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Abstract

Per- and polyfluorinated alkyl substances (PFAS) are chemicals that have gained
attention during the last years. There are about 10,000 different PFAS compounds,
and due to their unique chemical characteristics, PFAS has been used in a variety of
industrial applications and household products since the 1950s. Today, concerns
about their toxicity and persistence have led to the regulation and banning of
individual PFAS, but new substances have been introduced in their place. New
directives will enter into force in 2026 regarding PFAS levels in drinking water in
Sweden, and a proposal to ban all PFAS has been authored by several countries.
About 2,100 sites with a point source of high PFAS contamination, so-called
hotspots, have been discovered around Europe and it is expected that more sites will
emerge in the future.

Almost everyone in the world is exposed to PFAS, and the most common sources
are food, drinking water, and the indoor environment. PFAS accumulate in the
human body and have elimination half-lives of several years as they bind to albumin
in the blood and are effectively reabsorbed in the major excretion routes. PFAS are
also transferred from mother to child during pregnancy through the placenta. The
mechanisms of PFAS toxicity are not clear, but several adverse health conditions
are associated with exposure, for example, impaired immune function, testicular and
kidney cancer, increased cholesterol levels, and thyroid disease.

The overall aim of this thesis was to use epidemiological methods to investigate the
effects of PFAS exposure on complications during pregnancy, and the health and
development of children after prenatal PFAS exposure. Studies I, III, and IV were
based on the Ronneby population which was exposed for decades to high levels of
perfluorooctane sulfonate (PFOS) and perfluorohexane sulfonic acid (PFHxS) in
drinking water after firefighting foam had leaked into the groundwater from a
military airport. One out of two water treatment plants in Ronneby distributed the
contaminated water, providing drinking water to a third of the population.

Study I is a register-based cohort study investigating the association between high
exposure to PFAS and gestational hypertension, preeclampsia, and gestational
diabetes mellitus. The exposure was assessed using a proxy variable based on
residential history and the outcomes were retrieved from the National Medical Birth
Register. We considered body mass index (BMI), birth country, educational status,
maternal smoking, parity, and maternal age as confounders. We did not find
evidence of an association between high or intermediate exposure to PFAS and
gestational hypertension, preeclampsia, or gestational diabetes mellitus.

Study II is a case-control study investigating the association between prenatal
background-level exposure to PFAS and the risk of overweight at 4 years of age.
Serum samples from the Southern Sweden Maternity Cohort biobank were analyzed
for PFAS concentrations, and the outcome was retrieved from medical journals from
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child health care centers in Malmd. Information on confounders was retrieved from
a self-administered questionnaire. We found no association between prenatal PFAS
exposure and overweight at 4 years of age.

Study 111 is a register-based cohort study, investigating the association between high
prenatal exposure to PFAS and developmental language disorders in children aged
0-7 years. The exposure was assessed using a proxy based on maternal residential
history, which was validated against measured serum concentrations in the same
population. The outcome was retrieved from the administrative regional healthcare
register. We considered educational status, maternal smoking, parity, and maternal
age as confounders. Girls who had high prenatal PFAS exposure were found to have
a 62% higher (HR 1.62, 95% CI 1.12-2.35) risk of being diagnosed with
developmental language disorders and a 36% (HR 1.36, 95% CI 1.02-1.80) higher
risk of being referred to a speech and language pathologist compared to girls who
had prenatal exposure at background levels. We found no associations for children
with intermediate prenatal PFAS exposure.

Study IV is a register-based cohort study, investigating the association between high
prenatal exposure to PFAS and common infectious diseases in children aged 0-7
years. The exposure was assessed by using a proxy based on maternal residential
history and the outcome was retrieved from the regional healthcare register. We
considered educational status, maternal smoking, parity, and maternal age as
confounders. We found an increased risk of 28% (HR 1.28, 95% CI 1.05-1.55) for
urinary tract infections and a 9% (HR 1.09, 95% CI 1.00-1.19) increased risk of ear
infections in children who had high prenatal PFAS exposure compared to children
with prenatal exposure at background levels. We also found an increased risk of 6%
(HR 1.06, 95% CI 1.02-1.11) for upper respiratory tract infections among children
with intermediate prenatal PFAS exposure, compared to children with prenatal
background exposure.

In summary, my thesis contributes to new knowledge about high PFAS exposure
and its effect on pregnant women and their prenatally exposed children. This
information is important not only for the populations that are affected today but also
for emerging hotspot populations. My studies provide a missing piece of
information to the big puzzle of how different PFAS exposure profiles and exposure
levels affect human health, by providing estimates of health effects from a
population highly exposed to primarily PFOS and PFHxS from drinking water
contamination by firefighting foam run-off. The results from this thesis are valuable
for decision-making regarding new restrictions and phase-outs of PFAS compounds
and for public health management in PFAS hotspots.
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Populérvetenskaplig sammanfattning

Per- och polyfluorerade alkylsubstanser, forkortat PFAS, ar ett samlingsnamn for
en grupp mycket stabila kemikalier. PFAS har anvénts sedan 1950-talet bdde inom
industriella processer och i konsumentprodukter sdsom teflonpannor, fritidskléader,
och matfoérpackningar da de har fett- och vattenavvisande egenskaper. Under de
senaste aren har dock PFAS-anvéndningen begrénsats, och i januari 2026 kommer
nya regler infoéras for hur mycket PFAS som fér finnas i dricksvatten i Sverige.
Dessa étgiarder speglar de senaste arens Okande oro for vilka effekter dessa
substanser kan ha pé var hélsa, men dven pad var omgivning da man har sett att de
inte bryts ner i naturen.

En undersokning har visat att det finns ungefér 2,100 platser runt om i Europa som
har férhéjda nivéer av PFAS i mark eller grundvatten pa grund av utslipp frén
fabriker eller lackage av slickskum fran brandévningsplatser. Dessa platser brukar
kallas for hotspots”, och en av de som har hogst nivaer dr Ronneby i sddra Sverige.
Hér upptécktes 2013 att brandsldckningsskum frén en 6vningsplats pd en militér
flygplats hade lackt ner till grundvattnet och fororenat dricksvatten till en tredjedel
av Ronnebys befolkning under flera artionden. Upptéckter av liknande fororeningar,
om &n inte lika omfattande, tror man kommer att bli mer vanliga i framtiden da
anvandning av slackskum har 4gt rum i princip pa alla militira och civila flygplatser.

Sa gott som alla ménniskor i virlden har métbara nivaer av PFAS i blodet, d& dessa
substanser har spridit sig Over hela jordgloben. De huvudsakliga
exponeringskéllorna for PFAS ér via dricksvatten, mat, inomhusluft och damm. Vél
i kroppen binder PFAS till proteiner i blodet, och det tar flera ar innan nivderna av
PFAS i kroppen minskar. Man vet inte helt hur PFAS beter sig i kroppen och vilka
processer som de kan paverka, men man vet att PFAS fors over fran mamma till
barn under graviditeten. Det har rapporterats om flera hilsoeffekter till f6ljd av
PFAS-exponering och nigra av dessa dr paverkan pa skoldkortelhormon och
kolesterolnivéer, njur- och testikelcancer samt ldgre fodelsevikt hos barn.

Det Overgripande mélet med denna avhandling har wvarit att undersoka hur
exponering for PFAS péverkar hilsan hos gravida modrar, liksom hélsan hos deras
barn efter att de utsatts for PFAS under graviditeten.

Vi undersdkte om att vara utsatt for hoga niver av PFAS under femérsperioden
innan forlossningen kunde 6ka risken for att den gravida kvinnan skulle drabbas av
forhojt blodtryck, havandeskapsforgiftning eller graviditetsdiabetes. Vi himtade in
uppgifter om dessa sjukdomstillstand fran sjukvérdens register, och anvinde oss av
kvinnornas historiska folkbokforingsadresser for att uppskatta hur mycket PFAS de
hade utsatts for. Resultatet fran denna studie var att vi inte sdg samband mellan att
vara utsatt for hoga nivaer av PFAS och okat blodtryck, havandeskapsforgiftning
eller graviddiabetes.
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I en annan studie undersokte vi om att vara utsatt fér normala nivier av PFAS under
graviditeten kunde ha ett samband med 6vervikt hos barnet nér det var 4 ar. Vi
anvande sparade blodprover fran graviditeten for att miata mammornas PFAS nivéer,
och anvénde oss av uppgifter insamlade fran barnavardscentraler och frageformulér
for att inhdmta uppgifter om barnets l&ngd och vikt. Vi sdg inget samband mellan
mammans PFAS nivéer under graviditeten och risken for 6vervikt vid 4 ars alder.

I tva studier undersokte vi om exponering for hoga PFAS nivéer under graviditeten
kunde péverka barnets hélsa och utveckling nér de var 0—7 ar gamla. Vi undersokte
barnens sprakutveckling som ett matt pa hjarnans utveckling och forekomsten av
vanliga infektionssjukdomar. Uppgifter om barnens hilsa himtades fran Blekinge
hilso- och sjukvérdsregister. I bada studierna anvinde vi mammans historiska
folkbokfoéringsadresser for att uppskatta vilka PFAS nivéer barnen varit utsatta for
under graviditeten. Resultaten visade att flickor som varit utsatta for hoga nivaer av
PFAS under graviditeten hade 62% hdgre risk att fa en diagnos for en storning i
sprakutveckling. Vi sdg ocksa att barn som blivit utsatta for hdga nivaer av PFAS
under graviditeten hade 28% respektive 9% hogre risk att drabbas av
urinvigsinfektioner och droninfektioner &n barn som hade utsatts for 1aga nivaer av
PFAS under graviditeten.

Sammanfattningsvis s har denna avhandling bidragit till att visa hur hog PFAS-
exponering paverkar hilsan hos gravida kvinnor och deras barn. Denna information
ar viktig for de méanniskor som utsétts for hoga nivaer av PFAS, men ocksa for
sjukvarden som behdver kunskapsunderlag om forvintad halsopaverkan for att
kunna ta hand om befolkningen, och fér myndigheter som regleringar anviandningen
av PFAS.
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Introduction

Per- and polyfluorinated alkyl substances

Characteristics and use

PFAS is a collective name for a group of organic compounds that have been
produced since the 1950s. PFAS have a carbon chain, where the hydrogen atoms
are fully (perfluorinated alkyl substances) or partly (polyfluorinated alkyl
substances) replaced by fluor atoms (1). Different functional groups, e.g., carboxylic
acids, sulfonic acids, and alcohols can be connected to the carbon chain (2). The
length of the fluorinated carbon chain characterizes PFAS into short and long
chained, where long chained are considered substances with chain lengths of six
carbons (C6) or more, such as the common PFAS perfluorooctanoic acid (PFOA,
C8), perfluorooctane sulfonate (PFOS, C6), and perfluorohexane sulfonic acid
(PFHxS, C6). Figure 1 visualizes the molecular structures of PFOA, PFOS, and
PFHxS. The length of the chain can influence the substance's behavior in the
environment and organisms as it affects the physicochemical properties (3).

3 F F FF F o]
NSNS NS \/ \/ \/ \/
%/\/\/\/\ /\/\/\/\/
TN N T /\/A\/\ %\
F
PFOA PFOS

Kfiwfif
C/\/\/\/
A FAN AN .

PFHxS

Figure 1. Molecular structures
Molecular structures for perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS) and
perfluorohexane sulfonic acid (PFHxS).
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The functional group of the PFAS molecule is hydrophilic and the carbon-fluor
chain is hydrophobic, which makes PFAS prone to form a layer between e.g., water
and organic solvents or between fluid and solids (1). The carbon-fluor chain is also
oleophobic, which together with the hydrophobic properties makes PFAS effective
surfactants and surface protectors (4). The molecule is also very stable due to the
strong carbon-fluor bond that gives the molecule its outstanding chemical and
thermal stability (5). Because of these unique properties, PFAS are used in a variety
of industrial applications and commercial household products. Some of the areas of
use are in non-stick coatings, waterproof fabrics, and protective coatings (2) such as
food packaging, outdoor clothing, frying pans, cosmetics, and cleaning products (1).
PFAS are also used in aqueous film-forming foams (AFFF), i.e., a type of
firefighting foam, where PFAS create a film between the foam and the burning
liquid (1).

It is now estimated that there are at least 10,000 different PFAS and approximately
4,730 of these have CAS numbers (a unique numeric substance identifier assigned
by the Chemical Abstracts Service) (6). In the European Economic Area, around
850,000 tons of PFAS are used every year and the annual emissions are estimated
to be approximately 75,000 tons (excluding waste) (7). Through the whole life cycle
of PFAS, i.e., during the production, use, and disposal, the substances are released
into the environment, with the vast majority ending up in the aquatic environment
(8). PFAS are emitted both through point- and diffuse sources. Point sources include
manufacturing plants, landfills, use of PFAS-containing products in a certain area,
and municipal sewage treatment plants. Atmospheric deposition is an important
diffuse source of PFAS, where the original sources are manufacturing plants,
landfills, sewage treatment plants, and households (8). PFAS have long-range
transport properties and can travel long distances in water and through aerosols.
Volatile precursors travel in the atmosphere, reaching remote areas such as Svalbard
(9, 10). Due to the strong carbon-fluor bond, which is the strongest bond there is to
a carbon atom, PFAS is resistant to degradation (5). Some PFAS do not degrade at
all, while some slowly break down into other PFAS compounds. No study has been
able to show a complete degradation of PFAS in the environment — hence PFAS is
called “a forever chemical” (1).

Regulation and legislation in the European Union

PFOS, PFOA, and PFHxS are regulated under the Stockholm Convention on
Persistent Organic Pollutants, a global treaty to protect human health and the
environment from chemicals by eliminating or restricting their production and use
(11). PFOA has been included in Annex A (eliminate manufacturing and use) since
2019 together with PFHxS since 2022, and PFOS has been included in Annex B
(restrict manufacturing and use) since 2009 (12). The Stockholm Convention is
implemented in the European Union (EU) by the ‘“POP Regulation” (no.
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2019/1021) (13). As the use of PFOA, PFOS, and PFHxS are phased out, they are
commonly called “legacy PFAS”.

