health, previous evidence of exposure, and technical feasibility for analysis among 
others (Ougier et al. 2021).  
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Agricultural pesticides, also referred to as plant protection products, include 
herbicides, insecticides, fungicides, and plant growth regulators. They are designed 
to be toxic as they aim to control undesired targeted organisms, including insects, 
weeds, or fungi (Abreu-Villaҫa and Levin 2017). Because they are deliberately 
released into the environment, they also pose a risk to non-targeted organisms and 
human health (Manno et al. 2010). Many of the currently used pesticides have 
documented or suspected neurotoxic and/or endocrine disrupting properties that 
may interfere with neurologic or reproductive development (Abreu-Villaҫa and 
Levin 2017; Ntzani et al. 2013; Saillenfait et al. 2016; Saillenfait et al. 2015). As 
pesticides are applied as plant protection products they fall under Regulation (EC) 
1107/2009 in the European Union, demanding an authorization process including 
prospective risk assessments prior to marketing. Established monitoring programs 
also measure residues of pesticides in food, which is the main exposure source for 
the general population (Bradman et al. 2015; Oates et al. 2006), and exposure 
concentrations in populations. Currently used pesticides have short biological half-
lives and are metabolized and excreted in urine within a few days and are preferably 
measured in urine (Barr et al. 2005; Needham and Sexton 2000; Yusa et al. 2015). 
Prioritized categories include organophosphates and pyrethroids which are some of 
the most studied and commonly measured pesticides. Although, both data on 
exposure and toxicokinetics for glyphosate, the most used herbicide globally, are 
still surprisingly scarce (Connolly et al. 2020).  

PFAS are manufactured organic compounds primarily used for their unique 
repelling properties, widely applied as surfactants in consumer products and 
packages. The strong carbon-fluorine bond makes them thermodynamically stable 
and resistant to degradation, ideal to use in materials to make them repellent to oil, 
dirt, and water (Buck et al. 2011; Kissa 2001). Their extensive use has resulted in 
ubiquitous presence in the environment and biota. PFAS have been associated with 
immunotoxic, neurotoxic, metabolic, and reproductive effects in humans (Chambers 
et al. 2021; Dalsager et al. 2021; Jiang et al. 2015; Schrenk et al. 2020; Spratlen et 
al. 2020). Because of this, the most widely used compounds have gradually been 
phased out of production since early 2000. Still, due to the persistence and 
accumulative potential of the ‘legacy PFAS’ PFOA, PFOS, and PFHxS, the 
exposure problem will remain for a long time. The general population is mainly 
exposed through diet/food (Richterová et al. 2022), where PFAS has been used in 
the coating of packages. In some local areas, elevated PFAS exposure 
concentrations have been discovered following contamination of the drinking water, 
originating from either industrial emissions or nearby military airfields using large 
quantities of aqueous film-forming foam (AFFF) in training activities. One example 
of a locally contaminated area is Ronneby in Sweden, where extremely elevated 
concentrations of AFFF-related PFAS were discovered in the drinking water 
following the use of firefighting foams at a nearby military airport (Xu et al., 2021). 
PFAS have long biological half-lives in humans, where quantified concentrations 
usually reflect long-term past exposure if the external exposure remains constant. 
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Aim 

The overall aim of this thesis was to apply human biomonitoring to investigate 
population exposure and temporal trends of organic contaminants, including both 
short-lived and persistent compounds, in vulnerable population groups located in 
southern Sweden, and to provide compound-specific data on pesticides and PFAS 
highly relevant for improving the interpretation of human biomonitoring data.  

Specific aims  

 To assess exposure levels and temporal trends of biomarkers of agricultural 
pesticides analysed in urine samples of Swedish adolescents in the general 
population  

 To assess exposure levels and temporal trends of perfluoroalkyl substances 
(PFAS) analysed in serum samples of Swedish adolescents in the general 
population 

 To study the elimination kinetics of glyphosate, the most used herbicide 
globally, and its metabolite AMPA through human experimental exposure 
of three volunteers 

 To assess transplacental transfer, and thereby prenatal exposure, of PFAS 
during pregnancy through matched maternal-cord samples from a cohort 
including highly exposed individuals in a contaminated area in Sweden 

 To investigate if compound stability and sample integrity are affected by 
storage for up to 6 years  
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Materials and methods 

Study design 
Study I and III 
A repeated cross-sectional study design was used to study temporal trends in 
exposure concentrations of pesticide biomarkers in spot urine samples and PFAS in 
serum samples from adolescents within the County of Skåne (within a 60 km radius 
of Malmö).  

Study II 
An experimental exposure study including three participants was used to investigate 
human elimination kinetics of the pesticide glyphosate and its metabolite AMPA 
through the administration of a known oral dose followed by sampling all voided 
urine for up to 100 hours. To further investigate the role of AMPA in relation to 
glyphosate, exposure concentrations of both substances were quantified in a cohort 
of adolescents with background exposure.  

Study IV 
A longitudinal birth-cohort with a wide range of PFAS exposures was used to 
estimate transplacental transfer efficiencies (TTE) of PFAS. Matched umbilical 
cord serum to maternal serum samples from pregnancy were used to calculate 
relative ratios of different PFAS and PFOS isomers in the overall cohort and 
stratified into three exposure categories to investigate the impact of the maternal 
exposure concentrations on TTE.  

