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"Epidemiology is called the ‘basic science of public health,” but its contribu-
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self-contained, homogeneous or independent phenomena, they constitute an
inadequate object of epidemiological science.”
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Abstract

Perfluorinated compounds (PFCs), phthalates, manganese and selenium are ubiquitous
in the environment and humans and influence fetal growth and development. Register
and biobank based case-control studies were conducted to investigate the relationship
between prenatal exposure to these chemicals and attention deficit hyperactivity

disorder (ADHD) in childhood.

The study base comprised children born in Malmé, Sweden, between 1978 and 2000
that were followed up until 2005. Children with ADHD (n=206) were identified at
the Department of Child and Adolescent Psychiatry in Malmé. Controls (n=206) were
selected from the study base and were matched for year of birth and maternal country
of origin. Concentrations of PFCs, phthalates, manganese, and selenium were

measured in umbilical cord serum samples collected from a maternity unit biobank in
Malmé.

No associations between prenatal exposure to PFCs, phthalates, and manganese and
ADHD in childhood were found. Selenium, which was hypothesized to protect against
ADHD, was found to be positively associated with ADHD diagnosis in childhood.
These findings need to be replicated in other larger studies before definitive conclusions
can be drawn.






Svensk sammanfattning

Sambandet mellan exponering for miljogifter och mineraler i fosterlivet och risken att ha
ADHD diagnos i barndomen

ADHD (uppmirksamhetsstorning med hyperaktivitet) 4r en neuropsykiatrisk
funktionsnedsittning som drabbar barn och kan fortsitta till vuxen alder. Antalet barn
som diagnosticerats med ADHD har 6kat under senare ar. Om detta beror pa att man
facc mer kunskap om ADHD eller att man blivit bittre pé att diagnosticera ar svért att
uttala sig om. ADHD ir relativt vanligt (i en vanlig skolklass finns det minst ett barn
med ADHD) och varje riskfaktor som kan identifieras och som sedan kan
elimineras/reduceras kan dérfor ha stor betydelse. De senaste aren har man i djurstudier
funnit att djur exponerade for t.ex. bly eller polyklorerade bifenyler (PCBs) har uppvisat
ADHD-liknande symtom. Man kan da spekulera 6ver om 4ven andra miljogifter kan
orsaka ADHD. I detta avhandlingsarbete har vi studerat betydelsen av perfluorerade
imnen (PFCs) och ftalater. Dessa imnen ir s.k. hormonstdrande dmnen, dvs. imnen
som kan paverka vira normala hormonfunktioner.

PFCs finns framforallt i produkter som avvisar vatten, fett och smuts; sisom klader,
livsmedelsforpackningar, mdbler, och brandslickningsskum. Fralater anvinds
huvudsakligen i golvbeldggningar av plast inomhus men finns dven i andra produkter
som lim, firg, tapeter och kabel. Fralater anvinds ocksd som mjukgérare i plast och
dirfor finns de i diverse produkter som sandaler, pennskrin, suddgummin och i PVC-
tryck pd trojor. Eftersom PFCs och ftalater finns i ménga produkter som vi dagligen
anvinder har dessa kemikalier stor spridning i miljon och i minniskor.

For att kroppen skall fungera optimalt behéver minniskan mineraler i mattliga
mingder. Overskott av till exempel mangan har kopplats till negativa effekter pa
hjirnan, sirskilt pa fosterhjirnan som ir extremt kinslig f6r paverkan av gifter. Nya rén
visar dock att goda selennivier skulle kunna minska den negativa effekten av hdga
mangannivaer. | detta avhandlingsarbete har vi ddrfor dven studerat sambandet mellan
mangan- och selennivéierna i serum vid forlossningen och risken f6r ADHD-diagnos i
barndomen.

I diagnosregistret vid Barn- och ungdomspsykiatriska kliniken i Malmé identifierades
206 barn med ADHD fédda mellan 1978 och 2000. For varje barn med ADHD valdes
ett kontrollbarn utan denna diagnos. Fran kvinnoklinikens biobank i Malmé himtades
sparade navelstringsprover samt blodprover frin mddrar och i dessa analyserades
nivaerna av PFC, ftalater, mangan och selen.



I delarbete I undersokte vi vad som paverkar variationen av PFC, dvs. varfor vissa
individer har liga nivier medan andra har hoga nivier. Vi sig indikationer pa att
omfoderskor har ligre nivier av PFCs 4n forstfoderskor och att kvinnor fédda i nordiska
linder hade hogre PFC-halter jimfért med de som var fédda ndgon annanstans.
Generellt férklarade vi dock vildigt lite av variationen av PFC, vilket visar att vi inte
kan forlita oss pa t ex frigeformular utan faktiske maste mita i serum for att veta vilka
nivier en individ har.

I delarbetena II-IV studerade vi sambandet mellan PFCs, ftalater, mangan och selen
och risken f6r ADHD-diagnos i barndomen. Resultaten visar inga samband mellan
exponering for miljogifterna och ADHD diremot visar det sig att hoga halter av selen
i navelstringsblod var positivt associerade med ADHD-diagnos. Trots att studier pa
minniskor tyder pd att selen ir en antioxidant och endast 4r linkad till god hilsa har
djurstudier visat att hoga halter av det goda selenet kan skada hjirnan. Vira studier talar
alltsa inte for nigra starka samband mellan PFC, fralater eller mangan och risken for
ADHD. For att utesluta dven svagare samband krivs det dock betydligt stérre studier.
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ADHD Attention deficit hyperactivity disorder
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Introduction

Children today are at risk of exposure to 3000 new synthetic chemicals that come onto
the market every year [1]. The majority of those chemicals that go through tests to
determine toxicity are shown to have negative impact on health. Perfluorinated
compounds (PFCs) and phthalates are examples of those chemicals that have been
produced in huge amounts for more than fifty years. Children are also exposed to
natural existing elements that are vital for good health but overdose or deficiency causes
negative health effects. Examples of these trace elements are manganese and selenium.
Experimental studies provide evidence that prenatal exposure to PFCs, phthalates,
manganese and selenium has an impact on the developing brain of fetuses and small
children. Recent studies, mainly on children, have linked those chemicals and trace
elements to some neuropsychiatric disorders or symptoms, including attention deficit
hyperactivity disorder (ADHD). The developing fetuses are extremely vulnerable to
toxic chemicals and human studies on the impact of these chemicals on the risk of
developing ADHD are very limited or lacking. It is therefore this thesis was conducted
to add to the weak knowledge base within this field.

Attention Deficit Hyperactivity Disorder (ADHD)

Overview

ADHD is one of the most common neuropsychiatric conditions that affect about
5.29% of children and adolescents [2,3]. The onset of some symptoms of ADHD is
usually before age 7 and tends to persist throughout childhood. Adult follow-up studies
suggest that somewhere between one and two thirds (30-60%) of children treated for
ADHD continue to have ADHD as adults [4,5]. Adults with history of this disorder
have typically lower income, poor academic performance and underemployment, as
well as higher school dropout rates, criminality, and substance abuse [5]. Furthermore,
about 50-80% of individuals with ADHD have comorbid psychiatric disorders, such
as learning disorders, depressive disorders, and anxiety disorders [5-7]. Thus, ADHD
has a detrimental effect on individuals, their families and society as a whole.
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Characteristics and types of ADHD

The three principal characteristics of ADHD are inattention, hyperactivity, and
impulsivity [2]. Depending on which characteristics predominate, individuals with
ADHD show different signs and symptoms.