One reason why only three of many PFAS are regulated is due to the time-
consuming process of individual-substance testing of toxic effects. So far, only <1%
of all PFAS have been evaluated for toxicity, which illustrates that it is not possible
to assess every individual PFAS within a reasonable time frame. If authorities
instead would manage all PFAS as a class, rather than as individual substances, it
would facilitate this process, and the risk of replacing well-studied hazardous
substances with new structurally similar, but unstudied, substances would then
decrease (14). In 2023, the Swedish Chemicals Agency together with authorities in
Germany, the Netherlands, Norway, and Denmark presented a proposal to regulate
PFAS in the EU, stating that all PFAS should be assessed and regulated as one class
(7). Further, the proposal stated that all PFAS should be banned, but with use-
specific time-limited derogations based on the availability of alternatives to PFAS.

The concentration of PFAS in drinking water is regulated in the EU under the
Drinking Water Directive from 2020 (EU 2020/2184) (15). This is a minimum
directive, where each member state can introduce stricter legislation. The Swedish
Food Agency decided in 2022 to present a regulation that will limit PFAS in
drinking water to 4 ng/L for 4 PFAS (PFOS, PFOA, PFHxS, and perfluorononanoic
acid (PFNA)) and 100 ng/L for 21 PFAS (4 PFAS and additional PFAS), which
will enter into force 1 January 2026 (16). These levels were based on a report
authored by the European Food Safety Authority (EFSA) in 2020, which introduced
a new safety threshold of 4.4 ng/kg of body weight per week for the sum of PFOS,
PFOA, PFHxS, and PFNA (9). The PFAS concentration action limit in drinking
water in Sweden has been 90 ng/L for 11 PFAS since 2014 (17). In 2022, the
European Commission presented a proposal, which was approved by the European
Commission in 2023, to revise the list of pollutants in surface- and groundwater,
which needs to be monitored and controlled. This proposal added PFAS to the list
for both surface- and groundwater pollutants, which will require the EU member
states to monitor them and ensure that the concentration limits are not exceeded
(18). Finally, in 2023 new PFAS regulations regarding concentration limits in meat,
fish, and eggs were introduced in the EU (EU 2023/915) (19) after the report by
EFSA was released (9).

Environmental PFAS contamination

A network of journalists from several European countries has gathered data to build
a map of the PFAS contamination in Europe, called “The Forever Pollution Project”
(20). The results show that there are more than 17,000 sites that are contaminated
all over Europe, including 20 PFAS manufacturing facilities. More than 2,100 sites
can be considered “hotspots”, i.e., areas with PFAS contamination levels that are
considered to be hazardous to the health of exposed people.

19



On a global scale, PFAS hotspots that have been discovered and researched include
the Ohio River Valley in the USA (21), the Veneto region in Italy (22), Korser in
Denmark (23), and Ronneby in Sweden (24). The contamination from C8 and
Veneto is from industrial emissions, while in Korser and Ronneby it originates from
firefighting foam use. The difference in contamination sources is reflected in the
PFAS exposure profile — generally, the areas that are contaminated by industrial
facilities have high levels of PFOA, while the areas with AFFF contamination have
high levels of PFOS and PFHxS. The serum levels in the populations from the
different hotspots are visualized in Figure 2. The serum levels in the populations
affected by these contamination hotspots can have up to a hundredfold the levels of
background exposed populations (24).

Ronneby, Sweden
Uncontaminated water
Ronneby, Sweden

Veneto, Italy Korsgr, Denmark Contaminated water PFOS
100 200 300 PFHxS
Ohio River Valley, USA ng/mlL
Ohio River Valley, USA Ohio River Valley, USA
Korsgr, Denmark Low contaminated district High contaminated district
PFOA
100 200 300
Ronneby Veneto, Italy ng/mL

Figure 2. Overview of contamination at hotspots.

PFAS levels in serum samples from the populations of the hotspot areas Ronneby in Sweden, Veneto
in Italy, Ohio River Valley in the USA, and Korsgr in Denmark. The picture is adapted from an overview
in a research report from The Ronneby Research Program (25).

Human exposure to PFAS and health effects

Human exposure routes

PFAS, especially PFOS, PFOA, PFHxS, and PFNA, are measurable in most human
populations from Europe (26-31), the USA (32, 33), Australia (34), and China (35).
This gives reason to believe that almost everyone in the world is exposed to PFAS.

The common routes for PFAS exposure in background-exposed adult populations
are through food, drinking water, indoor air, and dust (9, 36). Contamination of food
can come from two processes — bioaccumulation in aquatic and terrestrial food
chains, and transfer from materials that are in contact with food such as non-stick
cookware (9) or packaging (1). An investigation of Swedish drinking water in 2021
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showed that water treatment plants, that served drinking water to 5.8 million people,
had detectable levels of PFAS. Notable is that not all municipalities test their
drinking water, and some municipalities do not test all their water treatment plants
(37). The exposure from the indoor environment is probably dominated by exposure
from house dust (38) from historical and current uses of PFAS in electronics (flame
retardants), construction products (additives in paint and coatings), household
products (floor polish and cleaning agents), etc. (39). During the lifetime of these
products, they abrade and shed material components, which can end up as house
dust. There can also be volatilization from consumer products into the air (40).

Toddlers are especially exposed to dust via hand-to-mouth contact or by putting
items into their mouths (40), and it is estimated that dust is equally responsible as
food for PFAS exposure in 2-year-old children (41). Children also have a larger
consumption of both food and drinking water and also breathe more air per kg body
weight, than adults (40). All of these pathways may increase their exposure to PFAS.
Infants are also exposed to PFAS through breastfeeding as PFAS is transferred from
maternal serum into the milk (42).

Time trends

Human biomonitoring is used to assess exposure to environmental chemicals in
populations. In Europe, Human Biomonitoring for EU (HBM4EU) was an EU-
funded project that ended in 2022, working to coordinate and advance
biomonitoring with 30 countries participating (43). HBM4EU had PFAS on its
priority-substances list, highlighting the need for a better overview of PFAS in
Europe.

PFAS has been monitored in European populations over the last decades to create
an understanding of the time trends (27-30, 44, 45). These studies all see an increase
in serum levels of PFOA and PFOS up until around the year 2000, and then a
decrease. This might be explained by the voluntary phase-out of PFOA and PFOS
by the manufacturer 3M in 2002 (46), and the inclusion of these substances into the
Stockholm Convention. Other substances such as PFHxS and PFNA do not show a
strong time trend in the studies, but there is a tendency towards a decline. This
indicates that restrictions and voluntary phase-out of PFAS have had an impact on
PFAS serum levels in several populations in Europe.

As PFOS and PFOA started to be phased out, manufacturers replaced these
compounds with new short-chained alternatives, for example, hexafluoropropylene
oxide dimer acid which has the tradename GenX, and perfluorobutane sulfonic acid
(PFBS) (47). All new substances that are used might not be included in laboratory
analyses yet, which means that only a few of the thousands of existing PFAS are
measured in time trend studies, and it is not possible to conclude if a decrease of
one PFAS means an increase in another (44).
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The serum levels in the Swedish population are reported in two different study
populations in recent studies within the National Environmental Monitoring
Program by the Swedish Environmental Protection Agency. One study with serum
levels from men and women in the last year of upper secondary school in Scania in
2017 showed the levels (ug/L); PFOS 2.54, PFOA 1.08, PFHxS 0.29, and PFNA
0.38 (48). The other study presented similar levels (measured in ng/g, which can be
assumed to be approximately as pg/L (49)); PFOS 3.2, PFOA 1.0, PFHxS 1.8, and
PFNA 0.4, sampled 2017-2019 in primiparous women 3 weeks after delivery in
Uppsala (50). The higher level of PFHxS in women from Uppsala might be because
of earlier drinking water contamination (51).

These PFAS levels from Sweden are comparable to a sample of women aged 16-49
from the general population in the USA 2017-2018 (52). However, compared to 16—
30-year-olds in background exposed populations in Australia 2016-2017, the
Swedish levels are somewhat lower (34).

Toxicokinetics

Due to the hydrophobic carbon-fluor chain, PFAS does not accumulate in lipids (53)
but has an increased affinity for proteins (54). A study showed that PFAS could be
measurable in biopsies from the human liver, brain, lung, kidney, and bone in
different compositions of substance and concentration (55). PFAS can also be found
in the non-cellular blood fraction, where it binds to albumin with high affinity,
which is why it is primarily measured in serum or plasma in humans (56). Over 90%
of PFAS in blood is bound to albumin, and the rest is unbound (57). The number of
PFAS molecules binding to each albumin has been reported to be between 1 and 50.

PFAS are eliminated from the human body by urine and feces (58), and for women,
menstruation, pregnancy, and breastfeeding are also contributing to eliminating the
body burden (42, 59, 60). Continuous exposure to PFAS causes bioaccumulation,
as the excretion is slowed down by the binding to albumin, enterohepatic circulation
(reabsorption from bile back into blood and the liver), and active reabsorption of
PFAS in the kidneys (61). The reabsorption in the kidneys is due to transport
proteins that actively reabsorb PFAS from pre-urine into the proximal tubule cells
in the kidneys, and thereafter reuptake into the blood (62). One transporter important
for reabsorption in humans is the organic anion transporter (OAT) 4, but other
transporter proteins such as OAT1 and OAT3 may also be of importance (61).

The half-life of a substance means the time required for the substance to be
eliminated to half of the measured level, which can be investigated with repeated
measurements over time in a study population. There might be differences in half-
lives between species, for example, for PFAS between rats and humans. The reason
for rats having a much shorter half-life of PFAS compared to humans is due to not
having OAT4 expressed in their kidneys (63).
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The half-lives for eight-carbon PFAS are longer compared to four-carbon PFAS,
and longer for sulfonates compared to carboxylates (62). The PFAS with the shortest
reported serum half-life is 25.8 days for PFBS (64), while for PFOS it is 3.4 years,
for PFOA 2.7 years, for PFHxS 5.3 years (58), and PFNA 3.5 years (65). Differences
in half-lives between PFAS may be explained by, for example, how well it is
transported by OAT4 (61), or binding affinity to albumin (66).

There can be variability in half-lives between individuals, and also between the
sexes (58), which can be accounted for by the extra elimination routes for women
(menstruation, childbirth, and breastfeeding) (67). An example from the highly
PFAS-exposed population in Ronneby (24) showed the importance of these
elimination routes, as the sex difference between PFAS levels was the highest at the
ages 20-50 years, with women having lower levels. Between the ages of 51-60 years,
the difference between men and women decreased. Some individual variations in
half-lives cannot be explained by these variables but are instead possibly arising
from physiological factors (58).

The long half-lives of PFAS can be especially troublesome for populations exposed
to hotspot PFAS contamination. For example, children who were exposed to high
PFOS and PFHxS levels from drinking water in Ronneby, Sweden, are not expected
to have the same levels as the background population until they are 60-70 years old
(58). The consequence is that children born to highly exposed mothers will have
PFAS transferred to them from the mother during pregnancy and breastfeeding,
affecting a second generation as well.

Effects on the human body

PFAS is an endocrine disruptor, which according to the definition of the World
Health Organization (WHO) means “...an exogenous substance or mixture that
alters function(s) of the endocrine system and consequently causes adverse health
effects in an intact organism, or its progeny, or sub(populations)” (68). The
mechanism of action of PFAS is still unclear, but there are two major potential
molecular mechanisms through which PFAS might act on the endocrine system:
impact on steroidogenesis (the process where cholesterol is converted to steroid
hormones) and interaction with nuclear receptors (69).

PFAS might affect the steroidogenesis in itself, or act by disturbing the cholesterol
homeostasis, which is the precursor to all steroid hormones. A review by Mokra et
al. (69) reported that the steroidogenesis was disturbed by PFAS both through
alteration in the expression of genes involved in sex-hormone synthesis, and by
lower levels of an important steroid hormone precursor, used for the synthesis of
androgens and estrogen. Further, it was reported that disturbances in liver cell
function and alteration through peroxisome proliferator-activated receptors
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(PPARs) could be critical for cholesterol homeostasis, which could affect
steroidogenesis (69).

The stimulation of the sex hormones testosterone, dihydrotestosterone, and estradiol
is regulated via the nuclear receptor superfamily, a large group of proteins important
for several cell events, which functions as ligand-activated transcription factors
(70), mainly the androgen receptor and the estrogen receptor. Also, the thyroid
hormone receptor is a member of the superfamily. PFAS has been reported to
interact with both the estrogen- and thyroid hormone receptors and disrupt the
function of estrogen and thyroid hormones. Several PFAS have an affinity to the
estrogen receptor and androgen receptor and have been reported to inhibit the
binding of testosterone to the androgen receptor. PFAS are also thought to disturb
the thyroid feedback loop, possibly resulting in alterations in the levels of thyroid
hormones and the thyroid hormone homeostasis (69). The involvement of sex
hormones in the PFAS route of action would explain differences in health effects
between the sexes.

Other members of the nuclear receptor superfamily are PPARs. There are three
isoforms of the PPAR, a, /3, and y, but PPARa is generally reported to be the
targeted isoform for PFAS activation (71). Several PFAS have been shown to
activate PPARa (72) which is involved in lipid metabolism, cellular differentiation
and growth (73), and inflammatory responses (74). PPARs have been described as
interacting with both the innate and the acquired immune system, and EFSA
concluded in their latest report that they could be involved in PFAS immunotoxicity,
but a detailed understanding of its involvement is lacking (9). Also, all three
isoforms are expressed in the placenta, and dysregulation of PPARa and PPARY has
been reported to be involved in the pathophysiology of both gestational diabetes
mellitus and preeclampsia (71). There is strong evidence for PPARs as targets for
metabolic disease, as they regulate cellular energy and lipid homeostasis (75).
Finally, both PPARa and PPARY are involved in several important mechanisms in
both the developing and the adult brain (76, 77).

The dose-response curve of PFAS is not known, but there is a hypothesis that it
might be non-monotonic, which is common for endocrine disruptors, and have the
shape of a U, or an inverted U (78, 79). A U-shaped dose-response curve suggests
that the effect of PFAS on human health at intermediate exposure levels may be
different from the effects at low or high levels.

Depending on exposure characteristics such as magnitude, duration, route of
exposure, and individual factors such as age, sex, health, and genetic predisposition,
PFAS have the potential to produce a wide range of adverse health effects (80).
According to the EFSA report from 2020, there is evidence for PFAS to have an
effect on birth weight, vaccine response, clinical infections, cholesterol, and liver
damage (9). There are also studies showing associations between PFAS and several
additional health outcomes, as reported by the European Environment Agency (81).
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Here, thyroid disease, kidney cancer, and testicular cancer are considered to be
associated with PFAS exposure with high certainty, while breast cancer, ulcerative
colitis, increased time to pregnancy, increased risk for miscarriage, and gestational
hypertension and preeclampsia are considered to be associated to PFAS exposure
with lower certainty. The European Environment Agency also reported that prenatal
exposure to PFAS might be associated with delayed mammary gland development,
low sperm count and mobility, obesity, and early puberty onset in the child (81).
Figure 3 provides a visual summary of the health effects associated with PFAS
exposure.