Study populations and sample collection 
Study I, II & III 
The study participants consisted of 1213 Swedish adolescents/young adults aged 17 
to 21 years old. Recruitment of participants was performed in each of the years 2000, 
2004, 2009, 2013, and 2017, as visualized in Figure 2. For the years 2000 – 2009, 
recruitment was performed through enrolment for military service in the county of 
Skåne, and therefore, only men aged 18 – 20 were included (the initial objective of 
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the sample collection was to assess semen quality parameters in relation to exposure 
to persistent compounds). After mandatory military service was abolished in 
Sweden in the year 2009, recruitment was relocated to secondary schools in Skåne.

In 2013, 13 years after the initial sample collection, the focus of the study was 
shifted to investigate temporal trends in exposure to environmental contaminants,
and women were also included. A venous blood sample was collected by research
nurses and each participant was instructed to collect a spot urine sample and 
distributed a paper mug and vial from our personnel. 

Figure 2. Visualisation of sample collection of adolescents
The number of urine and blood samples collected each year of recruitment of adolescents in Scania, aged 17 – 21 
years from enrolment to military service (years 2000 – 2009) and secondary schools (years 2013 – 2017).

Study II
Three adults, one female and two males aged 42 – 73 years, gave written consent to 
volunteer in the human experimental exposure to glyphosate. After the volunteers 
were administered an oral dose of glyphosate, corresponding to 50% of the 
acceptable daily intake (ADI) calculated for each volunteer’s body weight, all 
voided urine was collected for up to 100 hours as illustrated in Figure 3. The 
sampling time and urine volume of each sample were noted.
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Figure 3. Illustration of the oral exposure experiment.
Three volunteers, two males, and one female were administered an oral dose of glyphosate corresponding to 50% of 
the acceptable daily intake (ADI: 0.3 mg/kg body weight/day) and all voided urine was collected for 100 hours.

Study IV

Study participants consisted of pregnant women in the Ronneby MotherChild 
cohort, a birth cohort consisting of 263 women, aged 18 – 43 years. The women 
were recruited during pregnancy between the years 2015 – 2020 in Ronneby and the 
nearby municipality Karlshamn. The cohort includes a wide range of PFAS body 
burdens, following long-term exposure to AFFF-related PFAS in drinking water in 
parts of the population. A serum sample was collected from the mother in the 2nd or 
3rd trimester, and a second maternal serum sample and an umbilical cord serum 
sample were collected at delivery, as displayed in Figure 4. In total, 189 women 
provided matched maternal-cord serum samples.

Figure 4. Illustration of recruitment and sampling protocol for the Ronneby MotherChild cohort.
Pregnant women were recruited in Ronneby or Karlshamn and maternal serum samples were collected during 
pregnancy and at delivery, where umbilical cord serum was also collected. The 189 mother-child pairs included in the 
current study provided matched maternal-cord serum and had a wide range of PFAS exposures.
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Organic compounds and biomarkers 
Two major categories of organic environmental contaminants were included in the 
thesis, pesticides, and PFAS. These are two of the 18 compound categories listed as 
priority substances in HBM4EU (European Environment Agency 2018). The 
specific compounds included, listed in Tables 1 and 2, have all been used globally 
during parts of or the entire period under study in this thesis. For several compounds, 
including some fungicides and growth regulators and AFFF-specific PFAS, 
available HBM data in general populations is limited.  

 Studies I & II  
In study I, 16 biomarkers of pesticides listed in Table 1 were analysed in urine 
samples of young adults.  

Table 1. List of pesticides and exposure biomarkers included in the thesis. 
Pesticides and corresponding exposure biomarkers, listed as commonly used abbreviations, that were analysed in urine 
samples. Detailed chemical names are listed in studies I and II. 

TYPE GROUP COMPOUND BIOMARKER 
(ABBREVIATION) 

Insecticides Pyrethroids permethrin 
cypermethrin 
deltamethrin 
resmethrin 
fenvalerate 
phenothrin 
cyphenothrin 
λ-cyhalothrin 

3-PBA 

cyfluthrin 4F-3-PBA 
bifenthrin 
λ-cyhalothrin 

CFCA 

permethrin 
cypermethrin 
cyfluthrin 

DCCA 

Organophosphate chlorpyrifos 
chlorpyrifos-methyl 

TCPy 

Plant growth 
regulators 

Quarternary 
ammonium 

chlormequat CCC 
mepiquat MQ 

Fungicides Anilnopyrimidine pyrimethanil OH-PYM 
Benzimidazole thiabendazole OH -TBZ 
Triazole tebuconazole OH-TEB 
Dithiocarbamate mancozeb ETU 

propineb PTU 
Herbicides Phenoxyacid 2,4-D 2,4-D 

MCPA MCPA 
Organophosphate glyphosate GLY 

AMPA 
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Studies III & IV  
The PFAS in Table 2 were measured in maternal and cord serum samples in the 
Ronneby MotherChild cohort (IV). All except the specific PFOS isomers were also 
measured in serum samples of adolescents over time (III). All the compounds, 
except PFPeS, are listed as priority substances in HBM4EU.  