The term “attention-deficit disorder” (ADD) was introduced in the third edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-III; American
Psychiatric Association [APA], 1980) [8,9]. The DSM-III distinguished two types of
ADD: with and without hyperactivity. DSM-III included a group of 14 symptoms and
required 8 symptoms for a diagnosis. In the revised version of the DSM-III (DSM-III-
R; APA, 1987), ADD was renamed to ADHD and the majority of the symptoms
described hyperactivity and impulsivity with no possibility of an attentional disorder in
the absence of hyperactivity or impulsivity [9,10]. The DSM-III-R diagnostic criteria,
however, contained a set of criteria of severity. The subsequent editions of the DSM
(DSM-1IV and DSM-IV-R; APA, 1994 and 2000, respectively), defined three subtypes
of ADHD: predominately inattentive type, predominately hyperactive-impulsive type,
and combined type characterized by symptoms from both categories [9,11,12]. Criteria
from each DSM-IV subtype required at least six of nine symptoms in each respective
category. The combined subtype is the most commonly represented subtype
accounting for from 50% to 75% of all ADHD individuals, followed by the inattentive
subtype (20%-30%), and the hyperactive-impulsive subtype (less than 15%) [13]. In
the next version of DSM (DSM-5; APA, 2013), the age onset criteria was increased
from 7 years of age in DSM-IV to 12 years of age to reduce false negative diagnosis in
adults [14]. To be diagnosed with ADHD, children up to the age 16 should have at
least six symptoms while adolescents and adults only need five of the DSM-5 symptoms
[14]. This change in the criteria may generate an increase in the prevalence of all
subtypes of ADHD.

Diagnosis

Because there is no test or exam that can identify ADHD, a diagnosis depends on a
complete evaluation. The assessment includes physical examination, parent and teacher
report on development and behavior, clinical parent interviews, a measure of the
cognitive functioning, and measures of sustained attention [15]. To be diagnosed with
the disorder, a child must have symptoms for six or more months and to a degree that
is greater than other children of the same age [15]. When a child meets the criteria
listed in the DSM, a diagnosis is made.

Many researchers declare that ADHD diagnosis rates have been increased during the
last decade. Increasing rates of the diagnosis may reflect increasing awareness and access
to treatment, or changing in diagnosis criteria and clinical practices. There is no
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evidence to suggest an increase in the number of children in the population who meet
criteria for ADHD when standardized diagnostic procedures are followed [16].

ADHD diagnosis is not a reflection of the etiology of the disorder, but rather lists of
symptoms with considerable overlaps with other psychiatric diagnoses. This may cause
confusion among researchers. Although ADHD diagnosis is reliable, its diagnostic
criteria do not have developmentally sensitive definitions that help doctors to
distinguish between developmentally healthy levels of inattention, impulsivity, and
hyperactivity from ADHD symptoms [2]. The diagnostic criteria do not provide
guidelines to integrate diagnostic data gathered from parents, teachers, or the teenager

with the disorder [2].

Causes and risk factors of ADHD

Although much research has been done on neuropsychological, neurochemical,
neuroanatomical, environmental and genetic bases of ADHD, the exact cause of
ADHD is not fully understood. ADHD is best described as “the final common
pathway” of a number of possible etiological events [17]. Family, twin and adoption
studies have provided evidence that genes play a substantial role in ADHD, with a
hereditability estimate of 76%, ranging from 60% to 95% [5,18]. Molecular genetic
research has identified genes that may be involved in etiology of ADHD. The
catecholaminergic gene variants, particularly genes involved in dopamine and
norepinephrine metabolism and signaling are shown to have an impact on the
development of ADHD. Some of these genes are dopamine receptor genes (DRD2,
DRD4, DRD5), dopamine transporter gene (DAT1), dopamine B-hydroxylate gene
(DBH), catechol-o-methyl transferace gene (COMT), and monoamine oxidase A gene
(MAOA) [19-21]. Gene variations of the noradrenergic and the serotonergic systems
have also been linked to ADHD. Examples are variations in the noradrenergic
transporter gene (NET), serotonin receptor genes (HTR1B), serotonin transporter
genes (5-HTT), and tryptophan hydroxylase gene (TPH) [19-21]. Other candidate
genes for ADHD are the acetylcholine and glutamate receptor genes, and snaptosomal-
associated protein 25 gene (SNAP 25) [19-21]. Alterations in the catecholaminergic,
noradrenergic, acetylcholinergic, and glutamatergic neurons affect diverse cognitive,
motor, and endocrine functions with considerable overlaps as shown in Figure 1.
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Figure 1
Overlap between functions of neurotransmitters in ADHD

Despite the large genetic basis of ADHD, twin studies indicate that pre- and postnatal
environmental factors account for 12%-40% of the variance in twin ADHD scores
[22]. Findings linking prenatal environmental risk factors to ADHD in humans are
supported by animal studies. For example, prenatal exposure to toxins, drugs, maternal
stress, and poor maternal diet has been linked to ADHD or ADHD symptoms in
humans and experimental animals [23,24]. During pregnancy and the first years of the
postnatal life, the developing brain is extremely vulnerable to toxins [25]. Animal
studies have also shown that many toxins, such as nicotine, alcohol, and
polychlorinated biphenyls (PCBs) can pass the placenta to the fetus and disrupts
normal brain development [23]. The nature and severity of that disruption depend on
the type of the toxin, as well as the level, duration, and timing of exposure. Prenatal
exposure to nicotine, for example, disturbs neuronal cell proliferation and
differentiation, and cause lesions in the catecholinergic and cholinergic systems [23,24].
Exposure to alcohol during pregnancy causes neuronal loss and neurodegeneration.
PCBs pose a risk to the fetal brain by altering the thyroid functioning, neurotransmitter
levels and dopamine metabolism [23,24]. Thus, early toxic effects on brain cells and
their ability to perform specialized functions may lead to lifelong effects on learning,
behavior, and health. Low birth weight, preterm birth, and maternal age at birth have
been identified as risk factors for ADHD in numerous studies. About 13.8% of all

16



ADHD children have been suggested to be attributed to low birth weight [26]. Preterm
births have been shown to be at 2.64-fold higher risk of having ADHD [27]. Both
young and old maternal age are risk factors of ADHD [28] and teenage childbirth (<20
years) has been associated with 78% increased risk of ADHD [29]. Poverty, low
paternal education and low income, as well as family size and structure, and birth order
are examples of important postnatal psychosocial risk factors of ADHD [30,31]. Some
of these factors may not cause ADHD but influence how symptoms are expressed,
especially in those who are genetically susceptible [32]. Being a male is associated with
higher risk of having ADHD which is probably because of ADHD being less disruptive
in girls than in boys leading to under-diagnosis in girls [2].

The etiology of ADHD also involves the interplay of multiple genetic and
environmental factors [23,33], which means that the disorder may be triggered by
exposure to an environmental factor. For example, children carrying risk alleles of
DAT1 or DRD4 gene are more likely to show higher levels of hyperactive-impulsive
symptoms or DSM-IV ADHD when exposed to maternal smoking during pregnancy
[33]. Other studies have suggested interactions of genes with indicators of psychosocial
adversity, such as low income and adverse parental practices [34].