- Thyroid disease - Breast cancer
B v Ny /" Delayed mammary gland

+— Increased cholesterol levels — 7/ development

R Infection - Lower birthweight
* T ——— liverdamage — - ~ Reduced vaccine response
"“—-—\_7_7 o s
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/ T Ulcerative colitis -~ * Obesity

\ " Early puberty onset

Testicular cancer -~ \ . . .
Increased risk for miscarriage
\ " Increased time to pregnancy

Increased risk for gestational
hypertension and preeclampsia

Figure 3. Health effects from PFAS exposure

Health effects from PFAS exposure in men and women, and in children after prenatal exposure. Health
effects in bold have more consistent evidence, while those in italics have less evidence. The figure was
inspired by a picture from the European Environment Agency (81), and additional information was
retrieved from a report from the European Food Safety Authority (9).

There are several different health outcomes reported to be associated with high
exposure to PFAS in different hotspot populations. Compared to settings with
background exposure, the PFAS profile is often unique in each hotspot, and the
results may therefore not be translatable to other hotspot populations. Research from
Ohio River Valley, USA, with high levels of PFOA, has reported associations
between high exposure and elevated cholesterol and increased risk of ulcerative
colitis, thyroid disease, testicular cancer, kidney cancer, and gestational
hypertension (82). In Veneto, Italy, where exposure was also dominated by PFOA,
research has reported associations between high exposure and elevated blood lipids
(83), an increased risk of behavioral problems in children (84), and newborns being
small for gestational age (85). A Veneto study on mortality found statistically
significant associations with several health outcomes, for example, kidney and
breast cancer, diabetes, and myocardial infarction (86). Health outcomes that have
been reported to have an association with the PFAS contamination in Ronneby,
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Sweden, with an exposure profile dominated by PFOS and PFHxS, are elevated
cholesterol, reduced breastfeeding duration, and increased risk of diabetes mellitus
type 11, kidney cancer, testicular cancer, fractures associated with osteoporosis and
polycystic ovary syndrome (25).

In the EFSA report from 2020, the tolerable weekly intake (TWI) was established
for 4 PFAS (PFOS, PFOA, PFHxS, and PFNA) to 4.4 ng/kg body weight to describe
safe levels of intake. This implies that this is the maximum amount of 4 PFAS that
can be ingested in food, every week for a whole lifetime, to avoid adverse health
effects. The main critical health effect when determining the TWI was considered
to be decreased antibody response to childhood vaccinations. This differed from the
previous report from EFSA in 2018 when increased cholesterol was considered the
main critical health effect (87). EFSA also concluded that more studies on the effects
of PFAS exposure on the immune system should be conducted, both regarding
response to vaccines, but also regarding other immune outcomes, such as the risk
for infections (9).

In the report from several European countries that supports the proposal for
restriction of PFAS in Europe, it is stated that if the contamination of PFAS is not
minimized, it will increase until effects are inevitable, and by that time, the exposure
will be irreversible (7). This statement highlights the fear that today’s background
levels might not be associated with health effects, but continued use of PFAS may
eventually lead to elevated levels with consequences for human health.

Prenatal PFAS exposure

PFAS exposure is thought to have the most negative effects during pregnancy,
infancy, childhood, and adolescence due to the dynamic developmental processes
taking place (40). The in-utero environment can affect both the antenatal and future
health of a child and exposure to endocrine disruptors during sensitive
developmental time windows has the potential to irreversibly alter the risk of future
morbidity among children (88). It is a well-known hypothesis that the prenatal
environment decides the health of the child, commonly known as the developmental
origins of health and disease (DOHaD) (89).

PFAS is transferred from mother to fetus during pregnancy via the placenta. Positive
correlations have been reported between maternal and fetal serum PFAS
concentrations for long-chained PFAS (90), but the efficacy of transfer might vary
by PFAS compound. The transfer efficacy likely depends on the perfluorocarbon
chain length, isomers, and functional groups (91). It can also be concluded from
previous studies that it might be that the transfer efficacy has a U-shaped
relationship with fluoroalkyl chain lengths, with short and long chains having high
transfer efficacy, while those in between have lower (90, 91). It is also reported that
branched isomers might cross the placenta to a greater extent than corresponding
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linear isomers (92). When it comes to functional groups, PFAS with a carboxyl
group seems to have a higher transfer efficacy than PFAS with a sulfonyl group (90,
91). It is assumed that only the non-protein bound PFAS fraction can be transferred
over the placenta (93). Therefore, the binding affinity to plasma proteins is one of
the hypothesized determinants for transfer efficacy, where lower affinity would
mean a higher fraction of free PFAS available for transfer (92).

The ratio between maternal and cord serum levels of PFAS can be used to calculate
and compare the transfer efficacy. Generally, the results in previous studies have
been below 1, meaning that there is a higher concentration of PFAS in the mothers’
serum (40). It is not clear which mechanisms are responsible for the placental
transfer of PFAS, but it might, based on previous research on drug transfer in the
placenta, involve both passive transport and active transport with transporter
proteins. It is suggested that OAT4 receptors are involved in PFAS placental
transport (94). The binding of PFAS to transporter proteins might either facilitate
the transmission or restrict it (91).

The fetus can be directly affected by PFAS during pregnancy as PFAS may disturb
the balance in many hormonal processes required for normal growth and
development (95). The fetus may also be affected indirectly because insults to the
mother’s health may adversely affect the uterine environment (96). This can be the
case if the mother develops e.g., preeclampsia, an outcome for which the literature
suggests an association with PFAS exposure (97), that can have adverse effects on
the child from a young age and through the life course (98).

The placenta is thought to be a possible target for PFAS, as it shares features with
other known target organs, and is involved in the etiology of pregnancy disorders
that have been associated with PFAS exposure (99). Fetal growth and development
depend on proper placental function, and dysfunction in the placenta can be
associated with poor health outcomes. PFAS might interact with several molecular
targets in the placenta, but there is strong evidence that PPARs are involved. In the
placenta, PPARs regulate trophoblast differentiation and function, which PFAS
might interfere with and result in diseases like preeclampsia and gestational diabetes

(71).

PFAS epidemiology

The definition of epidemiology has changed over time but can be summarized as
“the study of distribution and determinants of disease and health in the population”
(100). Further, environmental epidemiology studies the effect on human health of
environmental factors, such as physical, biological, or chemical exposures (101).
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To assess health risks from environmental contamination, toxicological research
gives valuable insight into the toxicokinetics, i.e., absorption, distribution,
metabolism, and excretion of a toxicant, and toxicodynamics, i.e., the interaction of
a toxicant with a biological target and the effect. However, differences across
species and non-representative exposure levels might pose challenges for the
translation of results from experimental studies to humans. Environmental
epidemiology helps with these challenges by collecting data from events occurring
in defined populations. Toxicological and epidemiological research are both needed
for human health risk assessment, to successfully create interventions to protect
health (102).

To be able to investigate the health effects of PFAS exposure in humans,
epidemiological studies are used — both in background-exposed populations and
highly exposed populations. The results from these observational studies, which
may include large populations, can be used to identify target areas for future
research aiming to determine causation.

Study designs

Epidemiological studies are categorized into observational- and experimental study
designs. In observational studies, the researcher observes the cohort and does not
intervene, while in experimental studies the researcher intervenes and can decide
which participants will receive treatment or intervention and which will be
untreated. To decide on which study design to apply depends on several factors,
where the most important are the research question and resources, such as time and
funding (103). If the research question involves studying a rare disease, a case-
control study might be the right choice of design, while if the research question
regards cause and effect, a cohort study is a fitting design as exposure and outcome
are measured in chronological order.

Research ethics is an important factor to consider when designing a study. It is not
possible to expose a population to high levels of PFAS to investigate the effects.
Instead, observational studies must be used. Sometimes the event of a hotspot is
called a “natural experiment”, meaning that the situation simulates an experimental
setting. For example, in the Ronneby drinking water PFAS contamination case (24),
one part of the population received contaminated drinking water in their homes
while one part received uncontaminated drinking water — which resulted in a setting
where the effects of PFAS exposure could be explored if an experiment would have
been conducted, but in an observational study design.

This thesis focuses on observational studies, and the designs that are used in this
thesis will be presented below.
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Cohort study design

Cohort studies measure the occurrence of disease within one or more cohorts with
well-defined exposure assessments and are the original epidemiological studies. A
cohort can be defined as “any designated group of individuals who are followed or
traced over time” (104). This study design can involve comparing the rate of an
outcome between exposed and unexposed individuals. The exposure is the factor
whose effect is investigated, which might be e.g., a specific disease or, as in this
thesis, PFAS exposure. In cohort studies, the exposure is known before the outcome
status. An important requirement for being in a cohort is that cohort members must
be at risk for the outcome, which is why a cohort can be described as a “population
at risk”. Cohort studies start with participants that do not have the outcome in
question, and follow them over time, to observe who develops the outcome.
Establishing a cohort often takes many years, as the outcome under study might be
a disease that takes a long time to develop or that is rare. It is therefore convenient
to use already existing population-based registers to follow cohorts. Using
population-based registers in research also increases the sample size, and hence the
statistical power of the analysis.

Case-control study design

In contrast to cohort studies, case-control studies start by identifying individuals that
have the outcome (i.e., the cases), which is then known before their exposure status
is assessed. This is a design that fits well when investigating rare outcomes.

The cases and the controls should come from the same underlying population and
should be chosen independently of exposure status. Exposure status is then
compared between cases and controls. The cases and controls should be as alike as
possible to ensure that the difference between them depends solely on their exposure
status and not on any other factors. Cases and controls may be matched on
characteristics such as sex and age to handle variables that might confound the
association between the exposure and the outcome. However, a drawback is that the
effect of the matching variables cannot be investigated.

The design of a case-control study is, compared to a cohort study, more time and
cost-effective, especially if the outcome of interest takes a long time to develop or
is rare, and requires a smaller sample size.

Systematic error

Epidemiological studies may contain systematic or random errors. Systematic error
is also called bias and can arise from the way subjects have been selected for a study,
the way study variables are measured, or from factors that may confound the
association between exposure and outcome. Random error is what is left after the
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systematic error has been eliminated and can be defined as variability in data that
cannot be explained.

A systematic error continues to be of the same magnitude regardless of how large
the study sample is, while random error decreases with a larger study sample to the
point that there is almost only systematic error left in a sufficiently large study (104).

The most common systematic errors in epidemiological studies are outlined below.

Selection bias

Selection bias may arise from the procedures that are used to select study
participants, and from factors that may affect willingness to participate. When there
is selection bias, the association between exposure and outcome is different in the
participants in the study, compared to the ones who do not participate (104).

Selection bias can affect both the internal and the external validity of a study.
Internal validity is a measure of how well results in a study reflect the true value in
the study population while external validity is a measure of how generalizable the
results from the study are to another setting. If there is no reason to believe that the
associations shown in a study would be different in another population, the external
validity is high, and the results are generalizable.

Information bias

This type of systematic error arises from the inaccuracy of measuring variables in a
study. If inaccurate information leads to a study participant being categorized in the
wrong way, it is called misclassification bias. If the probability of misclassification
is the same for all participants in the study, regardless of e.g., exposure and outcome
status, the bias is non-differential. If the risk of misclassification depends on
exposure or outcome status, the bias is differential (105). In most cases,
nondifferential misclassification results in a bias towards the null, which would
underestimate a result. Differential misclassification, on the other hand, may
depending on the circumstances either underestimate or overestimate the results.
Another type of information bias is recall bias, where the accuracy of the reported
information differs depending on outcome status.

Confounding

A definition of confounding is “confusion of effects”, which means that the effect
of the exposure on the outcome is confused with the effect of another variable. A
confounder must be associated with both the outcome and the exposure but cannot
be an effect of the exposure (104). Confounding can be separated into measured
confounding, for which data is available and adjustment therefore is possible, and
unmeasured confounding which is the confounding from unmeasured variables.
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Confounding can be accounted for in the study design by randomization, restriction,
or matching. Randomization can be used in experimental studies, where participants
are randomly assigned either to the treatment group or to the control group. The
confounding factors are then evenly distributed over the two groups, and their
effects are minimized. Restriction can be used in both experimental and
observational studies, where the study population is chosen based on the
confounding factor, e.g., if age is a confounder, the study can be performed with
only persons within a certain age interval. Matching is used in case-control studies,
where persons with the outcome are matched with persons who do not have the
outcome based on confounder status. There are two kinds of matching in case-
control studies: individual and frequency matching. The individual matching
involves matching one or more controls to each case, to be as similar as possible on
the confounding variables at an individual level. On the other hand, frequency
matching involves the cases and controls on a group level and aims to have a balance
in the matched confounding variables between the groups.

Confounding can be handled in the analytical part of the study, by adjustment of
one or several confounders in the statistical model, or by stratification. Stratifying
means that different groups are created, in which the confounding factor does not
vary, e.g., if sex is a confounder, the study population is divided into men and
women, and a separate analysis is performed in each group. The disadvantage of
stratification is that the effect estimates from the different strata cannot be
compared.

Directed acyclic diagrams (DAG) can be used as a tool for visualizing causal
pathways and for identifying relationships between variables with the exposure and
the outcome, which determines how it should be handled in the statistical analysis.
These diagrams are called directed, as arrows show the direction by which a variable
causes another, and acyclic because there are no cycles as a variable cannot cause
itself (106). An arrow between two variables suggests an association, and a
direction, while the absence of an arrow suggests no association. Confounders are
variables that are associated with both the exposure and the outcome. When a
confounder is adjusted for in the statistical model, the effect of that factor is “taken
away” from the association between the exposure and the outcome, and the
association is not biased by the confounding factor. A collider is also a variable
associated with both the exposure and the outcome, but that is a cause of these. A
collider should not be adjusted for in statistical models, as that might introduce bias
from “backdoor paths”, which is a non-causal path that opens up when the collider
is conditioned on, causing spurious associations. A mediator is a variable on the
causal pathway between exposure and outcome and should not be adjusted for in
statistical models if the aim is to measure the total effect of exposure on the outcome.
Unmeasured confounding, i.e., variables where data is missing or where data cannot
be collected, can be represented by a latent variable in a DAG. Figure 4 shows an
overview of different variables in a DAG.
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Figure 4. Directed Acyclic Graph (DAG)
Using the DAG as an analytical tool, confounders, mediators, and colliders can be identified.