Table 2. List of perfluoroalkyl substances studied in the thesis. 
CATEGORY COMPOUND ABBREVIATION 

(CHAIN LENGTH) 
Perfluorinated sulfonic acids 
(PFSAs) 

perfluorobutane sulfonic acid PFBS (C4) 
perfluoropentane sulfonic acid PFPeS (C5) 
perfluorohexane sulfonic acid PFHxS (C6) 
perfluoroheptane sulfonic acid PFHpS (C7) 
perfluorooctane sulfonic acid PFOS, total (C8) 

PFOS isomers linear perfluorooctane sulfonic acid n-PFOS (C8) 
perfluoro-1-methylheptanesulfonate 1m-PFOS (C8) 
perfluoro-2/6-methylheptanesulfonate 2/6m-PFOS (C8) 
perfluoro-3/4/5-methylheptanesulfonate 3/4/5m-PFOS (C8) 

Perfluorinated carboxylic acids 
(PFCAs) 

perfluorohexanoic acid PFHxA (C6) 
perfluoroheptanoic acid PFHpA (C7) 
perfluorooctanoica cid PFOA (C8) 
perfluorononanoic acid PFNA (C9) 
perfluorodecanoic acid PFDA (C10) 
perfluoroundecanoic acid PFUnDA (C11) 
perfluorododecanoic acid PFDoDA (C12) 

Chemical analysis 
All biomarkers of PFAS and pesticides measured in urine or serum samples in the 
separate studies in this thesis were analysed using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS; QTRAP 5500 and 6500+: AB Sciex, Framingham, 
MA, USA) at the Division of Occupational and Environmental Medicine at Lund 
University. Samples were prepared in 96-well plate format. Quality control samples, 
chemical blanks (water), and calibration standards were included in each sample 
batch. All samples were analyzed between the years 2018 and 2021. 

The limit of detection (LOD) and limit of quantification (LOQ) were defined from 
the standard deviation of concentrations corresponding to the peak at the same 
retention time as the analyte in the chemical blank samples.  

The laboratory participates regularly in the German External Quality Assessment 
Scheme (G-EQUAS) inter-laboratory program for analyses of two pesticide 
biomarkers, TCPy and 3-PBA, and the compounds PFOS and PFOA. A visual 
summary of the laboratory performance is shown in Figure 5 with the quantified 
concentrations compared with G-EQUAS reference values in the provided samples, 
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for the years 2013 – 2022 of active participation in the interlaboratory program.
Furthermore, the laboratory participated in HBM4EUs ICI/EQUAS exercises for 
analyses of the perfluoroalkyl substances PFHxS, PFOS, PFHpA, PFOA, PFNA, 
PFDA, PFUnDA, PFDoDA.

Figure 5. Visual summary of OEM laboratory performance.
A crude comparison of repeated analysis of concentrations of the pesticide biomarkers TCPy and 3-PBA in urine and 
the perfluoroalkyl substances PFOS and PFOA in serum. The figures show concentrations quantified by the 
laboratory at the Division of Occupational and Environmental Medicine (OEM) at Lund University plotted against the 
reference values in the samples provided by German External Quality Assessment Scheme (G-EQUAS), summarized 
for the interlaboratory program participation years 2013 – 2022, showing results close to unity.

Statistical analysis
Studies I and III
In both studies I and III, temporal trends in population exposure were assessed 
through linear regression of ln-transformed concentrations on calendar year, as a 
continuous variable. For compounds where a linear pattern was not observed, we 
explored quadratic terms centred around the mean. Measured concentrations <LOQ 
were included in the models without imputation. Model validation was conducted 
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through residual analysis using QQ-plots and a sensitivity analysis was conducted 
excluding female participants (in the sampling years 2013 and 2017). 

In study I, compounds with at least 60%>LOD each sampling year were included 
in the statistical analyses, and in study III 70%>LOQ were included. Furthermore, 
observations with standardized residuals of >3 or <–3 were considered influential 
outliers and therefore excluded from the analysis in study III. Urine concentrations 
were adjusted for density and creatinine, where density-adjusted values were used 
in the main analysis. Positive values below LOD were used without imputation 
whereas negative values, caused by subtraction of chemical blanks, were substituted 
with the lowest positive concentrations <LOD.  

In study III, the stability of PFAS in serum samples after up to 6 years of storage 
was assessed through Pearson correlation coefficient comparing the analysis 
performed in 2014 and a re-analysis in 2020. P-values <0.05 were considered 
statistically significant. The agreement between the two analyses was explored 
using Bland Altman plots.  

Study II 
Urinary excretion of glyphosate and AMPA were plotted as ln-transformed urinary 
concentrations against the time of sample collection (as mid-time points) from 0 up 
to 120 hours after intake of an oral dose of glyphosate, corresponding to 50% of 
ADI, for the three volunteers. Concentrations were plotted as unadjusted 
concentrations and adjusted for density, creatinine, or urinary excretion rate, 
separately. The elimination half-lives of glyphosate and AMPA in urine were 
estimated from the slope of the curve of ln-transformed concentrations of glyphosate 
and AMPA against the sampling time, separately for each volunteer.  

Study IV 
TTE were estimated by calculating the ratio of umbilical cord serum concentrations 
to maternal serum concentrations 1) in pregnancy, and 2) at delivery for the overall 
cohort. Furthermore, the cohort was categorized into three exposure categories 
(background, intermediate and high) based on maternal pregnancy serum 
concentrations of PFHxS, identified as a strong marker of AFFF exposure in 
Ronneby (Xu et al., 2021). We investigated if TTE varied with maternal exposure 
level for the AFFF-related PFAS where we observed a difference in the range of 
maternal concentrations between the categories. Because the blood volume 
increases in pregnancy, the impact of the gestational stage of sampling time of 
maternal blood was explored by comparing TTE when samples were collected in 
2nd trimester, 3rd trimester, and at delivery. 
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Ethical considerations 
The studies in this thesis include both invasive and non-invasive collection 
procedures of biological samples from humans and the handling of sensitive 
personal data. Further, it involves individuals or populations with background level 
exposure, deliberate oral exposure to a pesticide, and unintentional high long-term 
exposure to PFAS. 

The studies were all separately approved by the regional ethics review board and 
complied with the International Ethical Guidelines for Health-related Research 
Involving Humans (CIOMS 2016). All participants involved in the studies signed 
informed consent before being allowed to participate and were informed that they 
could withdraw from the study at any time. Adolescents under the age of 18 years 
also provided a signature from a parent or guardian.  