Perfluorinated Compounds (PFCs)

Overview

Perfluorinated compounds (PFCs) are a large group of commercially important man-
made chemicals that have been produced at large amounts since the late 1940s [35].
PFCs contain only fluorinated carbon atoms, except for the carbon atom in the
functional head group [35]. Depending on the functional group in the carbon chain,
PECs include perfluoroalkyl sulphonates (PFAS) and perfluorocarboxylic acids (PFCA)
[35]. Perfluorooctane sulfonate (PFOS) (Figure 2) and perfluorooctanoic acid (PFOA)
(Figure 3) are the most detected and studied PFAS and PFCA, respectively [36]. PFCs
do not degrade under any condition, including treatment with chemicals, such as
strong acids, alkalis, or oxidizing agents, photolysis, and microbial degradation [35].
Their resistance to degradation is due to the extremely strong bond between carbon
and fluorine atoms, the presence of three pairs of nonbonding electrons around each
fluorine atom, and the effective shielding of carbon by the fluorine atoms [35]. The
structure of these chemicals makes them very stable, hydrophobic (water-repelling), and

oleophobic (oil-repelling) [35].
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Figure 2
Structure of perfluorooctane sulfonate (PFOS)

Production of PFCs was mainly located to USA, Japan, and Europe [37]. The 3M
Company was the major manufacturer of PFCs with the highest production between

1970 and the late 1990s [38,39].
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Figure 3
Structure of perfluorooctanoic acid (PFOA)

Organic fluorine was first detected in human serum in 1969 [40] and this finding was
confirmed in 2001 after the development of a sensitive method for measurement of
PFCs [41]. PECs, mainly PFOS, were then detected in relatively high levels in the
environment, wildlife, and in serum of non-occupationally exposed humans
throughout the world [42]. In 2002, the 3M Company phased out its production of
PFOS and related compounds because of concerns about their persistence in the
environment and long-term health and environmental effects. To replace PFOS, other
companies start manufacturing these compounds or other fluorinated compound to
meet market demand for them [36].

Today there is limited information on the sources of emission and circulation of PFCs
in the environment. Direct and indirect sources of PFCA emissions to the environment
have been suggested [43]. Direct emissions result from the manufacture and use of
commercial products containing PFCAs, while indirect sources in the environment
include PFCAs as by-products from the manufacturing of other PFCs, or substances
that may degrade to form PFCAs. Presence of PFCs in areas far away from sources of
emissions, such as the Arctic, suggests that the compounds and their volatile precursors
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are transported over long distances through atmospheric and aquatic transport

pathways [43].

In Sweden, studies on guillemot eggs have shown that PFOS has been found in the
Swedish environment since the 1960s and that the amount has increased since then,
with a general increasing trend of between 7 and 11% per year [44]. Surveys of fish,
such as perch, burbot, brown trout, whitefish and salmon, show that PFOS is
widespread in relatively low concentrations in lakes and along the coast of Sweden [45].
PFOS is however also found in relative high levels in Swedish otters and minks [40].

Usage, exposure and metabolism

PFECs are widely used in many types of products that exploit the substances’ surface
active properties and high stability to form smooth, water-, grease-and dirt-repellent
surface coatings for textiles, carpets, paper, tiles, and leather products, in detergents, in
firefighting foams, in fat repellent paper, flooring, and many other products [35].
PFOA is mainly used in the manufacturing of polytetrafluoroethylene (PTFE, e.g.
Teflon) [47]. PFOS related substances were the most prominent in the waterproofing
and cleaning products. In Sweden PFCs have been mainly used in impregnating agents
for textiles and leather and in detergents [37].

The human exposure routes to PFCs have been considered to be via inhalation of PFCs
in outdoor and indoor air, and in household dust, through oral absorption of
contaminated water or food, and PFCs in food packaging and PTFE-cookware, and
via dermal contact with product containing PFCs [42]. Several studies suggest that
consumption of fish from contaminated waters may be a source of PFOS exposure even

for the Swedish population [45].

When entered the body, PFCs are distributed mainly to the blood and liver where they
bind to proteins, mainly serum albumin and liver B-lipoproteins or fatty acid binding
proteins [48]. In humans, PFCs are not metabolized, poorly eliminated, and therefore
have serum half-lives up to 9 years [49,50].

Concentrations of PFOS and PFOA in the Swedish general population are generally
comparable to the measured levels in other countries such as USA, Canada, Australia,
and Japan. However, they are higher compared to countries such as Italy, India, and
Belgium [42].

Prenatal exposure to PFCs
PFCs have been widely detected in pregnant women, in umbilical cord blood, and in
amniotic fluid suggesting that the developing fetus can be exposed to those chemicals

[51,52]. However, findings between studies vary. In several studies, PFOS and PFOA
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could be detected in up to 100% of blood samples collected from pregnant women and
from umbilical cord [53]. In another study conducted in Japan, the levels of maternal
blood PFOS were highly correlated with the levels in cord blood while PFOA was
detected in maternal but not in umbilical cord samples [52]. Correlations between
maternal and fetal exposure to PFCs also vary across studies.

Some studies on humans have found associations between prenatal exposure to PFOS
or PFOA and adverse birth outcomes, such as low birth weight, reduced birth length,
decreased head circumference, and smaller abdominal circumference [51,53-55].
However, other studies did not find an association between prenatal PFC exposure and
birth weight [56]. PFC blood levels detected in those studies were comparable to levels
in the general population. Animal studies show similar findings, though typically at
much higher levels than everyday human exposure [57,58].

Levels of PFCs in maternal or cord blood can be affected by several maternal or fetal
factors. Some studies have investigated the relationship between ethnicity, maternal
active smoking, mother’s age and body mass index (BMI) at pregnancy, the number of
previously born children (parity), infant sex, and gestational age and PFCs levels in
pregnant women or newborns [52-55]. However, there are inconsistencies between
results from different studies. Thus, more research on possible determinants of maternal
and fetal exposure to PFCs is needed.

Effects on ADHD/ADHD symptoms

Animal data have revealed that PFCs cross the blood-brain barrier and accumulate in
the developing brain [59-61]. The mechanism behind passage of PFCs through the
blood-brain barrier is not extensively investigated. In a new study, PFOS was shown to
trigger the opening of tight junctions in cells isolated from the human brain tissue that
are responsible for formation of the blood-brain barrier [62]. Brain uptake of PFCs may
occur even before the blood-brain barrier is formed [60].

Interest on high-lightning of the possible neural effects of PFCs on the developing brain
has increased during the last years. Animal data suggest that PFCs are neurotoxic and
exposure to them may affect neurobiological mechanisms of ADHD. Neonatal
exposure to low doses of PFCs induced irreversible neurotoxic effects in adult mice and
caused changes in behavior and habituation by altering the dopaminergic and
cholinergic system [63,64]. PFECs also alter levels of neural proteins that are important
for the formation and growth of the synapses [65] and induce apoptosis of neuronal

cells [66].

In humans, a few studies performed so far found no or inverse associations between
exposure to PFCs and ADHD or ADHD symptoms in school-age children. Two of
those studies were cross-sectional based on parent-reported ADHD diagnosis [67,68].
One study found a positive relationship between ADHD and PFC levels in the blood
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of children between 12 and 15 years [67] whereas the other study found an association
with perfluorohexane sulfonate (PFHxS) [68]. A positive association was found
between PFC levels and children’s impulsivity [69]. Since prenatal exposure to PFCs
caused behavioral problems in animals, limited human studies have been performed on
this issue recently [51,70]. One study found that prenatal PFOS levels were weakly
associated with delayed motor development in the first two years of life [51]. However,
another study found that estimated prenatal exposure to PFOA was associated with
increased 1Q and decreased in characteristics of ADHD [71]. Thus, the potential
relationship between prenatal PFC levels and ADHD need to be further investigated.