Effect modification

Effect modification can be explained as an association that varies over different
strata, for example, if an association between an exposure and an outcome varies
between men and women. Effect modification can be addressed using two methods:
stratifying the data or introducing an interaction term in the statistical model. By
stratifying the data, the two strata are analyzed separately. Stratification is a simple
way to handle effect modification, but it assumes that all variables that are included
in the modeling vary by the strata, not only the variable that is an effect modifier.
The major drawback of this method is that the estimates from the two strata cannot
be compared.

If effect modification is handled in the statistical model, a multiplicative factor is
added between the exposure and the effect modifier. Then, all variables except the
effect modifier are allowed to have the same effect over the strata where the effect
modification is. This method results in one statistical model, which not only
increases the power but also makes the estimates comparable.
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Aim

Overall aim

The overall aim of this thesis was to use epidemiological methods to investigate the
effect of PFAS exposure on maternal health and child health and development.

Specific aims
e To investigate if high pre-pregnancy exposure to PFAS is associated with
gestational hypertension, preeclampsia, and gestational diabetes mellitus.

e To investigate if prenatal exposure to PFAS is associated with child
overweight at 4 years of age.

e To investigate if high prenatal exposure to PFAS is associated with
developmental language disorders in children up to 7 years of age.

e Toinvestigate if high prenatal exposure to PFAS is associated with common
infectious diseases among children up to 7 years of age.
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Methods

Study design

Study 1

A cohort design was applied to investigate the association between pre-pregnancy
PFAS exposure, assessed using residential address history as a proxy, and
pregnancy complications using national register data on antenatal health.

Study 11

A case-control design was used to study the association between prenatal exposure
to PFAS, measured in maternal serum in early pregnancy, and overweight in 4-year-
old children who had visited child health care centers in Malmo, and whose parents
had answered a self-administered questionnaire.

Study Il & IV

A cohort study was applied to investigate the association between prenatal PFAS
exposure, assessed using residential address history as a proxy, and the outcomes,
using data from regional health care registers on primary care visits.

Study participants

The Ronneby population

Studies I, III, and IV investigated health effects in Ronneby, with a population
highly exposed to mainly PFOS and PFHxS from contaminated municipal drinking
water. The contamination was discovered in December 2013, when the routine
water quality monitoring for the first time included PFAS. The contamination came
from one of the two water treatment plants, which immediately was closed. At the
time, the contaminated water treatment plant provided 1/3 of the population of
28,000 individuals with drinking water. The levels in drinking water were measured
at 8,000 ng/L PFOS and 1,700 ng/L. PFHxS (24), which can be compared to the
Swedish action limit at the time for the sum of 11 PFAS, which was 90 ng/mL (17).
The source of the contamination was a military airfield where recruits had training
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with firefighting foam containing PFAS. It is still unclear when the use of AFFF
with PFAS started in Ronneby, but it is assumed to be in the mid-1980s according
to military purchase records.

After the end of exposure to the contaminated water, the exposed population’s
geometric means of serum concentrations for PFHxS, PFOS, and PFOA were 114,
135, and 6.8 ng/mL, respectively (24). Compared to the levels of a background-
exposed population in the same county (i.e., Blekinge), the exposed population had
135 times higher levels of PFHxS, 35 times higher levels of PFOS, and 4.5 times
higher levels of PFOA. The biomonitoring also made it clear that there was a need
for an external reference group, as the part of the Ronneby population who had not
received contaminated water also had elevated PFAS concentrations.

Study 1

Women who had a residential address in Blekinge County sometime between 1990-
2013, followed by childbirth between 1995-2013 were included. The study included
18,626 women and 31,433 pregnancies.

Study 11

Children who participated in the routine 4-year health screening at child health care
centers in Malmo between 2003-2008 and whose parents answered a questionnaire.
The study included 9,009 children.

Study 1l

All children born between 1998-2013 who had a residential address in Blekinge
County for at least one year from birth to age 7, with mothers who had a residential
address within Blekinge for at least one year before childbirth. The study included
15,895 children.

Study IV

All children born between 2003 and 2013, with mothers who had lived in Blekinge
County for at least one year within the five years before childbirth. The study
included 17,401 children.

Data sources

National Total Population Register

We used the National Total Population Register to identify the study population in
Studies I, III, and IV. The National Total Population Register is an excerpt from the
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Population Register administered by the Swedish Tax Agency and contains
information about personal identification number, sex, marital status, residential
address, births, deaths, etc. The register covers all individuals who are registered as
Swedish residents and is held by Statistics Sweden. For Study IV, the
Multigeneration Register, which is part of the National Total Population Register,
was used to link mothers to their children.

Longitudinal Integrated Database for Health Insurance and Labour
Market Studies

Variables from the Longitudinal Integrated Database for Health Insurance and
Labour Market Studies (LISA) register were used in Studies III and IV to control
for confounding. LISA is held by Statistics Sweden and contains annual information
about education, employment, income, sick benefits, etc. The register covers annual
data on all individuals that are aged 16 and older (from 2010, 15 years and older),
born from 1990 and forward, who had a residential address in Sweden on the 31% of
December each year. In Study I, data from the register over Education of the
Population, which is one of the registers that contribute to LISA, was used to control
for confounding by socioeconomic variables.

National Medical Birth Register

We used the National Medical Birth Register in Study I to assess outcome variables,
and in Studies I, III, and IV to retrieve data on potential confounders. The National
Medical Birth Register contains information about pregnancies, births, and newborn
children, and includes variables like smoking in pregnancy, parity, clinical
International Classification of Diseases (ICD) (107) diagnoses for mother and child,
sex, weight, and length of the child, etc. The register covers pregnancies that ended
in childbirth in Sweden since 1973, including live births and stillbirths from 22+0
gestational weeks. It is held by the National Board of Health and Welfare.
Healthcare providers are obliged by law to report antenatal, obstetric, and neonatal
data to the National Medical Birth Register (108).

Blekinge Healthcare Register

The Blekinge Healthcare Register covers all consultations in primary and
specialized health care in Blekinge County. Information about primary and
secondary causes is registered as ICD-10 diagnoses. The register also holds
information regarding the type of consultation, i.e., physical visit or by telephone.
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The coverage of healthcare consultations in this register is assumed to be high, as it
is necessary to record into the register for financial reimbursement purposes for the
healthcare provider.

Nationally, healthcare registers only include specialized care and Blekinge is one of
a few regions in Sweden that hold a healthcare register that includes primary care.

The Southern Sweden Maternity Cohort

The Southern Sweden Maternity Cohort includes Scania women from 1986 and
forward who were routinely screened for rubella immunity in gestational week 14
and who had a stored serum sample in Region Skane’s Biobank. Women could opt
out of having the sample biobanked for use in future research.

Questionnaire in Study II

The questionnaire in Study II was administered to parents at the routine 4-year
health screening at child healthcare centers in Malmo between 2003-2008. It was
self-administered and included 32 questions, in Swedish, regarding the health of the
child, the family situation, socioeconomic status, etc.

Ronneby Water Distribution Documents

The municipal water company provided information on annual water distribution to
individual households between 1980-2013. With this information, it was known
which residential addresses that were provided with water from the contaminated
water treatment plant during which years. This information could then be used
together with the individual residential addresses to assess the participants’
exposure status.

Exposure assessment

Chemical analyses

In Study II, PFOS, PFOA, PFHxS, and PFNA were analyzed in biobanked maternal
serum. The analyses were performed at the Division of Occupational and
Environmental Medicine at Lund University, using liquid chromatography-tandem-
mass-spectrometry (LC/MS/MS) (109).
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The laboratory regularly participates in the inter-laboratory program the German
External Quality Assessment Scheme (G-EQUAS) for analyses of PFOA and PFOS,
and it has also participated and been approved in the IC/EQUAS quality exercises
within HBM4EU for PFOS, PFOA, PFHxS and PFNA.

Proxy

In population-based Studies I, III, and IV, it was not feasible to collect serum
samples. Instead, we used a proxy for maternal exposure based on residential
history. The five years before childbirth was used as the exposure window of
interest, which would capture maternal exposure within 1.5 half-lives of PFOS and
PFHxS (58). Exposure status was categorized in a hierarchy as:

1. High: Women who had a residential address within Ronneby municipality,
with contaminated water, for at least one year during the five years before
childbirth.

2. Intermediate: Women who had a residential address within Ronneby
municipality, with uncontaminated water, for at least one year during the
five years before childbirth.

3. Background: Women who had a residential address in Blekinge County at
the year of childbirth, and who had not lived in Ronneby municipality
within five years before childbirth.

This categorization was applied to each pregnancy.

Validation of proxy

Before using the proxy variable of exposure in our studies, it was validated against
measured serum concentrations in the biomonitoring cohort from Ronneby and
Karlshamn, a nearby municipality with background PFAS exposure. We included
all women of reproductive age and categorized their exposure based on their
residential addresses five years before the sampling. We then compared the
measured PFAS concentrations in the exposure categories, visualized in Figure 5.
The serum concentrations were higher in the highly exposed group with medians of
PFOS 169 ng/mL, PFHxS 129 ng/mL, and PFOA 9 ng/mL compared to the
intermediate exposed group with medians of PFOS 48 ng/mL, PFHxS 40 ng/mL
and PFOA 3 ng/mL, and the background exposed group with medians of PFOS 4
ng/mL, PFHxS 0.8 ng/mL and PFOA 2 ng/mL.
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Figure 5. Validation of the proxy variable against measured serum concentrations

Study participants in the Ronneby biomonitoring cohort were categorized based on their historical
residential address, and their serum concentrations were visualized in boxplots. The boxplots were
previously published by Stubner et al. (110).
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Outcome definitions

Study 1

The health outcomes that were investigated in this study were gestational
hypertension, preeclampsia, and gestational diabetes mellitus. The outcomes were
defined according to ICD-9 or ICD-10 diagnoses. As hypertension is a part of the
diagnosis of preeclampsia, we chose to analyze these two outcomes together to
avoid misclassification, and we performed a sensitivity analysis to investigate this
assumption. Women with pre-pregnancy diagnosed hypertension or diabetes
mellitus type I or II were excluded from the analysis for gestational
hypertension/preeclampsia and gestational diabetes mellitus respectively, as they
were not considered at risk of the outcomes.

Study 11

The health outcome investigated in this study was overweight at 4 years of age. The
cases were defined by age and sex-adjusted body mass index (ISO-BMI) >18 kg/m?,
and the controls by an ISO-BMI<17 kg/m?. To create a contrast between cases and
controls, children with an ISO-BMI in between these thresholds were excluded.

Study 11

In this study, developmental language disorder was investigated. We used two
outcome definitions, with two different professions from different levels of care
who defined the outcome: child health care nurses from primary care in outcome 1
and speech and language pathologists from specialized care in outcome 2.

1. Referral to a speech and language pathologist after routine screening at
child health care centers: followed by an assessment by a speech and
language pathologist.

2. Clinical diagnosis of developmental language disorder, defined as children
with an ICD-10 diagnosis within speech, language, or communication set
by a speech and language pathologist on at least two occasions.

The clinical diagnosis outcome was also further categorized into subtypes, i.c.,
expressive language disorder and mixed receptive language disorder.

Study 1V

The health outcomes that were investigated in this study were common infectious
diseases. The diagnoses were defined based on ICD-10 codes from primary care
visits and were categorized into infections in the eyes or ears, upper respiratory tract
infections, lower respiratory tract infections, and urinary tract infections. We also
included all these diagnoses in a joint analysis of the overall risk of infection.
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Statistical analysis

Study 1

In this study, we investigated the association between high prenatal exposure to
PFAS, using the proxy measure of exposure, and gestational hypertension,
preeclampsia, and gestational diabetes mellitus. The confounders were identified a
priori and included body mass index (BMI) in early pregnancy, birth country,
educational status, maternal smoking status in early pregnancy, parity, and maternal
age at childbirth.

Patterns of missingness in the confounder variables were investigated and
considered to be missing at random. Then, a multiple imputation was performed,
including all confounder variables, exposure, and outcome in the imputation model.
The fully conditional specification-imputation algorithm was used to enable both
categorical and continuous variables in the imputation model. The variables that
contained missing data were smoking and educational level, which were modeled
using logistic regression, and maternal BMI, which was modeled using linear
regression. For each model, 20 imputed datasets were generated.

The association between the exposure and the outcome was modeled by logistic
regression with a logit link function, adjusting for all confounding variables. Effect
modification by child sex was investigated by introducing an interaction term
between the exposure and child sex in the model.

Women with more than one childbirth in the data introduced clusters as their
pregnancies were considered correlated. Generally estimated equations were used,
together with quasi-likelihood under the independence model criterion-values to
choose the exchangeable correlation structure, which assumes the same correlation
for all pairs of measurements from the same mother.

Study 11

This study investigated the association between prenatal exposure to PFAS,
measured in biobanked serum samples, and overweight in children at 4 years of age.
A two-step strategy based on risk scores was used, as overweight is a multifactorial
disease, and matching cases and controls based on risk strata can decrease the risk
of unmeasured confounding. The methodological approach in detail is described
elsewhere (111). First, the risk of being overweight was modeled with logistic
regression, including confounding variables from the questionnaire: maternal
smoking during pregnancy, birth weight, economic strain, being a tenant, maternal
obesity, and paternal obesity. Then, the risk model was used to categorize each child
with a complete set of confounding variables into one of three risk strata: low (0-
5%), intermediate (6-13 %), and high (>14%) risk for being overweight. The cut-
offs were set using a data-driven approach to create contrast between the low and
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intermediate strata. All cases were matched with two controls from the same risk
strata and were also matched on sex.

Logistic regression with a logit link function was used to model the association
between overweight and quartiles of PFOS, PFOA, PFHxS, and PFNA. Analyses
were performed both with all PFAS in one model, and also with one model for each
PFAS. The modeling was applied both on the full dataset, adjusting for risk strata,
the difference from the strata-specific mean, and sex, and stratified on risk strata,
adjusting for the difference from the strata-specific mean and sex. Effect
modification by risk strata was investigated in the full dataset models.