For the study population of adolescents, all data collected for the studies were 
anonymous since we did not keep records of names, addresses, or personal 
identification numbers. The collection of blood samples was performed according 
to the standardised procedure in healthcare. The only risk for participants in these 
studies was invasive blood sampling that in some cases can cause pain or bruising. 
They were all informed of the sampling procedure and possible discomfort prior to 
blood sampling. All participants could choose to have their results of urine and 
blood concentrations reported back, which could be seen as a benefit for 
participating. The contact details of the participants were deleted after reporting 
back the individual results. 

In study II, we deliberately exposed three volunteers to a pesticide. The volunteers 
were given a single oral dose corresponding to 50% of the ADI, calculated based on 
the body weight of each volunteer to make sure the limit value was not exceeded. 
The current hazard classification of glyphosate, according to the Committee for Risk 
Assessment within the European Chemical Agency (ECHA), is ’causing serious eye 
damage and toxic to aquatic life’, where ECHA concludes that further human 
toxicity classifications are not justified based on currently available knowledge. 
Since oral exposure to a pesticide does not provide any medical benefit, volunteers 
had to be healthy adults not under medication and not defined as in a risk group i.e., 
pregnant or nursing women or children. Furthermore, the participants were under 
the observation of a physician during the experiment. All volunteers provided 
informed consent. 

The cohort in study IV includes pregnant women that provided informed consent. 
However, the main risk for participants in this study is past exposure to PFAS from 
contaminated drinking water. Studying and reporting results from a highly exposed 
cohort where possible adverse effects of the exposure are unclear is a very sensitive 
situation that might cause unnecessary anxiety or stress for study participants or 
other individuals related to their exposure situation. Conclusions from such studies, 
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and how those are communicated, need to be carefully considered. At the same time, 
the increased knowledge about the exposure situation and TTE of these compounds 
has large societal benefits. To protect the integrity of study participants, all data 
collected in the project is stored on a secure server at Lund University with two-way 
authentication where access is only granted to the researchers involved in the 
project. 
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Main results 

The results of each study are divided into two categories, where results related to 
exposure monitored in population subgroups within each study are presented in the 
category ‘Population Exposure’, whereas the results of each study that address and 
provide data relating to key components of human biomonitoring are presented in 
the category ‘Aspects of key components in human biomonitoring’. 

Population exposure  
Study I 
Six out of 14 pesticide biomarkers were detected in more than 90% of urine samples 
in all sampling years, indicating a low but widespread exposure. The highest median 
concentrations were detected for the biomarker CCC of the growth regulator 
chlormequat but were decreasing over time. The biomarker TCPy for chlorpyrifos 
was found in the second highest median concentration and increased over time, with 
an observed tendency to decrease after year 2009.  

Study II  
Urinary concentrations of glyphosate and AMPA were detected above LOQ in 20% 
and 29% of the samples, respectively, in 197 Swedish adolescents sampled in year 
2017. The maximum concentration was higher for glyphosate (3.39 μg/L) than 
AMPA (0.99 μg/L) and the moderate correlation (ρ = 0.56) indicates separate 
exposures.  

Study III 
Serum concentrations of PFAS indicated widespread exposure in Swedish 
adolescents. Legacy PFAS (PFOA, PFHxS, and PFOS) had the highest median 
concentrations but decreased over time.  

Study IV  
Quantified serum concentrations of PFAS were higher in maternal serum than in 
cord serum. The AFFF-related compounds PFOS and PFHxS were found in the 
highest concentrations in both maternal and cord serum. Linear PFOS was 
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predominant of the isomers measured. Serum concentrations of the compounds 
PFHxS, PFHpS, PFOS, and PFOA were found in a wide exposure range in the study 
population, whereas concentrations of PFNA, PFDA, and PFUnDA were low and 
comparable to other background exposed populations i.e., Swedish adolescents in 
study III, for the whole cohort. Marginally lower TTE of compounds including 
PFHxS and PFOS in highly exposed mothers imply higher absolute prenatal PFAS 
exposure concentrations.  

Aspects of key components in human biomonitoring 
Study I 
The study includes human biomonitoring data of exposure concentrations and 
temporal trends for pesticides not commonly measured (i.e., growth regulators and 
fungicides) in human biological samples but detected in food items. We found 
widespread exposure to chlormequat, where the biomarker (CCC) for chlormequat 
was detected in the highest concentrations of all pesticide biomarkers measured but 
with a decreasing trend. Low but widespread exposure was observed for the 
biomarkers of fungicides pyrimethanil (OH-PYM) and tebuconazole (OH-TEB) 
which increased over time.  

Study II 
Results from the oral experimental exposure to glyphosate showed that the urinary 
excretion followed a two-phase excretion with an elimination half-life of 6–8 hours 
for the short phase and 18–33 h for the longer second phase. The recovery of the 
oral dose of glyphosate was 1–6 % in urine in the three volunteers, much lower than 
previously used data around 20% based on animal studies. The metabolite AMPA 
was found in 0.01–0.04% of the administered glyphosate dose. 

Study III 
Comparisons of PFAS concentrations from analysis before and after storage at –
80 C for 6 years yielded very similar results for PFOS, PFOA, PFNA, PFDA, and 
PFDUnDA. Lower correlations and wider limits of agreement were observed for 
very low concentrations.  