Phthalates

Overview

Phthalates are a family of high production organic chemicals produced at huge amounts
since the 1930s [72]. These chemicals are mainly used as a lubricants or plasticizers
[72]. Phthalates are classified into two groups depending on their molecular weights;
high molecular weight phthalates (such as di-isononyl phthalate (DiNP), di-isodecyl
phthalate (DiDP), and di-2-ethyl-hexyl phthalate (DEHP)) and low molecular weight
phthalates (such as di-butyl phthalate (DBP), di-methyl phthalate (DMP), and di-ethyl
phthalate (DEP)) [73]. The most commonly used plasticizers are DEHP, DiNP, and
DiDP, which constitute more than 75% of phthalates used in Europe [74]. About 5000
to 6000 tons of phthalates are used in Sweden every year [75]. The generic chemical
structure of phthalates is shown in Figure 4.
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Figure 4

Generic chemical structure of the phthalates. R is an alkyl and/or aryl group: CHj; (di-methyl phthalate),
CH:CHj5 (di-ethyl phthalate), (CH2)sCHs (dibutyl phthalate), CH.CH(CH.CH;)(CH.)sCHs (di-2-
ethyl-hexyl phthalate).
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In recent years, some phthalates have raised concerns internationally and as a result
some have been banned in Europe and in the United States [76].

Usage, exposure and metabolism

High molecular weight phthalates make plastics flexible, and therefore are widely used
in products like vinyl flooring, medical devices, wall coverings, and food containers.
Low molecular weight phthalates are often found in personal care products that carry
a scent, such as cosmetics, lotions and perfumes [77]. Because they are not chemically
bound to the plastics, phthalates can leach into the surrounding environment. As a
result they are routinely found in indoor air [78] and dust [79] as well as in food and
water [80]. This leads to exposure via inhalation, ingestion, and dermal contact [74].

Once phthalates enter the body, they become metabolized in two steps [76]. In the first
step, phthalates are hydrolyzed to their respective monoesters in the intestines or other
tissues. High molecular weight phthalates undergo further oxidative metabolism to
become more polar and easier to excrete by the renal system. These hydrolyzed
monoesters and oxidative metabolites can be excreted in the urine and feces unchanged
or undergo the second step of metabolism, called conjugation, to form the hydrophilic
glucuronide conjugate which are easily excreted into urine within 24 hours. Phthalates
are therefore not stored in the body.

Phthalate metabolites could be detected in human fluids such as urine, blood, and
breast milk [72]. Infants may experience higher exposure to phthalates than adults with
respect to their body weight [73].
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Prenatal exposure to phthalates

Phthalate metabolites cross the placenta and have been found in amniotic fluid [81],
placental tissue [82], cord blood [83] and neonatal meconium [84]. When studying
health effects of prenatal exposure to phthalates, researchers usually measure the
metabolites in the urine of pregnant women due to the relatively low levels detected in
other biological fluid samples [83,85]. However, some studies measured phthalate
metabolite levels in cord plasma or serum but found no or weak correlations with
corresponding maternal plasma or serum [86].

Animal and human studies show that prenatal exposure to phthalates has negative
impact on reproductive health, gestational length, birth size, and neurodevelopment
[77]. However, human data is limited.

Effects on ADHD/ADHD symptoms

Because fetuses and infants are more sensitive to toxic effects of chemicals and infants
may experience higher exposures to phthalates than adults, prenatal and neonatal
exposure phthalates disturbs brain development, even at levels lower than their No
Observed Adverse Effect Level (NOAEL) or Low Observed Adverse Effect Level
(LOAEL) [87].

Animal data show that exposure to phthalates causes hyperactivity reminding of the
clinical picture of ADHD as observed in humans [88,89]. Prenatal exposure to
phthalates, such as DBP and DEHP, led to adverse neurobehavioral effects in mice and
rat offspring [90,91]. These neurobehavioral effects in animal offspring could be caused
by hippocampal neuron loss and structural alternation, as well as change in the
expression patterns of the DRD4 and DATTI in the brain [90,92]. Upon DEHP
exposure, several neurodegenerative areas in rat brain have been identified [93]. DEHP
metabolites have been shown to disturb neurodevelopment by suppressing cell
proliferation and promote cell differentiation in neurocytes in vitro [94]. Male pups
appeared to be more susceptible to DBP exposure than females [95].

Human data show that some phthalate metabolites are associated with ADHD, ADHD
symptoms, ADD, learning disability (LD), intelligence scores in school-aged children
[96,97]. Prenatal exposure to phthalate metabolites has been associated with poor birth
outcomes [98], neurological outcomes [99], behavioral problems [100], decreases in
psychomotor and mental development [101], reduced masculine play [102],
nonoptimal reflexes [103], and social impairment [104] in infants or children. Many
of those finding are sex specific [100,101,103]. A recent study has identified an
association between urine phthalate metabolite levels and ADHD children with
evidence of DRD4 gene-phthalate interaction [105]. The potential relationship
between prenatal phthalates and ADHD diagnosis has not been investigated yet and
research within this issue would be appreciated.
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Manganese

Overview

Manganese is a naturally occurring metal and an essential trace element comprising
about 0.1% of the earth's crust (Figure 5) [106]. Manganese does not occur in the
environment as a pure metal, but combined with other substances such as oxygen,
sulfur, and chlorine. As with other elements, manganese does not break down in the
environment. Manganese is found in the air, bedrock, and soil, and may be leached
into the groundwater. The highest water levels of manganese are generally in wells

[106].

As an essential nutrient, manganese is necessary for human health and is involved in
many metabolic functions in the body, is required for the formation of healthy cartilage
and bone and the urea cycle, plays a key role in wound-healing, and is included in
certain protection against free radicals [107,108]. Although sufficient levels of
manganese intake are essential for human health, both deficiency and overexposure are
associated with negative health effects [109]. The primary target of manganese toxicity
is the central nervous system [106].

(o)

Figure 5
Manganese
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Usage, exposure and metabolism

Because manganese is a natural component of the environment, humans are exposed
to low levels of it in water, air, soil, and food [106]. Manganese is also used in many
industrial and commercial applications, such as in production of steel, dry-cell batteries,
fireworks, porcelain, and glass-bonding materials [106,110]. It is also found in the fuel
additive methylcyclopentadienyl manganese tricarbonyl (MMT) and in fungicides
[110]. Emissions from the manufacture and release from usage of manganese-
containing products are responsible for the additional manganese in air, soil, and water

[106].

Once entering the body, manganese-containing chemicals break down to release
manganese. As an element, manganese cannot be broken down and most manganese is
eliminated from the body through the bile and only a small fraction leaves the body in
urine and feces within a few days [106].

Manganese has been detected in biological samples including blood, urine, breast milk,
and hair [106,111].

Prenatal exposure to manganese

During pregnancy, manganese in maternal blood crosses the placenta to maintain
normal development of the fetus [112,113]. Manganese has been measured in cord
blood plasma or serum of premature and full-term infants and their mothers [113].
Gestationally older infants have higher levels of manganese than preterm infant,
suggesting that manganese levels may rise slightly as the fetus approaches birth [114].
Manganese is suggested to be actively transported through placenta because manganese
levels in fetuses are usually higher than the corresponding maternal levels [112,115].

Epidemiological studies conducted on prenatal exposure to manganese have found
negative effects of low and high levels of this nutrient on fetal growth, development,
and survival [116,117].

Effects on ADHD/ADHD symptoms

Manganese is neurotoxic at high levels. This has been observed in occupationally
exposed people inhaling high airborne manganese levels [106]. Chronic exposure to
high levels of manganese results in a permanent neurological disorder known as
manganism with symptoms that include tremors, difficulty in walking, and facial
muscle spasms [100].