Study 11

In this study, we investigated the association between high prenatal exposure to
PFAS, measured with a proxy and categorized into exposure categories, and
developmental language disorders. Cox proportional hazards regression was used to
estimate hazard ratios (HR) with 95% confidence intervals (CI) between children
with high, intermediate, or background prenatal exposure and one of the two
outcomes: referral to a speech and language pathologist, and a clinical diagnosis of
developmental language disorder. The a priori chosen confounders that were
adjusted for in the model were parity, maternal age, maternal educational
attainment, and maternal smoking in early pregnancy.

The proportion of participants that had missing data in one or more of the
confounders was 6%, and therefore we were running the model on a complete case
dataset. We used calendar year as the underlying time variable, and children were
censored at the outcome, at age 7, or at the end of the study period.

Women with several children in the dataset introduced clusters of correlated
observations, that were accounted for by using the robust sandwich covariance
estimate. Effect modification by sex was investigated by an interaction term
between exposure and sex. We also investigated effect modification by time period
with an ad hoc cutoff in the year 2005, as we hypothesized that exposure levels
would have increased over time, reaching the highest levels towards the end of the
contamination.

We checked the proportional hazards assumption by including time-varying
covariates in the model and evaluating if they were statistically significant (p <0.05).
Parity did not fulfill the assumption and was therefore stratified. In addition, the
proportional hazards assumption was not fulfilled in the subgroup analysis, and we
therefore stratified parity and maternal age in the model for expressive language
disorder, and maternal education in the model for mixed-receptive language
disorder.
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Study 1V

This study investigated the association between high prenatal PFAS exposure,
measured by our proxy variable, and common childhood infectious diseases. We
used Cox proportional hazards regression with the Andersen and Gill extension for
recurrent events to estimate HR. Person-years at risk were included from birth, or
for those that were not born in Blekinge County, from the first year with a registered
address within Blekinge County. Censoring occurred on the 3 1% of December in the
year the child turned 7 years old, when the child moved out from Blekinge County,
in the case of death, or at the end of the follow-up period in 2020. All models were
adjusted for maternal smoking status, parity, maternal educational status the year of
birth, and maternal age at childbirth.

The analyses were performed on complete cases as the percentage of missingness
was low.

We used a washout period of 14 days between events to avoid counting the same
infection multiple times. Effect modification by sex was investigated by including
an interaction term between exposure and sex in the model for overall infections.

Ethical considerations

All studies included in this thesis have been approved by the Regional Ethics
Committee in Lund (Studies I and II) and the Swedish Ethical Review Authority
(Studies III and IV). Studies I, III, and IV were register-based studies, where
participants had the opportunity to opt out. Study II also had an opt-out opportunity
to be part of the study, and participants provided informed consent for using the
serum samples for research purposes.

Healthcare data is sensitive personal information. All data used in this thesis was
stored and managed according to the General Data Protection Regulation (GDPR)
(EU 2016/679). All data in the register-based studies were pseudonymized before
we received it, and the code keys are stored at Statistics Sweden. The data in Study
II was pseudonymized before the study was conducted. All data was stored at Lund
University’s secure servers: first at servers that required login, and after GDPR
entered into force, at a server with two-step authentication.

To use opt-out in register-based studies instead of gathering informed consent is
needed as informed consent would be an impossible task in many cases, reaching
out to hundreds of thousands, or sometimes millions, of study participants. If
informed consent was required, the register studies that are performed today would
not be possible, considering the time and cost the researcher would have to invest.
Instead, opt-out is used, where it is possible for each individual included in a study
to decline participation. The information about studies, and how to opt-out, was
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previously advertised in newspapers, but different platforms for this purpose are
now used, for example, Lund University Population Research Platform. An ethical
question is if all participants have an opt-out possibility in practice, as not all are
reached by the study information and therefore are not aware of their participation.
For the research, it is preferred when no one leaves the cohort as it increases the risk
of selection bias, and then opting out is a good method, but for the individual who
wants to have control over their health data, it is not. The usefulness of the research
must then be weighed against the risk of not all participants being aware that their
healthcare data is used in research.

Another ethical issue arises when research is performed in a population that has
been highly exposed to contamination, as in the case of the Ronneby population.
This population has been subject to extensive research during the years since the
contamination was discovered, which might have its drawbacks for those that are
affected. To repeatedly be invited to participate in different research projects, or to
receive information about study results might cause psychological stress as it is a
reminder of the contamination. However, it is needed to research the population, as
the exposure levels are unique, and no one knows how they affect health.
Investigation of the health effects of exposure is necessary to inform decisions on
potential interventions needed to protect the health of those who are exposed.

One aspect is also the communication between the researchers and the affected
population, as the results need to be communicated. The way this is done is
important, as this information should be accessible and understandable for everyone
in the population. Our studies from Ronneby have not included analysis of
individual samples, but other studies have reported individual serum PFAS levels
back to the participants as a way of giving back. The results from studies I and III
have been included in a report (25) over the results from the ten years of research
that have passed since the discovery of the contamination, which has been published
on the Ronneby PFAS Research Program’s blog, which is a means to communicate
results to the affected population.
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Main results

Study 1

The results from this study showed no association between high or intermediate
exposure to PFAS during the five years before childbirth and the risk of gestational
hypertension, preeclampsia, or gestational diabetes mellitus.

Study 11

PFHxS exposure had an overall association with child overweight in the multi-
pollutant model that included all exposures. Some odds ratios for PFOS, PFHxS,
and PFNA were associated with the outcome in specific quartiles, but no consistent
pattern was found.

Study 111

There was a 23% (HR 1.23, 95% CI (1.03-1.47) increased risk for referral to a
speech and language pathologist among children with high prenatal PFAS exposure
compared to children with prenatal background PFAS exposure. We found no
association between the outcomes and intermediate levels of prenatal PFAS
exposure. When investigating possible effect modification by sex, only the results
for girls had confidence intervals that did not include 1. Girls with high prenatal
PFAS exposure had a 36% (HR 1.36, 95% CI 1.02-1.80) increased risk for referral
to a speech and language pathologist and a 62% (HR 1.62, 95% CI 1.12-2.35)
increased risk for being diagnosed with a developmental language disorder
compared to girls that had prenatal background exposure to PFAS.

Study IV

The result from this study showed no association between the overall risk of
infection and high or intermediate prenatal exposure to PFAS. We found a 28%
(HR 1.28, 95% CI 1.05-1.55) increased risk of urinary infections and a 9% (HR
1.09, 95% CI 1.00-1.19) increased risk for ear infections in the children with high
prenatal PFAS exposure compared to the children with prenatal background
exposure. We also found a 6% (HR 1.06, 95% CI 1.02-1.11) increased risk of upper
respiratory tract infections and a 12% (HR 0.88, 95% CI 0.81-0.96) lower risk of
eye infections for children with intermediate prenatal PFAS exposure compared to
children with prenatal background exposure to PFAS.
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Discussion

In this thesis, I show that high prenatal exposure to PFAS is associated with
increased risks of developmental language disorders among girls up to 7 years of
age, and common infections among children up to 7 years of age. I also show that
high pre-pregnancy exposure did not increase the risk for gestational hypertension,
preeclampsia, and gestational diabetes mellitus. Further, I show that prenatal
exposure background levels of PFAS are not associated with an increased risk of
overweight in children at four years of age.

Previous studies

Most of the research on health effects from PFAS exposure has been carried out in
background levels of exposure, but with the studies in this thesis, I can increase the
knowledge about health effects in high exposed populations. The number of
populations that have been exposed to high levels of PFAS from a point source such
as an industry or AFFF run-off is constantly increasing, which creates a need to
understand the consequences of these contaminations. Based on our findings,
neurodevelopment and immunotoxicity might be sensitive outcomes after high
prenatal PFAS exposure. The results are in line with results from background-
exposed populations, which also show an association with language development
(112) and immunotoxicity (113-116).

Previous studies investigating gestational hypertension, preeclampsia, and
gestational diabetes mellitus have found associations between these outcomes and
prenatal PFAS background exposure (117-121), which I did not see in our high
exposed population. A possible reason why there are differences in results might be
because the effect occurs at low exposure levels. In our study, due to the use of a
proxy for exposure assessment, all our low-exposed women were categorized into
one group, and we could therefore not distinguish women with very low levels of
PFAS from those that have low levels. We might therefore have been unable to
detect an effect.

Even if we used a method to investigate overweight as a multifactorial disorder, we
did not find an association with prenatal background exposure to PFAS. Some
previous studies investigating the association in background-exposed populations
have found associations (122, 123), while others have not (124). It may be that the
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exposure contrasts in our study, especially for PFHxS and PFNA, were too small to
be able to detect a difference between the PFAS quartiles.

In general, associations between PFAS and different health outcomes often differ
between studies — where one study finds an association, another does not. There are
large differences in study design between PFAS studies that might explain part of
those differences. An association could be investigated in the background or hotspot
population, and the exposure could be measured in biological samples or by using
a proxy. Information about the outcome could be collected by self-assessed
measures or retrieved from register data. Further, based on the study design, the
studies could have different confounding, selection bias, and information bias,
possibly affecting the results. Also, the exposure windows can be different between
the studies, measuring PFAS in early pregnancy or during childhood or adult life,
which might affect how PFAS is associated with different health outcomes. Taken
all these factors together, it is difficult to compare results.

PFAS toxicity

A non-monotonic dose-response curve of PFAS would have implications, as it
suggests that the effect in a background-exposed population cannot be extrapolated
into populations with higher exposure levels. Therefore, it is of great importance to
research PFAS effects in populations exposed to different PFAS levels — from
background to high exposure. Understanding the health effects of intermediate
exposure levels might be of interest in the future, as emerging hotspots often have
exposure levels that fall within this range. Studies I, III, and IV were designed to
assess exposure by using a proxy and investigation of crude dose-response
relationships. Results from Study III and IV show suggestions for a monotone dose-
response relationship, with a higher risk in the high exposed category. The result for
gestational diabetes mellitus in Study I showed a tendency toward lower risk of the
outcome in the intermediate exposed women compared to the background and high-
exposed women, which would be expected if PFAS was acting with a dose-response
curve of U-shape. However, studies with measured serum levels including the
whole spectrum of exposures are needed to make conclusions regarding PFAS dose-
response curve.

The studies in this thesis cannot develop the understanding of possible mechanisms
of PFAS effects further, but with epidemiological studies in combination with
experimental studies, research can provide new insights. However, mechanisms
acting through both steroid hormones and PPARs could, in theory, be likely
candidates for PFAS toxicity in relation to pregnancy complications and child health
and development. In previous studies, steroid hormones have been shown to have a
role in the development of the fetal brain (125) and immune system (126), they play
a part in metabolism (127), and are secreted by the placenta (128). PPARs are
associated with all the outcomes in this thesis, as previous studies have reported
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involvement in the pathophysiology of gestational diabetes mellitus and
preeclampsia (71), association with the metabolic state, regulation of several
immune cells (129), and involvement in early brain development (76).

Implications of the research

The results from this thesis can be used for risk assessment in hotspots and to make
decisions regarding public health management. As most studies that are used for
risk assessment are performed in background-exposed populations, our results
contribute valuable information regarding high exposure. The results from my
studies cannot alone lead to a change in guidelines in health care in hotspot
populations but they emphasize that it is important that children’s health is
monitored. The outcomes that we observed increased risk of, in association with
high prenatal PFAS exposure, are monitored by the child health care centers up until
school age. The child health care centers can, if it is needed, refer the child to
specialized health care such as speech therapy. The results from these studies
therefore emphasize the importance of children being enrolled in the standard health
care monitoring programs at child health care centers.

Methodological discussion

A great strength of this thesis is that I applied a population-based cohort approach
in three out of four studies. When using the whole population as the study cohort
the risk of selection bias is minimized. It also allowed me to have the statistical
power to investigate rare outcomes such as preeclampsia. In the cohort studies, we
retrieved healthcare data from administrative registers, and no data was self-
assessed which minimized the risk of recall bias. We also performed a case-control
study with a methodology designed to investigate a multifactorial disease as
overweight.

Exposure and outcome assessment

For Studies I, III, and IV, a proxy was used for the PFAS exposure. Using a proxy
instead of serum measurements has its advantages but also its drawbacks. When a
proxy is used for exposure assessment, potential confounding arising from
individual variation in pregnancy-related physiological changes, such as increased
glomerular filtration rate and plasma volume expansion, is avoided (130).
Increasing plasma volume dilutes the PFAS concentrations in serum, while
increased glomerular filtration rate might increase excretion, which may confound
the association between exposure and outcome if these pregnancy-related
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physiological changes also are associated with the outcome. The changes in these
factors are individual and gradual as the pregnancy progresses (131). Another major
advantage of using a proxy instead of measurements is the cost — using data on e.g.,
residential history is cheaper than analyzing serum samples for PFAS, and also more
time effective. It is then possible to include a larger population sample.

The major concern with using a proxy is the risk of exposure misclassification. To
assess the risk of exposure misclassification, we validated the proxy variable against
measured serum levels of PFAS. The results from the validation showed that the
proxy method with categorization into high, intermediate, and background exposure
reflected the serum levels of PFAS well on a group level. There is no reason to
believe that any misclassification would be differential in Studies I, III, and 1V, as
the risk would be the same for all participants irrespective of outcome status. Non-
differential misclassification is more likely to lead to an underestimation of the
effect than an overestimation (132), which implies that our estimates may be lower
than the true effect.

As in all register-based research, only those women and children who visit the health
care system are present in the data. This raises a concern for potential selection bias.
However, care is equally accessible for all residents in Sweden, as healthcare is
publicly funded, and all healthcare is free for children. This ensures that all children
have the same access to health care in the case of infectious disease, even though
healthcare-seeking behavior between the parents may vary. For Study I, the outcome
was retrieved from the National Medical Birth Register, which holds maternal
diagnoses from pregnancy and childbirth. The National Medical Birth Register is a
population-based register, and all pregnancies that lead to childbirth in Sweden are
included, which minimizes the risk of selective reporting.

Studies II and III utilize data from routine screening of child health and development
at child health care centers, that covers 99% of all children in their standard health-
monitoring program (133). Within this program, nurses are taking measurements of
the children regularly from birth (data used in Study II) and are also performing
screening tests e.g., speech and language development, and can make referrals to
speech therapists (data used in Study III). By using data from the child health care
centers, we are likely to find close to all of the children with the outcome.