Study IV 
Results of estimated TTE in a cohort with a wide range of PFAS exposure showed 
that subgroups with intermediate and high maternal PFAS exposure concentrations 
were similar to estimates for the overall cohort. Higher rates were observed for 
women at background exposure concentrations.  
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Discussion 

This thesis has applied human biomonitoring to determine population exposure to 
organic contaminants in southern Sweden and used it as a tool to identify trends in 
exposure over time to emerging and phased-out compounds. Population groups 
included consist of adolescents from the general population and pregnant women 
with high exposure originating from contaminated drinking water. Thus, the thesis 
covers exposure across different life stages in population groups where data is 
currently lacking. Assessment of temporal trends in exposure span a period of 17 
years (2000 – 2017) during which major international policy changes in chemical 
risk management were implemented. Furthermore, it provides new insights into 
aspects of key components important in human biomonitoring for obtaining valid 
results, including establishing new compound-specific toxicokinetic results on 
elimination and TTE at different exposure levels, along with evaluation of 
compound stability and sample integrity after long-term storage. Additionally, these 
findings address important aspects of the sample collection procedures, 
interpretation of biomonitoring data, and the relevance of studying different 
population groups.  Taken together, the results of the thesis contribute to, and 
advance, current knowledge of important components of population exposure, as 
well as highlight important methodological aspects that may facilitate the future use 
and interpretation of human biomonitoring data. 

Population exposure 
Predicting or characterising exposure scenarios and distributions in models or 
epidemiological studies is difficult (Bevan et al. 2017), and large-scale 
biomonitoring of exposure is not considered a feasible option. Nevertheless, human 
biomonitoring in subsets or smaller cohorts can provide sufficient information on 
the range and variation in exposure concentrations of different groups in the 
population that can be applied in other settings (Gilles et al. 2021).  

In studies I and III, widespread population exposure was observed in the low-
concentration range in adolescents over time. These measurements give a snapshot 
of the prevalent exposure in this population group at different points in time. The 
results indicate if the exposure has any direction over time, either a tendency of 
increase or a decrease suggesting a change in emission patterns.  
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Overall, the observed trends in exposure aligned with or could be connected to 
reported patterns of chemical use, legal restrictions, or concentrations of residues 
detected in domestic and imported food items. For example, the highest median 
concentrations of pesticides in Study I were observed for the biomarker (CCC) of 
the growth regulator chlormequat, commonly used in rye production in Sweden 
(Mårtensson 2019). A decreasing trend in internal exposure concentrations was 
observed in adolescents between years 2000 and 2017. Measurements of residues 
of chlormequat in Swedish rye by the National Food Agency reported a detection 
frequency of 60% in year 2013 but 41% in year 2018 (Jansson & Fohgelberg 2016), 
which could be one possible explanation related to the decrease in internal exposure 
concentrations. During the same period, other growth regulators have been 
approved for use and are likely substitutions of chlormequat (Mårtensson, 2019). 
Overall, decreasing exposure trends do not only signal reduced emissions but also 
indicate potential replacement and introduction of a new compound or compounds 
that might be relevant to identify and include in future biomonitoring.  

Chlorpyrifos, measured as TCPy, is a well-studied insecticide that has never been 
permitted for agricultural use in Sweden. Even so, it was detected in 99-100% of 
the samples with slightly increasing concentrations over time. Interestingly, as 
opposed to other biomonitoring studies, we did not observe a decreasing trend of 
TCPy, despite the stepwise reduced health-based guidance values and maximum 
residue levels implemented in the EU from year 2012 up until a complete ban in 
year 2020 (Tarazona et al. 2022). Although, the concentrations in Swedish 
adolescents were far lower than observed in other populations, including the years 
prior to the drastic reduction in exposure concentrations reported after 2016 in Spain 
and Portugal (Tarazona et al. 2022). This could be explained by the fact that national 
restrictions on chlorpyrifos have never permitted its use for agricultural purposes in 
Sweden. For compounds with short biological half-lives, such as many currently 
used pesticides, restricting the use and residue levels allowed in food items can 
drastically reduce exposure concentrations (Nguyen et al. 2019). Future follow-ups 
of the adolescent cohort will confirm if this is the case for TCPy.  

Among the pesticides measured in Study I, some growth regulators and fungicides 
were included that are not commonly measured in biomonitoring studies of general 
populations.  However, as residues of these compounds have been detected in food 
items in Sweden, both domestic and imported, they are relevant for human 
biomonitoring to determine the extent of population exposure. Additionally, 
analyses of multiple biomarkers of compounds provide data and context of 
aggregate exposure, which is difficult to obtain or predict through other methods. 
Chemicals with similar properties might be additive in terms of biological effects. 
Although, sufficient tools to interpret the effects of additive exposures need further 
refinement and reduce the level of uncertainty (Sieke 2018). 

The observed trends in PFAS exposure were consistent with actions to phase out the 
compounds on an international level, initiated by the voluntary phase-out of PFOS 
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by the main producer 3M in 2002 followed by restrictions on the use of several 
PFAS in the EU starting in 2009. A decreased body burden of compounds with long 
biological half-lives indicates a discontinued or reduced exposure, implying that 
restrictive actions have had the desired effect on internal exposure concentrations. 