Manganese has been shown to cross the blood-brain barrier [118]. Epidemiological
studies indicate that oral exposure to manganese, especially from contaminated water
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sources, may lead to neurological effects in children, including poor school
performance, impaired cognitive function, decreasing intelligence scores, abnormal
performance on neurobehavioral tests, and increased oppositional behavior and
hyperactivity [119-122]. There is cross-sectional evidence that high manganese blood
levels in school-age children are associated with ADHD, but provide inadequate
evidence to establish a causal relationship with this disorder [123].

Experimental and animal studies may indicate that the neurotoxicity effect of
manganese could be due to selective destruction of dopaminergic neurons, and
alteration in the brain expression of dopamine, dopamine receptors and dopamine
transporter proteins [124-127]. Manganese may also trigger autoxidation or turnover
of dopamine, leading to increased production of free radicals and other cytotoxic
metabolites as well as depletion of cellular antioxidant defense mechanisms [128,129].

Because fetal brain is susceptible to injury by neurotoxins, it is of importance to study
the effects of prenatal manganese exposure and neurobehavioral outcomes at later age.

Selenium

Overview

Selenium is a naturally occurring element that is widely distributed in the earth's crust
(Figure 6) [130]. However, elemental selenium is seldom found naturally, but, as in
the case of manganese, is usually combined with other substances [130]. It is commonly
found in rocks and soil. Natural weathering of rocks and soils releases selenium in water,
which may be taken up by plants. Weathering and volcanic eruptions release selenium
into the air. Burning coal or oil also releases selenium into the air. Airborne selenium
can enter the soil or surface water [130].

Selenium is an essential trace element needed for healthy body growth and function. It
is a biologically active part of about 30 important proteins and enzymes, named
selenoproteins, involved in antioxidant defense mechanisms, thyroid hormone
metabolism, and redox control of intracellular reactions [131,132]. Low levels of
selenium in the body have been associated with negative health effects, including
increased risk of cancer [130,132].
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Figure 6
Selenium

Usage, exposure and metabolism

Selenium is ubiquitous element in the environment and can occur from both natural
and anthropogenic sources [130]. Selenium is used in some photographic devices,
plastics, paints, anti-dandruff shampoos, fungicides, vitamin and mineral supplements,

and red and black glass [130,133].

The major intake of selenium in the general population is from diet, and to a lesser
extent, from water intake and air [130]. There is a potential for exposure to higher-
than-normal levels of selenium in people living in areas with naturally high selenium
levels in the soil, or in people who occupationally exposed to selenium [130]. People
may also be exposed to selenium from industrial sources [130].

In the body, selenium is metabolized via different pathways to selenide [131]. Selenide
is then used either for selenoprotein biosynthesis or for biomethylation to metabolites
that can be released in the breath and or excreted in urine [132]. The biological half-
life of selenium in human body is estimated to be 100 days [134].

Selenium is usually measured in plasma or serum, but selenium metabolites have also
been measured in urine [130].
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Prenatal exposure to selenium

Selenium is needed for proper health and development of the fetus and therefore is
transferred to the developing fetus through placenta. This trace element has been
measured in pregnant women and their fetuses [135-137].

Effects of prenatal selenium on health of infants and children are not well explored, but
there is some evidence that infants to selenium-deficient mothers are preterm and small
for gestational age as well as having decreased cognitive function [138,139].

Effects on ADHD/ADHD symptoms

Although low selenium intake has detrimental effects on proper brain function in
humans [140], acute oral exposure to selenium compounds causes aches and pains and
irritability, as well as chills and tremors [130].

Several experimental studies show that selenium protects neonates from manganese
neurotoxicity, reversed manganese induced impairment of dopaminergic
neurotransmission in mice, and prevented the increased permeability of the blood-
brain-barrier to toxins induced by free radicals [141-143]. An epidemiological study
conducted on human fetuses found a high level of umbilical cord serum manganese
increased the risk of low Neonatal Behavioral Neurological Assessment (NBNA) scores
in neonates while high cord serum selenium reduced that risk [144]. However,
neurotoxic effects of selenium have also been shown in laboratory studies as
summarized in Vinceti et al. [145], including behavioral and neurological
manifestations in mice, increase in brain dopamine levels and metabolites , alteration
of cholinergic signaling and degeneration of cholinergic neurons, inhibition of
glutamate uptake, induction of apoptosis in cultured mouse cortical neurons even at
very low concentrations, and reduction of locomotor activity. These experimental
studies may, or may not, necessarily be relevant to humans.

Because of the inconsistencies between experimental and human studies, and because
effects of prenatal selenium on neurodevelopment and ADHD have not been
investigated, research on this issue is needed.
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Aims and objectives

PFCs, manganese, selenium, and phthalates have been shown to pass the placental and
blood-brain barriers and exert diverse effects on the developing brain. Prenatal and
postnatal exposure to environmental toxins, such as lead and PCBs has been shown to
be associated with ADHD and this may be valid for other toxins with similar properties.
PFCs, manganese, and phthalates have been linked to impaired behavior, decreased
attention, and increased impulsivity and hyperactivity and therefore they could be even
linked to ADHD. Selenium is known to be neuro-protective and recent studies show
that it protects from manganese-induced neurotoxicity. For those reasons, we
hypothesized that prenatal exposure to PFCs, manganese, and phthalates lead to
ADHD diagnosis in childhood and prenatal selenium protects against ADHD that may

be caused by manganese.

The main aim of the present studies was to investigate the associations between prenatal
exposure to PFCs, manganese, selenium, and phthalates and ADHD diagnosis in
childhood. Case-control studies based on registries and a biobank were performed to
investigate the hypotheses. The secondary aim of the studies was to explore the
associations between PFC, phthalate, manganese and selenium concentrations in
maternal and cord serum, where we hypothesized positive correlations. Determinants
of maternal and fetal exposure to PFCs and time trends of these compounds were also
explored.
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Materials and methods

Study population

Case-control studies were performed to investigate the hypotheses. At the Department
of Child and Adolescent Psychiatry in the city of Malmd, 419 children born and living
in Malmé between 1978 and 2000 with ADHD diagnosis were identified and were
followed up until 2005. During the study period, the children with ADHD were
diagnosed by one of ten experienced clinicians at the department using the DSM
criteria. A child with suspected attention difficulties, hyperactivity and/or difficulties
with impulse control is usually referred to the child and adolescent psychiatry by a
special teacher and a school psychologist or by the parents. The assessment begins with
gathering information about the child’s general medical health condition and the
child’s development from birth until the present time. The school psychologist or the
psychologist at the psychiatric clinic performs a cognitive testing with the Wechsler
Intelligence Scale (WISC). The parents and the teacher are asked to fill in
questionnaires like the Swanson, Nolan and Pelham IV (SNAP-IV), Conner’s
questionnaire or the 5-15 questionnaire which all cover the symptoms of ADHD.
Parents are usually asked to fill in the Behaviour Rating Inventory of Executive
Function (BRIEF) questionnaire concerning the child’s executive functions in every-
day life. Sometimes a member of the team at the clinic observes the child at school. The
child’s ability to concentrate is tested with the Test of Everyday Attention for Children
(TEA-Ch) or with a computerized test of attention such as QB-Tech or the
Integrated Visual and Auditory (IVA+). The child psychiatrist performs a paediatric
examination with assessment of neurological soft-signs. The child’s behaviour in
different test situations and at the visits at the clinic is observed and registered. When
all parts of the assessment have been performed, a team consisting of doctor,
psychologist and sometimes a social worker meet and discuss the findings to come to a
consensus decision concerning the diagnosis using DSM criteria. The DSM criteria
DSM-III-Ry; and DSM-IV1; were used before 1994 and from 1994 and onwards,
respectively. Age at the time of diagnosis varied between 5 and 17 years, with most
children being diagnosed between the ages of 8 and 12 years.