In Study IV, we used data from primary care, which is the first step to seeking care
in non-urgent cases and is therefore suitable for investigating common infectious
diseases. As the study population is from one county and the health care is free, it
should be equally accessible to all children. In this study, children with infections
of brief, mild symptoms can probably not be found in the data, as the parents will
not seek health care in those cases. Also, cases with very severe and urgent
symptoms will probably not be included as those children will most likely seek
specialized care at the emergency unit.
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A great strength of this thesis is that all the studied outcomes are clinically relevant.
For example, in the case of preeclampsia, we have studied the clinical diagnoses of
preeclampsia rather than using physiological biomarkers of preeclampsia, such as
blood pressure in pregnancy.

An important aspect to discuss is also if the awareness of the exposure might have
influenced the tendency of paying attention to certain symptoms, both among
parents and health care professionals. The risk of this would probably be very low
in the background exposed cohort in Study 11, as the levels of PFAS in the pregnant
women were not reported to the participants in the study.

When it comes to the highly exposed population of Ronneby, included in Studies I,
III, and IV, it might, in theory, be different. The exposure was discovered in
December 2013, and the population was then informed about the high PFAS levels
in the drinking water. Study I was performed on women who had a pregnancy
sometime between the years 1995-2013, which was before discovery. Studies III
and IV include children who were born up until the discovery of the exposure but
were followed until they were seven years old, i.e., as long as the year 2020. In
Study III, we were in contact with speech and language pathologists in Blekinge
County and they were not aware of the possible association between PFAS exposure
and developmental language disorders. I therefore consider the possibility of a child
being diagnosed differently depending on exposure status to be small. When it
comes to Study IV, there might be a possibility that parents would have another
health-seeking behavior after knowing about the exposure and seek care more often.
If only individuals who knew that they had been exposed to the contaminated water
would seek health care more often when the child experienced symptoms of
common infectious diseases, that would bias our results upwards. However, it is
unlikely that some diagnoses would be more often registered by healthcare
professionals than others after the exposure was discovered.

Bias

To handle possible confounding, I adjusted for several variables in all studies. In
Studies I, I1I, and 1V, I knew from earlier studies of the same population that the
area that received contaminated water had a lower socioeconomic status than the
other areas in Ronneby and the background exposed population of Blekinge. It was
therefore of the greatest importance to adjust for socioeconomic factors. However,
the estimates only change marginally between crude and adjusted analyses in our
studies. This indicates that our confounding variables did not affect the associations
between the exposure and the outcome much. In Study II, confounding was handled
in another way, where several confounding variables were included in creating a
risk model, which then was used to define the cases and controls. Cases and controls
were chosen from the same risk strata, and as a consequence, they were (more) alike
regarding the confounding variables.
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Gestational hypertension is part of the preeclampsia diagnosis, and in Study I, we
therefore decided to analyze these diagnoses together as one outcome to minimize
the risk of misclassification bias. Gestational hypertension/preeclampsia and
gestational diabetes mellitus are considered severe diagnoses that are confirmed via
tests and would not easily be missed or misdiagnosed by a physician. Also, it has
been concluded in a study that the validity of these diagnoses in the National
Medical Birth Register, where the outcomes are retrieved, is good (108).

In Study 11, measures to calculate BMI, weight, and length were retrieved from child
health care center medical journals. These measurements are standard procedures
performed by trained nurses, and there is no reason to believe that any measurement
error would differ systematically between exposure groups and hence introduce
systematic error. In Study III, we used two different outcomes. The first outcome
was to capture those who were referred by child health care center nurses to a speech
and language pathologist. The second outcome was stricter and required at least two
visits to a speech and language pathologist with ICD-coded diagnoses within
speech, language, or communication, to be considered as having the outcome. The
requirement of at least two visits with a predefined diagnostic code was applied to
improve the validity of the outcome assessment.

Finally, in Study IV, the main outcome was overall infection and we used primary
care health records. We also categorized common infectious diseases into subgroups
of infections in eyes, ears, upper- and lower respiratory infections, and urinary tract
infections. Some diagnoses may be less prone to misclassification than others —
those that are more severe and require antibiotics or other pharmaceuticals are
probably more valid than less severe infections.

Generalizability

Concerning the generalizability of my results, I will distinguish Studies I, I1I, and
IV from Study II. Studies I, III, and IV are based on the highly exposed Ronneby
population with especially high levels of PFOS and PFHxS. The results from these
studies are, based on the high exposure and specific PFAS profile not generalizable
to background-exposed populations. It could also be that my results are not
generalizable to hotspots with another profile i.e., where the contamination has
another source. When it comes to Study II, the study population consisted of
children from parents born in Sweden (due to the reason that the questionnaire was
in Swedish) that was living in Malmo, which is a multicultural city. However, we
have no reason to believe that the association between the exposure and outcome
would be any different in any other background-exposed population, and therefore
those results are generalizable to other background-exposed populations within the
approximate same exposure levels.
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Future research

PFAS research has increased over the last decade, from 10 publications containing
the word “PFAS” published on PubMed in the year 2010 to 1,109 publications so
far in the year 2023 (134). This increase can mirror the growing concern over the
effects of PFAS on the environment and human health. The current attention to
PFAS is partly due to the proposal to heavily restrict these substances in the future,
and new restrictions are coming next year in Sweden to limit the levels in drinking
water which will force water treatment plants to act. Also, the growing number of
hotspots that are discovered all over the world is gaining media attention, and not
much is known about its possible health effects. In summary, research needs to
continue to investigate PFAS as there is a growing concern about them in society,
and unfortunately, regardless of how regulations will be in the future, there will be
a large amount of PFAS in the environment that we will be having around for many
years to come.

As of today, the mechanisms of PFAS in the human body are not clear. Future
research should utilize research from hotspots, background exposed populations,
and experimental research to get a full overview of how PFAS is acting in the human
body. Also, the role of the placenta as a PFAS target should be investigated further,
as the placenta decides the in-utero environment and has large implications on the
fetus's development. Under the “developmental origin of health and disease”
hypothesis, it must be a prioritized research area to understand the potential insults
of today’s environmental pollution on the health of the next generations. For
example, the Ronneby Mother-Child cohort has biobanked biological samples from
mothers and children with background, intermediate, and high exposure. Here, the
samples can be analyzed for both PFAS and biomarkers of effect to investigate both
general mechanisms of PFAS in the human body, but also investigate the effect of
PFAS exposure on the placenta.

In the future, research should also aim to clarify the effects after exposure in
different sensitive exposure windows. In this thesis, the studies have focused on
prenatal exposure, but the postnatal period is also a sensitive developmental period
that could be susceptible to adverse health effects.

EFSA reported in 2020 that immunotoxicity was the most important adverse health
outcome associated with PFAS making new guidelines. As we in Study IV could
see associations between high prenatal exposure to PFAS and increased risk of
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certain common infections, I agree that the association between PFAS and
immunotoxicity should be investigated further in the future. More studies with
clinically relevant outcomes, focusing both on antibody response from other
vaccines, but also susceptibility to infections, could give more clarity to the
associations.

The results from Study III showed an increased risk for developmental language
disorders among girls associated with high prenatal PFAS exposure. As speech
development in previous studies has been associated with emotional and behavioral
difficulties and symptoms of Attention-Deficit/Hyperactivity Disorder (135, 136),
it would be interesting to investigate neurodevelopmental disorders in a setting with
high PFAS exposure in the Ronneby population. An investigation would be of high
importance for other hotspot populations, as it could increase awareness and lead to
difficulties being identified early to avoid suffering for the children.

In summary, there are many different outcomes associated with PFAS exposure that
are interesting to investigate further in the future. But the basics in mechanisms, and
also possible differences between prenatal exposure and later exposure would be
interesting to gain a better understanding of. Also, research from hotspots is
becoming increasingly important as the number of affected populations is
increasing. As the PFAS profile differs between contamination sources, hotspots
can provide valuable information regarding how different compounds can affect
human health. Results from highly exposed populations would also be an important
part of the puzzle to understand dose-response relationships.
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Conclusions

This thesis investigated the health effects of PFAS pre-pregnancy and prenatal
exposure, in two sensitive groups — pregnant women and children. The overall
conclusion is that exposure to the endocrine disruptive characteristics of PFAS
during the prenatal period may have adverse effects on the developing fetus that are
expressed during childhood. From the results of this thesis, I can also draw the
following conclusions:

e High exposure to prenatal AFFF contamination seemed to be associated
with an increased risk of developmental language disorders in girls up to
7 years of age. The outcomes in my study were more clinically relevant
compared to previous studies that used cognitive test instruments.

e High prenatal exposure to AFFF contamination seemed to be associated
with the risk of diseases urinary tract infections and ear infections in
children up to 7 years of age. This association strengthens the evidence
that PFAS is immunotoxic, as it shows clinically relevant effects.

e High pre-pregnancy exposure to AFFF contamination was not associated
with the risks of gestational hypertension, preeclampsia, or gestational
diabetes mellitus. We observed the absence of effects in a high exposed
population, even though some studies have reported associations at
background exposure levels.

e Despite using a sophisticated method to adjust for confounding factors,
prenatal exposure to PFAS was not associated with the risk of being
overweight in 4-year-old children.

e Neurodevelopment and development of the immune system seem to be
sensitive outcomes for prenatal PFAS toxicity.

57






Acknowledgements

Min avhandling skulle inte finnas om det inte vore for ménniskorna i min
omgivning. Jag vill rikta ett tack till:

Christel, tack for att du klev in och tog dig an rollen att vara min huvudhandledare.
Tack vare dig sé blev det faktiskt en avhandling till slut &ven om végen dit var lang
och krokig! Tack for allt du har lart mig om epidemiologi, statistik och vetenskapligt
skrivande, och for att du har varit sa ndrvarande och alltid tagit dig tid for mig.

Lasse, du dr den som har varit med mig sedan alldeles i bérjan av min doktorandtid,
och ocksé den som jag far tacka att jag faktiskt blev doktorand igen efter en omstart.
Du har haft olika roller under mina doktorandtid, men alltid varit en stabil och vénlig
person som jag ként har varit ett stod om jag behovt.

Annelise, thank you for your support during the time of thesis-writing. You always
have some words to assure me that everything will turn out just fine, which is
appreciated in stressful times. I look forward to finishing the last manuscript
together with you!

Erika och Emelie, tack for allt stdd jag har fatt av er under den sista doktorandtiden!
Ni har peppat, hjélpt mig nir jag ként mig vilsen, och svarat pa fragor. Onskar att
jag hade fatt dela hela min doktorandtid med er!

Magdalena, tack for att du har gjort mina fredagar pa kontoret sa trevliga och
sociala, och for diskussioner om allt fran stickprojekt till hdnshus!

Kollegor och fore detta kollegor for trevliga méten, luncher och diskussioner: Anna
J, Elisabeth, Fabian, Anna L, Kristin och Kristina M. Ett speciellt tack till
Andrea som verkligen forgyllde min forsta doktorandtid! Tack ocksé till mina
kollegor fran tiden pd CRC, speciellt Magdalena och Ida, som gjorde varje dag pa
kontoret béttre.

Charlotte och Carmela, tack for ett mycket trevligt samarbete! Tack ocksa till mina
andra kollegor i Ronneby PFAS Research Program i Géteborg som har kommit
med input i mina projekt.

Camilla, tack for att du har statt ut med langa utliggningar om diverse stressiga
doktorandmoment, ofta samtidigt som vi bada har mer eller mindre skrikande barn
i bakgrunden. Jag dr glad att vi inte bara delar doktorandtiden utan ocksa
smabarnstiden!

59



Mem, tack for att du har rest hit och hjilpt oss med barnen, och for alla trevliga
stick-kvéllar vi har haft!

Mamma, pappa och Amanda, tack for att ni alltid tror pa mig och aldrig har tvekat
over att detta skulle ga bra och att jag till slut skulle bli fardig, &ven om jag sjilv har
varit tveksam. Tack &ven till Rut, vars entré till denna véarld har motiverat mig extra
till att bli fardig eftersom jag vill ha mer tid att vara den bista mostern i vérlden.

Sist, men definitivt inte minst, ett tack till min familj. Victor, din outtréttliga
positivitet och stottning har varit en forutséttning for att detta skulle ga och for att
jag skulle orka. Tack for all humor och kérlek du ger mig varje dag, jag ser fram
emot att fa dela framtiden med dig! Moritz och Justus, mina dlskade smi killar!
Tack for att ni varje dag pdminner mig om vad som &r viktigt pa riktigt i livet.

60



References

10.

11.

The Swedish Chemical Agency. PFAS. 2023 [cited 2023-10-31]; Available
from: https://www.kemi.se/hallbarhet/amnen-och-material/pfas.

The American Water Works Association, Per- and Polyfluoroalkyl
Substance (PFAS). 2019: www.awwa.org.

The Organization for Economic Cooperation and Development. Portal on
Per and Poly Fluorinated Chemicals. [cited 2023-10-31]; Available from:
https://www.oecd.org/chemicalsafety/portal-perfluorinated-
chemicals/aboutpfass/.

Gluge, J., et al., An overview of the uses of per- and polyfluoroalkyl
substances (PFAS). Environ Sci Process Impacts, 2020. 22(12): p. 2345-
2373.

Smart, B.E., Characteristics of C-F Systems, in Organofluorine Chemistry:
Principles and Commercial Applications, R.E. Banks, B.E. Smart, and J.C.
Tatlow, Editors. 1994, Springer US: Boston, MA p. 57-88.

Organisation for Economic Co-operation and Development, Toward a new
comprehensive global database of per- and polyfluoroalkyl substances
(PFASs): Summary report on updating the OECD 2007 list of per- and
polyfluoroalkyl substances (PFASs), in Series on Risk Management, no. 39.
2018.

Federal Institute for Occupational Safety and Health, National Institute for
Public Health and the Environment, Swedish Chemicals Agency,
Norwegian Environment Agency, The Danish Environmental Protection
Agency,, Annex XV Restriction Report, Proposal for a restriction, Per- and
polyfluoroalkyl substances (PFASs). 2023: European Chemicals Agency.
Ahrens, L. and M. Bundschuh, Fate and effects of poly- and perfluoroalkyl
substances in the aquatic environment: a review. Environ Toxicol Chem,
2014. 33(9): p. 1921-9.

Efsa Panel on Contaminants in the Food Chain, et al., Risk to human health
related to the presence of perfluoroalkyl substances in food. EFSA J, 2020.
18(9): p. €06223.