The German Environment Agency has established so-called HBM-II values for 
PFOA and PFOS, which are set as a concentration in human biological samples 
which indicate relevant health risks if exceeded (Schümann et al. 2021). Established 
HBM-II values for PFOA and PFOS in blood plasma were 10 μg/L and 20 μg/L, 
respectively. If comparing exposure concentrations in Swedish adolescents in year 
2000 with a median of 21 ug/L, that means 50% of the individuals exceeded the 
PFOS value relevant for health risks. The derived values were based on selected 
endpoints, including developmental toxicity and immunotoxicity. For women of 
childbearing age, which are considered a prioritized and vulnerable subgroup, the 
reference values were set at 5 μg/L for PFOA and 10 μg/mL for PFOS. Pregnant 
women in the MotherChild cohort in Ronneby had median serum concentrations of 
PFOS around 11 μg/L, in the range of relevant concentrations that, according to 
current knowledge, cannot exclude an increased risk of health effects. The most 
important exposure sources of legacy PFAS, both for general populations and 
populations with local emission sources, have been cut or phased out and these 
concentrations will likely continue to decrease with time. Nevertheless, these 
persistent compounds are accumulated in the environment where they will remain 
for a long time and likely continue to cause exposure to some extent. This may 
support the argument that persistence and accumulation potential alone are 
indications that should support restricted use (Cousins et al. 2020).  For persistent 
compounds with long biological half-lives, these reference values can be 
problematic when they are found to be exceeded, as it may take years for the 
chemical body burden to reach acceptable levels with no concern for health risks. 
In these scenarios, well thought through risk communication strategies should be 
considered, especially for situations where unintentional exposure from 
contamination has occurred. For the remaining compounds included in this thesis, 
established HBM-II or equivalent reference values based on biological sample 
concentrations are not yet available. Therefore, the ability to further interpret 
available human biomonitoring data is currently limited because measurements of 
internal exposure concentrations cannot be directly translated to a dose intake. Still, 
generating this type of knowledge in future studies gives an indication of common 
background exposure levels in general populations and vulnerable subgroups.  

Glyphosate and its metabolite AMPA were analysed in 197 adolescents in 2017. 
Concentrations were overall low and the detection frequency of glyphosate and 
AMPA were only 20% and 29%, respectively, despite being the most used plant 
protection product in the world. Previous studies have also reported median 
concentrations below the method detection limit (Beukers et al. 2022; Connolly et 
al. 2020). The low detection rate is likely explained by the low recovery of 
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glyphosate in urine. Results from the volunteer study in this thesis, and results 
reported by Zoller et al. (2020) indicate a urinary dose recovery of around 1-6%. In 
comparison, the recovery of TCPy in urine from an oral dose of chlorpyrifos is on 
average around 70% (Tarazona et al. 2022). It remains unclear if the low recovery 
of glyphosate in urine implies that it is mainly excreted in feces, as suggested in 
animal studies (Anadón et al. 2009), or if it accumulates somewhere in the body. 
Further studies on toxicokinetics, including analyses of glyphosate concentration in 
blood samples, are needed to clarify the relevance of the measured exposure.  

Key components of Human Biomonitoring addressed 

Exposure biomarkers 
For most compounds included, exposure biomarkers and analytical methods are 
well-established and quality assured. However, relevant exposure biomarkers of the 
herbicide glyphosate are still being discussed. In the oral exposure experiment in 
Study II, volunteers were exposed to an oral dose of glyphosate, where the 
compound formula administered was analysed for AMPA content, that was not 
detected above LOD. Results showed a similar elimination curve to that of 
glyphosate but in very low concentrations (0.01–0.04% of the oral dose). The 
correlation of glyphosate and AMPA concentrations detected in a population group 
of Swedish adolescents was only moderate, and lower than expected based on the 
overall similarity in elimination half-life and dose recovery. This would support the 
theory of separate exposure sources as indicated by other studies (Beukers et al. 
2022). This situation is not limited to glyphosate because metabolites, commonly 
used as biomarkers, of contemporary pesticides, are often formed through 
degradation processes in the environment prior to exposure meaning that the 
quantified exposure represents simultaneous exposure to the parent compound and 
metabolite (Fama et al. 2022). For some pesticides, the toxicological profiles are 
similar for the parent compound and formed metabolites, and the measurement of 
the aggregated exposure remains relevant in health risk assessments (Fama et al. 
2022). 

Sample matrix, collection protocol, and storage 
In study I, random spot urine samples were collected from all study participants. 
Concentrations in these samples give a glimpse of the cross-sectional exposure to a 
substance but are less reliable than repeated samplings and more prone to exposure 
misclassification compared to 24 h void urine samples. Voided samples can be used 
in reversed dosimetry calculations and are more representative to compare to 
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acceptable daily intake or other limit values. This is especially a limitation for 
chemicals with relatively short biological half-lives and low dose recovery in 
measurements, such as glyphosate (Beukers et al. 2022). Still, spot urine samples 
are more accessible and the impact of intra-individual variability for spot urine 
samples can be reduced through increased sample size (Bevan et al. 2017). Inter-
individual variability is also affected by urinary dilution, which is usually handled 
through adjustments such as creatinine correction or specific gravity/density. Since 
creatinine concentrations can vary based on characteristics including, age, sex, and 
diet it is more prone to introduce bias when comparing exposure levels between 
defined population groups (Bevan et al. 2017; Pearson et al. 2009), which is why 
density adjustment was preferred in the studies in this thesis. 

The time window of sampling is of relevance. In study IV, the transplacental transfer 
of PFAS was assessed, which is the only fetal exposure pathway. Measuring 
persistent compounds in serum samples usually reflects cumulative exposure, which 
is fairly constant over time. However, during pregnancy the maternal serum 
concentrations are diluted because of increased blood plasma volume. Therefore, 
the gestational period of sampling is crucial to get an adequate measure of early 
pregnancy exposure. Although it would clearly facilitate the comparison of results 
between studies, there is no standard protocol for the timing of maternal sampling 
in the assessment of TTE of environmental contaminants. Early pregnancy should 
be the gold standard, but it is more difficult to access in practice due to the healthcare 
routines, where the first antenatal visit occurs late in the first trimester (in Sweden).  