Using the personal identification numbers, children with ADHD were linked to the
Swedish Medical Birth Register (SMBR) which contains demographic and obstetric
information on nearly all (99%) the mothers and the infants in Sweden. Standardized
record forms are used at all antenatal clinics, delivery units, and pediatric examinations
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of newborn infants. Copies of these forms are sent to the National Board of Health,
where they are computerized. Nearly all pregnant women receive free antenatal care.
The MBR is annually linked with Statistics Sweden to obtain information on, for
example, the infant’s identification numbers and parental citizenship. Umbilical cord
serum samples for children with ADHD were collected from the Malmé Maternity
Unit Serum Biobank (MMUSB) using the personal identification numbers. Nearly all
deliveries in Malmo take place at the Malmé University Hospital Maternity Unit,
where blood samples from the mother and from the umbilical cord of the newborn
have been collected at the time of delivery since 1969. Maternal blood was collected
during early labor by venous puncture in vacutainer tubes, and the cord blood has been
decanted into sterile sample tubes immediately after birth. The sample tubes were
stored overnight in a refrigerator at +8 °C for sedimentation. The next morning, the
sera were collected and frozen in polypropylene plastic test tubes at -20 °C until
analysis. There are approximately samples from 70 000 deliveries stored at the biobank.

Controls were selected into two phases. In the first phase, for each ADHD child with
an available umbilical blood sample in the biobank, three next-baby-born with serum
samples of the same sex were selected as controls. However, a new publication by
Gustafsson and Killén [28] revealed the impact of maternal country of birth on the
diagnosis of ADHD. Thus, the benefit of matching for the maternal country of birth
completely overrode that from matching for the infant’s sex. Therefore, in the second
phase, a pool of ten eligible controls per ADHD case were collected from the SMBR
and were matched to the ADHD children for year of birth (+12 months) and country
of birth of the mother. One of the three next-baby-born serum samples from the first
phase matched for year of birth and maternal country of birth was used if no newborn
in that eligible pool of controls had an available umbilical blood sample in the biobank.
The selection procedure for cases and controls is presented in Figure 7.

To explore the concentrations of the environmental toxins and trace elements and the
correlations between them in maternal and cord serum, the corresponding maternal
sera for the control children were collected from the same biobank using the personal
identification numbers. However, in Paper I additional control children without
ADHD and autism diagnoses and matched mothers were used.
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Laboratory analyses

PFCs and cotinine

The analyses of PFHxS, PFOS, PFOA, perfluorononanoic acid (PFNA),
perfluorodecanoic  acid ~ (PFDA),  perfluoroundecanoic  acid  (PFUnDA),
perfluorododecanoic acid (PFDoDA), and cotinine were performed using a hybrid
triple quadrupole linear ion-trap mass spectrometer (LC/MS/MS; UFLCXR,
Shimadzu Corporation, Kyoto, Japan; QTRAP 5500; Sciex, Framingham, MA, USA)
as described by Lindh et al. [146]. Only FPOS, PFOA, and PFNA could be analyzed
in the serum samples. Usually we are able to analyze several more PFCs with the method
but some factor, probably during the storage of the samples, resulted in a high
background noise in the chromatograms making detection of some PFCs not possible.
Although maternal serum contained only linear PFOS, both linear and branched PFOS
were found in the cord serum. This could be due to that the cord blood had been
contaminated with branched PFOS during sampling. Therefore, only results for linear
PFOS were reported.

Phthalates

Phthalate metabolites were analyzed in serum samples by liquid chromatography
tandem mass spectrometry (LC-MS) as described by Specht et al. [147]. Analyses
included the secondary oxidized metabolites of DEHP (mono-2-ethyl-5-hydroxyhexyl
phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate (MEOHP) and mono-2-
ethyl-5-carboxypentyl phthalate (MECPP), and DiNP (mono-4-methyl-7-hydroxy-
octyl phthalate (7OH-MMeOP), mono-carboxy-iso-octyl phthalate (MCiOP), and
mono-4-methyl-7-carboxyheptyl phthalate (7cx-MMeOP)). However, only MEHHP,
MECPP, and MCiOP could be detected in the samples.

Manganese and selenium

The concentrations of manganese and selenium were determined by inductively
coupled plasma-mass spectrometry (ICP-MS; Thermo X7; Thermo Elemental,
Winsford, UK) according to Barany et al. [148]. Cord serum lead concentrations were
also measured in the samples, but unfortunately the samples were suspected to be
contaminated with lead and therefore we decided not to use lead levels in our study.
The contamination source is most probably the original sample vials that were used by
the Serum Biobank.
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Statistical analyses

Concentrations of the environmental toxins and trace elements below the limit of
detection (LOD) in individual samples were replaced with the value of LOD or
LODN2.

To make sure that selection bias was not introduced among the controls, maternal and
infant characteristics of the controls were compared to the regional data (region of
Skine, Sweden) obtained from the SMBR. Since information on maternal smoking
were first recorded in the register in 1982, data before that date was not included.

The following statistical tests were used in the present studies and thesis:

Mann-Whitney U test and Kruskal-Wallis test were used to compare characteristics
between pregnant women and their fetuses and to compare concentrations of the toxins
and trace elements between ADHD children and controls.

Spearman’s rank correlation coefficient was used to investigate the correlations of the
toxins and trace elements between maternal and umbilical cord serum samples.

The Wilcoxon matched-pairs signed-ranks test was used to investigate differences in
concentrations of the toxins and trace elements between maternal and cord serum, and
between ADHD children and controls, respectively.

Linear regression analysis was performed to study the time trends for PFCs during the
study period. In this thesis, this test was also used to explore the determinants of
maternal and fetal exposure to PFCs, phthalates, manganese, and selenium.
Determinants of exposure to those chemicals and trace elements were investigated in
native Swedish women and their fetuses as there were only few non-native Swedish
individuals per country group.

Conditional logistic regression analysis was performed for investigating the association
between PFCs, manganese and selenium, or the sum of DEHP metabolites (MEHPP
and MECPP) and the DiNP metabolite MCiOP (in nM) in cord serum and ADHD
diagnosis. When the exposure was used as continuous variable, the odds ratio was
calculated for every one unit increase (ng/mL for PFCs, pg/L for manganese and
selenium, or nM for the sum of phthalate metabolites) in the umbilical cord
concentrations of the environmental toxins and trace elements. Exposure was also used
as categorical variable and the odds ratio was calculated for concentrations at different
cut-offs that were arbitrary selected. PFCs and phthalates are synthetic chemicals and
they exert negative effects on human health usually at high levels. Thus, the upper
quartile was arbitrarily selected as the cut-off value for those chemicals. Manganese
concentrations above the 90" percentile and selenium concentrations below the 10® or
above the 90™ percentile were arbitrary selected as cut-offs due to that both manganese
and selenium are essential nutrients and we believe that the waste majority have
concentrations within the normal range.
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Covariates

From SMBR we obtained data on birth weight, gestational age, birth length, head
circumference, Apgar scores, infant sex, parity, maternal smoking during pregnancy,
mothers’ age at pregnancy, BMI, mode of delivery, and country of birth of the mother.