Hartz, W.F., et al.,, Levels and distribution profiles of Per- and
Polyfluoroalkyl Substances (PFAS) in a high Arctic Svalbard ice core. Sci
Total Environ, 2023. 871: p. 161830.

Stockholm Convention. The Convention. 2019 [cited 2023-11-04].

61


https://www.kemi.se/hallbarhet/amnen-och-material/pfas
file://///medemphome.uw.lu.se/med-mm8$/Disputation/Avhandling/Skriva%20avhandling/www.awwa.org
https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/
https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/aboutpfass/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

62

Stockholm Convention. PFASs listed under the Stockholm Convention.
[cited 2023-11-04].

EU Parliament and the Council of the European Union, Regulation (EU)
2019/1021 of the European Parliament and of the Council of 20 June 2019
on persistent organic pollutants. 2019: https://eur-lex.europa.eu/legal-
content/en/TXT/?uri=CELEX%3A32019R1021.

Kwiatkowski, C.F., et al., Scientific Basis for Managing PFAS as a
Chemical Class. Environ Sci Technol Lett, 2020. 7(8): p. 532-543.

The European Parliament and the Council of the European Union, Directive
(EU) 2020/2184 of the European Parliament and of the Council of the 16
December 2020 on the quality of water intended for human consumption.
2020.

Swedish Food Agency, Livsmedelsverkets foreskrifter om dricksvatten.
2022, Livsmedelsverkets forfattningssamling.

Swedish Food Agency, Vetenskapligt underlag for PFAS i dricksvatten.
Livsmedelsverkets PM, 2022.

The European Commission, Proposal for a Directive of the European
Parliament and of the Council amending Directive 2000/60/EC establishing
a framework for Community action in the field of water policy, Directive
2006/118/EC on the protection of groundwater against pollution and
deterioration and Directive 2008/105/EC on the environmental quality
standards in the field of water policy. 2022.

The European Commission, Commission regulation (EU) 2023/915 of 25
APril 2023 on maximum levels for certain contaminants in food and
repealing Regulation (EC) No 1881/2006. 2023.

The Forever Pollution Project. Journalists tracking PFAS across Europe.
2023 [cited 2023-11-07]; Available from: https://foreverpollution.eu/.
Frisbee, S.J., et al., The C8 health project: design, methods, and participants.
Environ Health Perspect, 2009. 117(12): p. 1873-82.

Pitter, G., et al., Serum Levels of Perfluoroalkyl Substances (PFAS) in
Adolescents and Young Adults Exposed to Contaminated Drinking Water
in the Veneto Region, Italy: A Cross-Sectional Study Based on a Health
Surveillance Program. Environ Health Perspect, 2020. 128(2): p. 27007.
Norup Lindved, M. and A. Madsen Smed, Store maengder af farligt stof er
malt i Korsoer-borgeres blod: 'Man falder ned i et stort hul', in DR. 2021:
Xu, Y., et al., Serum perfluoroalkyl substances in residents following long-
term drinking water contamination from firefighting foam in Ronneby,
Sweden. Environ Int, 2021. 147: p. 106333.

Ronneby PFAS Research Program, En sammanfattning av forskning 2014-
2023, K. Jakobsson and C. Nielsen, Editors. 2023:
https://pfas.blogg.lu.se/rapport-sammanfattning-av-forskning-i-ronneby-
2014-2023/.



https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32019R1021
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX%3A32019R1021
https://foreverpollution.eu/
file://///medemphome.uw.lu.se/med-mm8$/Disputation/Avhandling/Skriva%20avhandling/www.dr.dk
https://pfas.blogg.lu.se/rapport-sammanfattning-av-forskning-i-ronneby-2014-2023/
https://pfas.blogg.lu.se/rapport-sammanfattning-av-forskning-i-ronneby-2014-2023/

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Richterova, D., et al., PFAS levels and determinants of variability in
exposure in European teenagers - Results from the HBM4EU aligned
studies (2014-2021). Int J Hyg Environ Health, 2023. 247: p. 114057.
Noren, E., et al., Temporal trends, 2000-2017, of perfluoroalkyl acid
(PFAA) concentrations in serum of Swedish adolescents. Environ Int, 2021.
155: p. 106716.

Yeung, L.W., et al., Part II. A temporal study of PFOS and its precursors in
human plasma from two German cities in 1982-2009. Environ Sci Technol,
2013. 47(8): p. 3875-82.

Haug, L.S., C. Thomsen, and G. Becher, Time Trends and the Influence of
Age and Gender on Serum Concentrations of Perfluorinated Compounds in
Archived Human Samples. Environmental Science & Technology, 2009.
43(6): p. 2131-2136.

Schroter-Kermani, C., et al, Retrospective monitoring of
perfluorocarboxylates and perfluorosulfonates in human plasma archived
by the German Environmental Specimen Bank. Int J] Hyg Environ Health,
2013. 216(6): p. 633-40.

Bonefeld-Jorgensen, E.C., et al., Exposure to persistent organic pollutants
in Danish pregnant women: Hormone levels and fetal growth indices.
Environ Toxicol Pharmacol, 2023. 99: p. 104108.

Schultz, A.A., et al., Biomonitoring of perfluoroalkyl and polyfluoroalkyl
substances (PFAS) from the Survey of the Health of Wisconsin (SHOW)
2014-2016 and comparison with the National Health and Nutrition
Examination Survey (NHANES). Journal of Exposure Science &
Environmental Epidemiology, 2023. 33(5): p. 766-777.

Lewis, R.C., L.E. Johns, and J.D. Meeker, Serum Biomarkers of Exposure
to Perfluoroalkyl Substances in Relation to Serum Testosterone and
Measures of Thyroid Function among Adults and Adolescents from
NHANES 2011-2012. Int J Environ Res Public Health, 2015. 12(6): p.
6098-114.

Toms, L.M.L., et al.,, Per- and polyfluoroalkyl substances (PFAS) in
Australia: Current levels and estimated population reference values for
selected compounds. Int J Hyg Environ Health, 2019. 222(3): p. 387-394.
Pan, Y., et al., Concentrations of perfluorinated compounds in human blood
from twelve cities in China. Environ Toxicol Chem, 2010. 29(12): p. 2695-
701.

Haug, L.S., et al., Characterisation of human exposure pathways to
perfluorinated compounds--comparing exposure estimates with biomarkers
of exposure. Environ Int, 2011. 37(4): p. 687-93.

Swedish Food Agency, et al., Kartldggning av per- och polyfluorerade
alkylsubstanser (PFAS) i Sveriges kommunala ra- och dricksvatten, in
Livsmedelsverkets rapportserie. 2021.

DeLuca, N.M., et al., Human exposure pathways to poly- and
perfluoroalkyl substances (PFAS) from indoor media: A systematic review.
Environ Int, 2022. 162: p. 107149.

63



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

64

de la Torre, A., et al.,, Occurrence and human exposure assessment of
perfluorinated substances in house dust from three European countries. Sci
Total Environ, 2019. 685: p. 308-314.

Winkens, K., et al., Early life exposure to per- and polyfluoroalkyl
substances (PFASs): A critical review. Emerging Contaminants, 2017. 3(2):
p. 55-68.

Egeghy, P.P. and M. Lorber, An assessment of the exposure of Americans
to perfluorooctane sulfonate: a comparison of estimated intake with values
inferred from NHANES data. J Expo Sci Environ Epidemiol, 2011. 21(2):
p. 150-68.

Blomberg, A.J., et al., Estimated Transfer of Perfluoroalkyl Substances
(PFAS) from Maternal Serum to Breast Milk in Women Highly Exposed
from Contaminated Drinking Water: A Study in the Ronneby Mother-Child
Cohort. Environ Health Perspect, 2023. 131(1): p. 17005.

HBM4EU. About HBMA4EU. [2023-11-26]; Available from:
https://www.hbm4eu.eu/about-us/about-hbm4eu/.

Hull, S.D., et al., Time trends in per- and polyfluoroalkyl substances
(PFAS) concentrations in the Danish population: A review based on
published and newly analyzed data. Environ Res, 2023. 237(Pt 2): p.
117036.

Glynn, A., et al.,, Perfluorinated alkyl acids in blood serum from
primiparous women in Sweden: serial sampling during pregnancy and
nursing, and temporal trends 1996-2010. Environ Sci Technol, 2012.
46(16): p. 9071-9.

Butenhoff, J.L., G.W. Olsen, and A. Pfahles-Hutchens, The applicability of
biomonitoring data for perfluorooctanesulfonate to the environmental
public health continuum. Environ Health Perspect, 2006. 114(11): p. 1776-
82.

Brase, R.A., E.J. Mullin, and D.C. Spink, Legacy and Emerging Per- and
Polyfluoroalkyl Substances: Analytical Techniques, Environmental Fate,
and Health Effects. Int J] Mol Sci, 2021. 22(3).

Noren, E.L., C.; Larsson, E., Urin- och serumhalter av organiska
miljofororeningar hos ungdomar i Skéne - Resultat frdn den femte
delstudien 2017. 2019: Swedish Environmetal Protection Agency.

Bil, W., et al., Approaches to mixture risk assessment of PFASs in the
European population based on human hazard and biomonitoring data. Int J
Hyg Environ Health, 2023. 247: p. 114071.

Gyllenhammar, 1.B., J.; Plassmann, M.; Sandblom, O.; Kallerman Hedvall,
P.; Lampa, E.; Ankarberg Halldin, E., Levels of perfluoroalkyl substances
(PFAS) in individual serum samples from first-time mothers in Uppsala,
Sweden: results from year 2017-2019, and temporal trends for the time
period 1996-2019. 2020: Swedish Environmental Protection Agency.
Gyllenhammar, I., et al., Influence of contaminated drinking water on
perfluoroalkyl acid levels in human serum--A case study from Uppsala,
Sweden. Environ Res, 2015. 140: p. 673-83.



https://www.hbm4eu.eu/about-us/about-hbm4eu/

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

United States Environmental Protection Agency. Biomonitoring -
Perfluorochemicals (PFCs). 2022 [cited 2023-11-25].

Jones, P.D., et al., Binding of perfluorinated fatty acids to serum proteins.
Environ Toxicol Chem, 2003. 22(11): p. 2639-49.

Weiss, J.M., et al., Competitive binding of poly- and perfluorinated
compounds to the thyroid hormone transport protein transthyretin. Toxicol
Sci, 2009. 109(2): p. 206-16.

Perez, F., et al., Accumulation of perfluoroalkyl substances in human
tissues. Environ Int, 2013. 59: p. 354-62.

Forsthuber, M., et al., Albumin is the major carrier protein for PFOS,
PFOA, PFHxS, PFNA and PFDA in human plasma. Environ Int, 2020. 137:
p. 105324.

Fedorenko, M., et al., Dominant entropic binding of perfluoroalkyl
substances (PFASs) to albumin protein revealed by (19)F NMR.
Chemosphere, 2021. 263: p. 128083.

Li, Y., et al., Half-lives of PFOS, PFHxS and PFOA after end of exposure
to contaminated drinking water. Occup Environ Med, 2018. 75(1): p. 46-
51.

Upson, K., J.A. Shearston, and M.A. Kioumourtzoglou, An Epidemiologic
Review of Menstrual Blood Loss as an Excretion Route for Per- and
Polyfluoroalkyl Substances. Curr Environ Health Rep, 2022. 9(1): p. 29-37.
Giitzkow, K.B., et al., Placental transfer of perfluorinated compounds is
selective - A Norwegian Mother and Child sub-cohort study. Int J Hyg
Environ Health, 2012. 215(2): p. 216-9.

Louisse, J., et al., Perfluoroalkyl substances (PFASs) are substrates of the
renal human organic anion transporter 4 (OAT4). Arch Toxicol, 2023.
97(3): p. 685-696.

Pizzurro, D.M., et al., Interspecies differences in perfluoroalkyl substances
(PFAS) toxicokinetics and application to health-based criteria. Regul
Toxicol Pharmacol, 2019. 106: p. 239-250.

Niu, S., et al., A State-of-the-Science Review of Interactions of Per- and
Polyfluoroalkyl Substances (PFAS) with Renal Transporters in Health and
Disease: Implications for Population Variability in PFAS Toxicokinetics.
Environ Health Perspect, 2023. 131(7): p. 76002.

Olsen, G.W., et al., A comparison of the pharmacokinetics of
perfluorobutanesulfonate (PFBS) in rats, monkeys, and humans.
Toxicology, 2009. 256(1-2): p. 65-74.

Yu, C.H., et al., Biomonitoring: A tool to assess PFNA body burdens and
evaluate the effectiveness of drinking water intervention for communities
in New Jersey. Int ] Hyg Environ Health, 2021. 235: p. 113757.

Lu, Y., et al., The occurrence of PFAS in human placenta and their binding
abilities to human serum albumin and organic anion transporter 4. Environ
Pollut, 2021. 273: p. 116460.

65



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T7.

78.

79.

80.

66

Wong, F., et al., Enhanced elimination of perfluorooctane sulfonic acid by
menstruating women: evidence from population-based pharmacokinetic
modeling. Environ Sci Technol, 2014. 48(15): p. 8807-14.

World Health Organization, Global assessment of the state-of-the-science
of endocrine disuptors, in International Programme on Chemical Safety, T.
Damstra, et al., Editors. 2002:
https://iris.who.int/bitstream/handle/10665/67357/WHO_PCS_EDC 02.2.
pdf?sequence=1.

Mokra, K., Endocrine Disruptor Potential of Short- and Long-Chain
Perfluoroalkyl Substances (PFASs)-A Synthesis of Current Knowledge
with Proposal of Molecular Mechanism. Int J Mol Sci, 2021. 22(4).

Porter, B.A., et al., Structure and Function of the Nuclear Receptor
Superfamily and Current Targeted Therapies of Prostate Cancer. Cancers
(Basel), 2019. 11(12).

Szilagyi, J.T., V. Avula, and R.C. Fry, Perfluoroalkyl Substances (PFAS)
and Their Effects on the Placenta, Pregnancy, and Child Development: a
Potential Mechanistic Role for Placental Peroxisome Proliferator-Activated
Receptors (PPARs). Curr Environ Health Rep, 2020. 7(3): p. 222-230.
Kirk, A.B., et al., PFAS and Potential Adverse Effects on Bone and Adipose
Tissue Through Interactions With PPARY. Endocrinology, 2021. 162(12).
Behr, A.C., et al, Activation of human nuclear receptors by
perfluoroalkylated substances (PFAS). Toxicol In Vitro, 2020. 62: p.
104700.