Most samples are stored for some time before the sample preparation and analysis 
and long-term storage in biobanks is common for biological samples used in 
retrospective studies, such as human biomonitoring. In study III, re-analyses in year 
2020 of the serum samples collected in year 2013 enabled the comparison with 
results from the initial analysis in year 2014. The results imply that the compounds 
remained stable, and that sample integrity was maintained over time. It also 
confirmed that the analytical method is robust and well-validated, despite being 
performed by different technicians on different occasions. Lower correlations and 
wider limits of agreement were observed at low concentrations, where analytical 
precision is a challenge, and for PFHxS for which problems with observed 
interferences have been recognized (Chan et al. 2009). 

The stability of the short-lived pesticide biomarkers TCPy and 3-PBA and sample 
integrity after long-term storage have been examined in urine samples collected in 
another cohort (i.e., Gyllenhammar et al. 2017) by comparing the concentrations in 
the same samples before and after four years of storage in -20°C (samples analysed 
in years 2014 and 2019). These samples were analysed in the same laboratory at the 
Division of OEM using the same instrumentation but by different laboratory 
technicians. The method had minor modifications compared to the method 
described in Study I. The comparison in Figure 6 indicates that these short-lived 
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biomarkers remained stable as well, and that sample integrity is maintained for at 
least four years. 

Figure 6. Quantified concentrations of biomarkers TCPy and 3-PBA in urine before and after 4 years of storage.
A crude visual comparison of the quantified concentrations of TCPy and 3-PBA in urine samples (n=177) analysed in 
year 2015 plotted against concentrations in the same samples analysed in year 2019 using the same analytical method
before and after up to four years of storage.

Toxicokinetic data
The assessment of human elimination kinetics and dose recovery of glyphosate in 
urine in Study II showed different results compared to results from animal studies. 
These results suggest that reversed dosimetry estimations in populations based on 
toxicokinetic data from animal studies underestimate the ingested dose (Connolly 
et al. 2020). The low recovery of glyphosate in urine is also important to bear in 
mind when assessing simultaneous exposure by measuring internal exposure 
concentrations, since these concentrations when compared do not represent the 
relative exposure of each compound due to differences in excretion and dose 
recovery.

Volunteer studies with exposure to specific compounds are not only useful for 
retrieving toxicokinetic data on metabolism and elimination in humans but can also 
facilitate the translation of internal exposure concentrations to a known 
administered dose and defined exposure route. Even when such studies include very 
few volunteers it gives an indication of detectable concentrations from a known
exposure dose that helps to provide contextual data for the interpretation of human 
biomonitoring results (Bevan et al. 2017). A better understanding of the 
toxicokinetics for biomarkers of exposure will facilitate the interpretation of human 
biomonitoring data but human data is scarce and extrapolation from animal studies 
can be misleading. 
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Strengths and limitations 
The thesis has several strengths. It builds on globally unique datasets with 
adolescents with repeated cross-sectional sampling for 17 years and pregnant 
women with a wide range of exposures, and it considers both methodological 
aspects and practical applications of HBM. Thus, the included research covers 
several important aspects and application areas of human biomonitoring, from 
sampling strategies to time trends. Furthermore, the thesis covers environmental 
contaminants with both short and long elimination half-lives and contextualizes the 
challenges involved in HBM of compounds with different chemical properties. 

We have included some pesticides and PFAS not commonly measured or monitored 
in previous population-based studies in general populations. Pesticides biomarkers 
of fungicides and growth regulators have been measured in occupational settings 
but rarely in individuals from the general population. Additionally, some of the 
AFFF-related PFAS are rarely detected in general populations and therefore less 
studied. We have also provided exposure data from prioritized groups considered 
more vulnerable, including adolescents, pregnant women, and foetuses, whereas 
most national HBM programs focus on adults where sampling is more accessible. 
The recruitment and sample collection covers an extensive period of 17 years for 
assessing time trends, which includes important changes with implemented 
regulations and initiatives aiming to reduce human exposure. Furthermore, we have 
provided new toxicokinetic data based on one of the few human experimental 
exposure studies, that can improve future interpretation of biomonitoring data from 
other populations for glyphosate. The final study assessed TTE of PFAS in a highly 
exposed MotherChild cohort, where we were able to compare if maternal exposure 
concentrations impact the transfer, which has not been studied previously. 
Additionally, findings based on higher population concentrations are more reliable 
and less impacted by difficulties in analytical measurements compared to 
concentrations close to the LOD or LOQ. 

The sample integrity and compound stability of long-term stored urine and serum 
samples for specific compounds were assessed by comparing the analytical results 
after up to 6 years of storage. Since analyses are costly and time-consuming, such 
comparisons are not often performed even though retrospective studies including 
samples stored in biobanks are commonly used for human biomonitoring purposes. 
Our comparison indicates that both the stability of biomarkers and the integrity of 
such samples are maintained. 

However, the thesis also has some limitations. One shortcoming is related to 
sampling procedures, where spot urine samples were used and analysed for 
pesticides with short biological half-lives, although intra-individual variability 
might have resulted in non-differential misclassification of the exposure. 
Furthermore, the total sample size differs between urine (Study I) and serum 
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samples (Study III) from adolescents, especially for the earlier years 2000 and 2009 
(Figure 2). The explanation is that the total sample volume collected was not 
sufficient for analyses including all pesticide biomarkers.  