Confounders

The confounder factors considered in the associations between the investigated
environmental toxins and trace elements and ADHD diagnosis in childhood were based
on previous findings on factors that affect exposure levels of the toxins and trace
elements and ADHD, respectively. Covariates that were suspected to be in the causal
pathway between the exposure and the outcome, such as birth weight, were not

adjusted for.

Matching of ADHD children and controls

Controls were matched to ADHD children for year of birth and maternal country of
birth to make control for confounding more efficient since the sample size is relatively
small. In a previous study used the same ADHD children of our studies and a reference
group consisted of all individuals without ADHD diagnosis whose mothers were living
in Malmé between 1986 and 1996, higher odds of having an ADHD diagnosis for
native Swedish children compared to children of mothers born outside Sweden was
found [28]. Since the proportion of immigrants is relatively high in Malms, no
matching for the maternal country of birth might result in a false positive relationship
between the investigated toxins and manganese and ADHD.

Diagnosis criteria for ADHD have been changed during the study period. The main
exposure route to PFCs, phthalates, manganese, and selenium is suggested to be
through diet. As we believe that, at least, diet styles may differ between countries, we
matched for the year of delivery to remove the effect of those differences in exposure
levels to those toxins and trace elements and diagnosis on the results.

Power calculation

The power calculation was based on 206 ADHD children and matched controls (1:1).
With the current setting, we had an 80% chance of detecting a difference in the levels
of 0.20 standard deviations, with o value of 0.05, between cases and controls. For the
analysis of the threshold effect (above the upper quartile), with a value of 0.05 and 3
value of 0.80, the lowest detectable odds ratio was 1.8.
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Results and discussions

Comparing the control group to the general population

We compared the maternal and the infant characteristics of the study controls to the
general population in Skine from the SMBR. After exclusion of individuals who gave
birth to children before 1982, we had 204 (out of 206) mother and infant pairs. There
were only slight differences between the study cohorts and the population in Skine as
shown in Table 1. However, those differences were based on small number of
individuals in the respective categories and not believed to affect our results.
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Table 1
Characteristics of the mothers and the infants compared to the regional data from the medical birth
register between 1982 and 2000.

Cohort prevalence n (%)  Regional prevalence from
Medical Birth Register (%)

Maternal age (years)

<20 6(2.9) (2.6)
20-24 41 (20.1) (19.9)
25-29 74 (36.3) (37.2)
30-34 55 (27.0) (27.9)
35-39 19 (9.3) (10.6)
> 40 9 (4.4) (1.8)
Maternal country of origin
Sweden 169 (82.8) (84.6)
Country other than Sweden 35 (17.2) (15.4)
Parity
1 104 (51.0) (41.8)
2 69 (33.8) (36.1)
>3 31 (15.2) (22.1)
Smoking during pregnancy
Unknown 6(3.0) (7.3)
Non-smoker 136 (66.7) (75.5)
1-9 cigarettes 36 (17.6) (15.1)
>9 cigarettes 26 (12.7) (9.4)
Birth weight (grams)
<2500 5(2.5) (4.3)
2500-4000 149 (73.0) (78.6)
>4000 50 (24.5) (17.1)
Gestational age (weeks)
<37 7 (3.4) (5.9)
>37 197 (96.6) (94.1)
PFCs

In paper I, potential determinants that could influence PFC concentrations in mothers
and their fetuses were investigated. The results revealed that parity, maternal country
of birth, and gestational age were the potential determinants of maternal and fetal
exposure to PFCs. We found positive correlations between cord PFOS, PFOA, and
PENA concentrations and gestational age. Maternal PFOS and PFOA concentrations
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were higher in primiparous than multiparous women. These findings suggest that
pregnancy might serve as a body purifier for PFCs through transmission of these
compounds to the fetus during pregnancy and to the newborn through breastfeeding.
There were also obvious differences in PFC levels between different countries of origin.
Native Swedish women had higher levels of PFCs as compared to women originating
from other countries but living in Sweden. This could be due to that non-native
Swedish women were exposed to low levels of PFCs in their own countries before
moving to Sweden and they have been living in Sweden for a short time. Unfortunately,
we lack data on how long they have been living in Sweden. Other reasons for the
differences in the levels might be differences in sources, distribution, exposure routes,
genetic susceptibility, diets, and lifestyles between women with Swedish and non-
Swedish origin. When linear regression analysis was performed to investigate the
determinants of exposure to PFCs in native Swedish women and their fetuses PFOA,
but not PFOS, was still higher in primiparous ($=0.7, p=0.001, adjusted R*<0.071)
than multiparous women. Cord PFOA showed the same trend, although not
statistically significant (B=2.1, p=0.07, R’=0.011). The results from the linear
regression analysis also showed that maternal and cord serum PFOS increased with age
(maternal serum: $=0.65, p<0.05, adjusted R*=0.043; cord serum: 2.01, <0.05, 0.030).
Since the investigated determinants only explained about 1% to 7% of the variation in
maternal and cord PFC concentrations, we need to study the determinants of exposure
in a larger study base before big conclusions are drawn.

In agreement with previous findings, maternal PFC concentrations were higher than
umbilical cord PFC concentrations in our population. We examined the temporal
trends of PFCs in native Swedish women and found that the serum PFC levels were
roughly unchanged between 1978 and 2001 except for PFOS which increased with
time. This finding is in accordance with a recent study in Swedish women for the period
between 1987 and 2007 [149].

In paper II, we found no statistically significant associations between exposure to PFCs
during pregnancy and ADHD diagnosis during childhood (Table 2), although the
measured umbilical cord concentrations of PFOS were high compared to other
countries [150-152]. A sub-analysis including only boys showed similar estimates as
when both sexes were included (Crude ORs [95% CI] for every 1ng/mL increase in
PFOS and PFOA were 0.96 [0.89-1.02] and 0.97 [0.91-1.03], respectively; and for
the categorical PFOS and PFOA (>75" percentile) were 0.71 [0.4-1.2] and 0.97 [0.91—
1.03], respectively). The negative finding in the present study could be due to that the
statistical power was not strong enough to find weaker associations. A recent Danish
study found no associations between prenatal exposure to PFCs and ADHD [153].
After adjustment for potential confounders, the highest quartile of maternal PFOS and
PFHxS tend to be "protective” against having a child diagnosed with ADHD. When
the authors mutually adjusted for all the PFCs in the same regression model, PFOS and
PFHxS remained to be inversely associated with ADHD, but PFOA and PFNA became
positively associated with ADHD. We found the same trend after including PFOA and
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PFOA in the same model (Table 2). Whether this pattern occurs due to chance or
multi-co-linearity bias, or it may reflect a true interactive or mixture effects, it is worth
to pay attention. One might speculate that PFCs with the functional group sulfonate
are negatively associated, and those with carboxylic acid are positively associated with
ADHD. In a subsequent study on that Danish cohort, the authors suggested that the
weak inverse association between prenatal exposure to PFCs and ADHD may appear if
PFCs do not cause ADHD but have negative effect on fetal survival [154]. Thus,
researchers should be aware of bias as a result from conditioning on live births in cohorts
with high rates of perinatal death. For our population, this issue is not believed to affect
our results due to the low perinatal death rates in Sweden.

Table 2
The crude and adjusted odds ratio with 95% confidence interval of attention deficit hyperactivity
disorder (ADHD) and exposure to perfluorinated compounds.