Abbott, B.D., Review of the expression of peroxisome proliferator-
activated receptors alpha (PPAR alpha), beta (PPAR beta), and gamma
(PPAR gamma) in rodent and human development. Reprod Toxicol, 2009.
27(3-4): p. 246-257.

Han, L., et al., PPARSs: regulators of metabolism and as therapeutic targets
in cardiovascular disease. Part II: PPAR-B/6 and PPAR-y. Future
Cardiology, 2017. 13(3)(1744-8298 (Electronic)): p. 279-296.

Villapol, S., Roles of Peroxisome Proliferator-Activated Receptor Gamma
on Brain and Peripheral Inflammation. Cell Mol Neurobiol, 2018. 38(1): p.
121-132.

Wojtowicz, S., et al., The Novel Role of PPAR Alpha in the Brain:
Promising Target in Therapy of Alzheimer's Disease and Other
Neurodegenerative Disorders. Neurochem Res, 2020. 45(5): p. 972-988.
Vandenberg, L.N., et al., Hormones and endocrine-disrupting chemicals:
low-dose effects and nonmonotonic dose responses. Endocr Rev, 2012.
33(3): p. 378-455.

Hill, C.E., J.P. Myers, and L.N. Vandenberg, Nonmonotonic Dose—
Response Curves Occur in Dose Ranges That Are Relevant to Regulatory
Decision-Making. Dose-Response, 2018. 16(3): p. 1559325818798282.
Fenton, S.E., et al.,, Per- and Polyfluoroalkyl Substance Toxicity and
Human Health Review: Current State of Knowledge and Strategies for



https://iris.who.int/bitstream/handle/10665/67357/WHO_PCS_EDC_02.2.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/67357/WHO_PCS_EDC_02.2.pdf?sequence=1

81.

82.
83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Informing Future Research. Environ Toxicol Chem, 2021. 40(3): p. 606-
630.

European Environment Agency. Effects of PFAS on human health. 2020
[cited 2023-11-14]; Available from: https://www.eea.europa.eu/signals-
archived/signals-2020/infographics/effects-of-pfas-on-human-health/view.
C8 Science Panel, C8 Probable Link Reports. 2012.

Canova, C., et al., Associations between perfluoroalkyl substances and lipid
profile in a highly exposed young adult population in the Veneto Region.
Environ Int, 2020. 145: p. 106117.

Girardi, P., et al., Behavioral outcomes and exposure to perfluoroalkyl
substances among children aged 6-13 years: The TEDDY child study.
Environ Res, 2023. 231(Pt 2): p. 116049.

Manea, S., et al., Exposure to PFAS and small for gestational age new-
borns: A birth records study in Veneto Region (Italy). Environ Res, 2020.
184: p. 109282.

Mastrantonio, M., et al., Drinking water contamination from perfluoroalkyl
substances (PFAS): an ecological mortality study in the Veneto Region,
Italy. Eur J Public Health, 2017.

EFSA Panel on Contaminants in the Food Chain, Risk to human health
related to the presence of perfluorooctane sulfonic acid and
perfluorooctanoic acid in food. 2018.

Rappazzo, K.M., E. Coffman, and E.P. Hines, Exposure to Perfluorinated
Alkyl Substances and Health Outcomes in Children: A Systematic Review
of the Epidemiologic Literature. Int J Environ Res Public Health, 2017.
14(7).

Wadhwa, P.D., et al., Developmental origins of health and disease: brief
history of the approach and current focus on epigenetic mechanisms. Semin
Reprod Med, 2009. 27(5): p. 358-68.

Appel, M., et al.,, The transplacental transfer efficiency of per- and
polyfluoroalkyl substances (PFAS): a first meta-analysis. J Toxicol Environ
Health B Crit Rev, 2022. 25(1): p. 23-42.

Ma, D., et al., A Critical Review on Transplacental Transfer of Per- and
Polyfluoroalkyl Substances: Prenatal Exposure Levels, Characteristics, and
Mechanisms. Environ Sci Technol, 2022. 56(10): p. 6014-6026.

Beesoon, S., et al., Isomer profiles of perfluorochemicals in matched
maternal, cord, and house dust samples: manufacturing sources and
transplacental transfer. Environ Health Perspect, 2011. 119(11): p. 1659-
64.

Syme, M.R., J.W. Paxton, and J.A. Keelan, Drug transfer and metabolism
by the human placenta. Clin Pharmacokinet, 2004. 43(8): p. 487-514.
Kummu, M., et al., Organic anion transporter 4 (OAT 4) modifies placental
transfer of perfluorinated alkyl acids PFOS and PFOA in human placental
ex vivo perfusion system. Placenta, 2015. 36(10): p. 1185-91.

67


https://www.eea.europa.eu/signals-archived/signals-2020/infographics/effects-of-pfas-on-human-health/view
https://www.eea.europa.eu/signals-archived/signals-2020/infographics/effects-of-pfas-on-human-health/view

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

68

Baud, O. and N. Berkane, Hormonal Changes Associated With Intra-
Uterine Growth Restriction: Impact on the Developing Brain and Future
Neurodevelopment. Front Endocrinol (Lausanne), 2019. 10: p. 179.
Dimasuay, K.G., et al., Placental Responses to Changes in the Maternal
Environment Determine Fetal Growth. Frontiers in Physiology, 2016. 7.
Hu, C.Y., et al., Perfluoroalkyl and polyfluoroalkyl substances and
hypertensive disorders of pregnancy: A systematic review and meta-
analysis. Environ Res, 2023. 231(Pt 2): p. 116064.

Korzeniewski, S.J., et al., The Global Pregnancy Collaboration (CoLab)
symposium on short- and long-term outcomes in offspring whose mothers
had preeclampsia: A scoping review of clinical evidence. Front Med
(Lausanne), 2022. 9: p. 984291,

Blake, B.E. and S.E. Fenton, Early life exposure to per- and polyfluoroalkyl
substances (PFAS) and latent health outcomes: A review including the
placenta as a target tissue and possible driver of peri- and postnatal effects.
Toxicology, 2020. 443: p. 152565.

Frerot, M., et al., What is epidemiology? Changing definitions of
epidemiology 1978-2017. PLoS One, 2018. 13(12): p. €0208442.
Committee on Environmental Epidemiology, Board on Environmental
Studies and Toxicology, and National Research Council, Environmental
Epidemiology, Volume 1: Public Health and Hazardous Wastes. 1991.
Bloom, M.S., Environmental Epidemiology, in Encyclopedia of
Environmental Health. 2019. p. 419-427.

Mellis, C.M., How to choose your study design. J Paediatr Child Health,
2020. 56(7): p. 1018-1022.

Rothman, K.J., Epidemiology: an introduction. Second ed. 2012, New
York: Oxford University Press.

International Epidemiological Association, A dictionary of Epidemiology.
6th ed, ed. M. Porta. 2014, New York: Oxford University Press.

Hernan, M. and J. Robins, Causal Inference: What If. 2023: Chapman &
Hall/CRC.

World Health Organization, ICD 10: International Statistical Classification
of Diseases and Related Health Problems (10th Revision). 2019.
Cnattingius, S., et al., The Swedish medical birth register during five
decades: documentation of the content and quality of the register. Eur J
Epidemiol, 2023. 38(1): p. 109-120.

Lindh, C.H., et al., Blood serum concentrations of perfluorinated
compounds in men from Greenlandic Inuit and European populations.
Chemosphere, 2012. 88(11): p. 1269-75.

Stubner, C., et al., Developmental language disorders in preschool children
after high exposure to perfluoroalkyl substances from contaminated
drinking water in Ronneby, Sweden. Environ Epidemiol, 2023. 7(1): p.
e233.



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Bjork, J., et al., An efficient sampling strategy for selection of biobank
samples using risk scores. Scand J Public Health, 2017. 45(17 _suppl): p.
41-44.

Luo, F., et al, Exposure to perfluoroalkyl substances and
neurodevelopment in 2-year-old children: A prospective cohort study.
Environ Int, 2022. 166: p. 107384.

Dalsager, L., et al., Association between prenatal exposure to perfluorinated
compounds and symptoms of infections at age 1-4years among 359 children
in the Odense Child Cohort. Environ Int, 2016. 96: p. 58-64.

Impinen, A., et al., Maternal levels of perfluoroalkyl substances (PFASs)
during pregnancy and childhood allergy and asthma related outcomes and
infections in the Norwegian Mother and Child (MoBa) cohort. Environ Int,
2019. 124: p. 462-472.

Dalsager, L., et al., Exposure to perfluoroalkyl substances during fetal life
and hospitalization for infectious disease in childhood: A study among
1,503 children from the Odense Child Cohort. Environ Int, 2021. 149: p.
106395.

Impinen, A., et al., Prenatal exposure to perfluoralkyl substances (PFASs)
associated with respiratory tract infections but not allergy- and asthma-
related health outcomes in childhood. Environ Res, 2018. 160: p. 518-523.
Borghese, M.M., et al., Association of perfluoroalkyl substances with
gestational hypertension and preeclampsia in the MIREC study. Environ
Int, 2020. 141: p. 105789.

Preston, E.V., et al., Early-pregnancy plasma per- and polyfluoroalkyl
substance (PFAS) concentrations and hypertensive disorders of pregnancy
in the Project Viva cohort. Environ Int, 2022. 165: p. 107335.

Bommarito, P.A., et al., Maternal Levels of Perfluoroalkyl Substances
(PFAS) during Early Pregnancy in Relation to Preeclampsia Subtypes and
Biomarkers of Preeclampsia Risk. Environ Health Perspect, 2021. 129(10):
p. 107004.

Rahman, M.L., et al., Persistent organic pollutants and gestational diabetes:
A multi-center prospective cohort study of healthy US women. Environ Int,
2019. 124: p. 249-258.

Zhang, C., et al., A prospective study of prepregnancy serum concentrations
of perfluorochemicals and the risk of gestational diabetes. Fertil Steril,
2015.103(1): p. 184-9.

Gyllenhammar, 1., et al., Perfluoroalkyl acid levels in first-time mothers in
relation to offspring weight gain and growth. Environ Int, 2018. 111: p. 191-
199.

Lauritzen, H.B., et al., Prenatal exposure to persistent organic pollutants and
child overweight/obesity at 5-year follow-up: a prospective cohort study.
Environ Health, 2018. 17(1): p. 9.

Manzano-Salgado, C.B., et al., Prenatal Exposure to Perfluoroalkyl
Substances and Cardiometabolic Risk in Children from the Spanish INMA
Birth Cohort Study. Environ Health Perspect, 2017. 125(9): p. 097018.

69



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

70

McEwen, B., Steroid Hormones and Brain Development: Some Guidelines
for Understanding Actions of Pseudohormones and Other Toxic Agents.
Environmental Health Perspectives, 1987. 74: p. 177-184.

Solano, M.E. and P.C. Arck, Steroids, Pregnancy and Fetal Development.
Front Immunol, 2019. 10: p. 3017.

Suminska, M., et al., The Impact of Obesity on the Excretion of Steroid
Metabolites in Boys and Girls: A Comparison with Normal-Weight
Children. Nutrients, 2023. 15(7).

Stern, C., et al., Placental Endocrine Activity: Adaptation and Disruption of
Maternal Glucose Metabolism in Pregnancy and the Influence of Fetal Sex.
Int J Mol Sci, 2021. 22(23).

Daynes, R.A. and D.C. Jones, Emerging roles of PPARs in inflammation
and immunity. Nat Rev Immunol, 2002. 2(10): p. 748-59.

Weisskopf, M.G. and T.F. Webster, Trade-offs of Personal Versus More
Proxy Exposure Measures in Environmental Epidemiology. Epidemiology,
2017.28(5): p. 635-643.

Steenland, K., V. Barry, and D. Savitz, Serum Perfluorooctanoic Acid and
Birthweight: An Updated Meta-analysis With Bias Analysis.
Epidemiology, 2018. 29(6): p. 765-776.

Jurek, AM., et al, Proper interpretation of non-differential
misclassification effects: expectations vs observations. Int J Epidemiol,
2005. 34(3): p. 680-7.

Wettergren, B., et al., Child Health Systems in Sweden. J Pediatr, 2016.
177S: p. S187-S202.

PubMed, Results by year. 2023.

Petersen, I.T., et al., Language ability predicts the development of behavior
problems in children. J] Abnorm Psychol, 2013. 122(2): p. 542-57.

Yew, S.G. and R. O'Kearney, Emotional and behavioural outcomes later in
childhood and adolescence for children with specific language
impairments: meta-analyses of controlled prospective studies. J Child
Psychol Psychiatry, 2013. 54(5): p. 516-24.






LUN

UNIVERSITY

Printed by Media-Tryck, Lund 2024 % NORDIC SWAN ECOLABEL 3041 0903

Exposure to perfluorinated alkyl substances and
health effects in pregnant women and their children

Pregnant women all over the world have measurable
levels of per- and polyfluorinated alkyl substances (PFAS),
a group of environmental contaminants, in their blood.
The exposure to PFAS already starts during pregnancy,
as PFAS are transferred from the mother to the child.
Pregnant women and their children are particularly
vulnerable to PFAS insults, and research is needed to
clarify health effects at different exposure levels. The
overall aim of this thesis was to use epidemiological
methods to investigate the effects of PFAS exposure on pregnancy
complications, and the health and development of children after prenatal
PFAS exposure.

Division of Occupational and Environmental Medicine
Department of Laboratory Medicine

FACULTY OF Lund University, Faculty of Medicine
MEDICINE Doctoral Dissertation Series 2024:2

ISBN 978-91-8021-495-7 =
ISSN 1652-8220 ~ o




	Tom sida
	356820_nr1_G5_Matilda.pdf
	paper 1.pdf
	Gestational hypertension, preeclampsia, and gestational diabetes mellitus after high exposure to perfluoroalkyl substances  ...
	1 Introduction
	2 Methods
	2.1 Setting
	2.2 Study design
	2.3 Data sources
	2.4 Study population
	2.5 Variables
	2.5.1 Exposure
	2.5.2 Outcomes
	2.5.3 Confounders

	2.6 Statistical methods
	2.7 Sensitivity analyses

	3 Results
	3.1 Study population
	3.2 Descriptive data
	3.3 Gestational hypertension and preeclampsia
	3.4 Gestational diabetes mellitus

	4 Discussion
	4.1 Strengths and limitations
	4.2 Conclusion

	Information of funding sources
	Information about the study protocol
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


	Tom sida