In study IV, the sampling procedure for maternal serum during pregnancy deviated 
from the original protocol assuming the samples would be collected earlier and 
would represent a more valid estimate of maternal exposure, less affected by 
pregnancy-related physiological processes. Furthermore, the sampling procedure of 
umbilical cord serum was not standardized, which limits the ability to explain the 
wide range of cord concentrations observed for certain compounds. Harmonized 
sampling protocols for the assessment of different exposure scenarios need to be 
further developed within the scope of joint human biomonitoring efforts, where 
sampling procedures of groups recognized as more vulnerable (such as 
foetuses/infants) should be prioritized. 

The external validity of human biomonitoring data, i.e., the generalizability, of 
estimates obtained from cohorts to the general population may represent a challenge 
if participation is selective and the cohort does not represent the target population. 
However, background exposed individuals of the general population, such as the 
participants in studies I and III, are not aware of their internal exposure levels and 
participation is rarely conditioned on exposure (although participants may have 
been more environmentally aware). In study IV, all pregnant women in the exposed 
area were offered to participate and were thereby eligible for inclusion. The serum 
levels in the cohort confirmed a wide range of exposures. The estimated TTE was 
calculated based on matched maternal-cord serum samples as a relative measure, 
and selection bias is therefore not a concern in study IV.  

Regarding the cohorts of adolescents, a major change in population composition 
was introduced after year 2009 when both men and women were included. Men and 
women may differ with respect to both lifestyle patterns and elimination half-lives 
impacting their internal exposure concentrations. However, as we hypothesised that 
differences in exposure patterns between men and women may impact the estimated 
trends, we performed a sensitivity analysis excluding women in both studies I and 
III. We found no effects on the model estimates.  

The oral exposure experiment was limited to only three volunteers and high inter-
individual differences were observed. The sample size was a trade-off between the 
ethical concern related to the intentional administration of a potentially toxic 
chemical and a desire to reduce inter-individual variation in kinetics. Considering 
that human toxicokinetic data for glyphosate is very scarce, the results are still 
valuable for our understanding and interpretation of human biomonitoring data, 
despite being limited to three participants. 
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Future research perspectives 
Biomonitoring programs have made more information available on human exposure 
to environmental contaminants and it is important that this work remains prioritized 
and supported by both national and international politics. The interpretation of this 
data lags with a need for derived guidance values relevant to general populations 
and vulnerable subgroups, including transgenerational effects such as prenatal 
exposure. Such values need to be further supported by toxicokinetic data for 
substances representing major compound groups. Small-scale human volunteer 
studies can provide important toxicokinetic data that aids both method development 
and interpretation of data, but such studies are rare and usually not ethically 
accepted. Still, we need to know more about the toxicokinetics of widely used 
compounds, such as glyphosate, to determine if it is absorbed and accumulates in 
the body to distinguish the biologically relevant exposures. The demand for 
increased knowledge of both compound-specific details as well as overall 
interpretation and communication of data within the multidisciplinary field of HBM 
requires extended collaborations, where both specialized and broad competence is 
needed. 

The substances prioritized in established human biomonitoring programs are based 
on current knowledge of health effects, population exposure, and available and 
verified analytical methods. Therefore, more experimental, and non-targeted 
screening studies might be needed to include less studied compounds where toxicity 
is still unclear. As the monitoring of occupational exposure is anchored in 
legislation, it should be an incentive to develop analytical methods for assessing 
work-related exposure and those methods could be further used for the 
biomonitoring of population exposure.  

Finally, the majority of existing human biomonitoring programs are mainly 
developed and focused on western countries in Europe or North America, where 
legislative frameworks for chemical safety are already in place. Production and use 
of compounds that have been phased out or restricted in these areas are still detected 
in imported items or consumer products, and the lack of international regulations 
leads to a complex pollution scenario (Fama et al. 2022). It is therefore highly 
relevant to focus on the development of human biomonitoring programs in other 
parts of the world to promote equal chemical safety regulations. 
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Conclusions 

The overall conclusions are that there is a low but widespread population exposure 
to pesticides and PFAS in Sweden, although trends in exposure generally coincide 
with implemented restrictions. The results also advance current knowledge of key 
components of human biomonitoring, including compound-specific characteristics 
of elimination kinetics, transplacental transfer at different exposure levels, and 
stability and sample integrity after storage, which are key components of human 
biomonitoring. Taken together, the results of the thesis facilitate future 
interpretation of exposure data. 

 Human biomonitoring through repeated cross-sectional of urinary pesticide 
biomarkers indicated widespread exposure in adolescents in southern 
Sweden. The restricted insecticide chlorpyrifos (TCPy) was detected in 
>99% of the samples whereas glyphosate, the most used herbicide globally, 
was detected in 20% in year 2017. 

 Decreasing trends were observed for biomarkers of fungicides 
(tebuconazole and ETU) and the growth regulator chlormequat between 
years 2000 and 2017, likely explained by replacements with new 
substitutes. 

 Widespread exposure to low levels of PFHxS, PFOS, PFOA, PFNA, and 
PFDA was detected in the serum of Swedish adolescents. 

 Decreasing trends were observed for PFHxS, PFOS, and PFOA throughout 
years 2000 – 2017, which is consistent with the timing of international 
initiatives to phase out these compounds. 

 PFAS remained stable in serum samples when compared with results from 
a repeated analysis after up to 6 years of storage. 

 Elimination of glyphosate in urine followed a two-phase excretion and the 
oral dose recovery was 1-6%, considerably lower than previous estimations 
at 20% from animal studies. The metabolite AMPA was found in very low 
concentrations with a moderate correlation with glyphosate, indicating 
separate exposures. 

 Estimated TTE of PFAS in mothers with a wide range of exposures suggests 
marginally lower transfer efficiencies in highly exposed individuals, 
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implying higher absolute fetal exposure and a need for further research on 
child health and development in areas with a point source of exposure.  
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