ADHD diagnosis
Crude OR (95% CI)  Adjusted OR (95% Adjusted OR (95%
CI® CIP

PFOS

< 75% percentile 1 1 1

> 75% percentile 0.82(0.51-1.3) 0.81 (0.50-1.3) 0.78 (0.44-1.3)
PFOA

< 75" percentile 1 1 1

> 75% percentile 1.03 (0.65-1.6) 1.07 (0.67-1.7) 1.3 (0.73-2.2)

OR, odds ratio; CI, confidence interval; *Adjusted for smoking during pregnancy parity, and gestational
age; "Adjusted for all covariates in a) and PFCs

Phthalates

In paper III, phthalate metabolites could be found in umbilical cord serum with good
correlation with maternal serum phthalate metabolite concentrations, but no
association between prenatal exposure to phthalate metabolites and ADHD in
childhood was found. These findings did not change when male infants were restricted
to the analyses (OR [95% CI] for each 1nM increase in > DEHP metabolites was 0.99
[0.94-1.04] and MCiOP OR=0.98 [0.94-1.02], for categorical Y DEHP (>75%
percentile) OR=1.1 [0.62-1.9], and MCiOP OR=0.86 [0.49-1.5]). Phthalates have
short biological half-lives in the body tissues and the levels of phthalate metabolites are
usually lower in serum than urine. Misclassification of exposure to phthalate
metabolites may be present in this study since we had a single serum sample collected
at delivery. In addition, phthalate metabolites in the urine show within-subject
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variability and exposure assessment should therefore not be based on one point
measurement [155]. However, if sources and daily patterns of exposure remain
relatively unchanged, a single measurement may reflect a typical measurement at any
time during pregnancy. As with the other studies of this thesis, the present study is also
limited by its modest sample size, and consequently the limited statistical power to
detect subtle effects.

Results from linear regression analysis showed that MECPP increased in fetuses to
second-hand smokers ($=0.66, p=0.003, adjusted R*=0.030) while MCiOP decreased
in fetuses to non-smokers (B=-1.1, p=0.045, adjusted R*=0.017) compared to fetuses
to smoking women. These results have not been seen by other investigators before and
could be due to chance findings.

Manganese

Paper IV showed no associations between fetal exposure to manganese and ADHD
diagnosis in childhood. When the analyses were restricted to male infants, the estimates
remained relatively unchanged (OR [95% CI] for each 1pg/L increase in manganese
was 1.01 [0.94-1.1], and for categorical manganese (>90" and <90™ (ref) percentile)
was 1.1 [0.51-2.3]).

Serum samples were the only available biological matrix, since the study design is based
on a historical serum biobank. Anyhow, serum levels along with urine levels are the
least recommended for assessing manganese exposure since about 66% of manganese is
bound to hemoglobin in the erythrocytes and is also found inside leukocytes as cofactor
of several enzymes [156], with a short half-life of about 40 days [157]. Maybe that was
the reason that no association was observed with manganese levels, associated with fact
of the relatively small sample size. This issue is even more important when we opted by
stratifying in 90 percentiles which resulted in few fetuses with the highest manganese

levels in the upper percentile, which is not the case in the study performed by Yang et
al. [144].

In this paper we also found that manganese concentrations were higher in cord than
maternal serum, which is in accordance with previous studies. This suggests that
manganese is actively transported through placenta to satisfy the fetus’s need of it.
Among the investigated factors that could influence manganese levels in native Swedish
women and their fetuses, only infants born between 37 and 41 weeks had lower cord
manganese levels compared to those born after week 41 (B=-2.5, p=0.006, adjusted
R?=0.013). Manganese levels have been found to increase with advanced gestational age
in other studies [50,114,115], which indicates that high manganese demands of the
developing fetus during pregnancy result in increased blood manganese levels. Human
data show that it is difficult to estimate past exposure to manganese by analysis of
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manganese levels in blood, urine, or tissues due to several factors [106]. First,
manganese is found in all human tissues and fluids as humans are mainly exposed to it
through diet. Therefore, above average exposure is a result of an increase over a variable
baseline. Second, manganese has a short half-life and is rapidly excreted in the bile,
feces, and very little in the urine. Third, manganese metabolism is affected by
homeostatic regulation, so above average exposures may induce small changes in fluid
or tissue levels [106]. Manganese concentrations in our population are therefore
representative for the third trimester of the pregnancy.

Selenium

In paper IV, high selenium concentrations surprisingly increased the odds of having an
ADHD diagnosis in childhood. Odds ratios increased were roughly unchanged when
analyses were restricted to male infants (OR [95% CI] for each 1pg/L increase in
selenium was 1.02 [0.99-1.05]; for fetuses with selenium levels <10 percentile (10-
90™ percentile as ref) OR=1.8 [0.78-4.49]; for those with levels >90™ percentile
OR=3.7 [1.5-8.8]). Although selenium has been suggested to be neuroprotective in
humans and animals, neurotoxic effects due to high levels of selenium have been seen
in experimental studies mentioned earlier in this thesis. Thus, it is of importance to
investigate the effects of selenium on neurodevelopment in humans before any
conclusions can be drawn. As mentioned earlier, selenium is present in about 30
selenoproteins [131]. For this study, total selenium was measured and therefore it is
not possible to determine whether the positive relationship between selenium and
ADHD is attributed directly to this trace element per se or to one of the selenoproteins.

We found higher maternal serum selenium levels compared to cord serum levels, a
finding reflects the literature to date. Among the investigated factors that were
suspected to influence serum selenium levels, only decreased parity was negatively
correlated with maternal serum levels (B=-8.5, p=0.01, adjusted R*=0.055). This
finding is not in agreement with two previous studies that showed no association
between plasma selenium concentrations in pregnant women and parity [158,159].

General discussion

Methodological considerations

Some types of bias may be introduced in our studies. First, selection bias might be
presented in our studies since we did not find umbilical cord samples for all children
with ADHD in the biobank or when the amount of the serum was not enough to
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measure the levels of the toxicants in some samples. However, we don’t believe that
those cases with no cord serum in the biobank or with small amount of serum have the
highest levels of the toxicants as our population of pregnant women were not aware of
the study purpose prior to collection of their blood samples.

Second, design bias may affect the statistical power of the studies. During our study
period, the clinical diagnostic criteria for ADHD were changed from the definition in
DSM-III-R to the definition in DSM-IV, where DSM-1V is regarded as more inclusive
and therefore yield a higher prevalence of ADHD [160]. About 93%-97.5%
individuals who fulfill a diagnosis of ADHD according to DSM-III-R also fulfill the
diagnostic criteria according to DSM-IV [161-163]. In addition, 85% and 60% of
individuals with ADHD according to DSM-IV that also fulfilled diagnostic criteria
according to DSM-III-R [161,163]. Thus the overlap between ADHD diagnoses
according to DSM-III-R and DSM-IV is considerable. The more inclusive diagnosis
used in the latter part of the study probably includes some less severe cases which might
slightly weaken possible statistical associations between exposure to the chemicals and
trace elements and having an ADHD diagnosis.

Third, our studies may be subject to problems with misclassifications of the exposure
and the outcome. We might have misclassification of the exposure for those toxins with
short biologic half-lives, such as phthalate metabolites and manganese, which could
result in huge variation in the levels. Therefore, it is hard to establish causality in the
relationship between prenatal exposure to those toxins and ADHD. It should be
emphasized that there is no systematic differences related to the exposure as this
problem is presented among the children with ADHD and the controls. This
misclassification might result in decreased differences between the cases and the
controls and, in our case, led to underestimation of the hypothesized association

between the exposure and ADHD.

There is a possibility that some of the control children could have been diagnosed with
ADHD elsewhere than Malmé during the study period, which would lead to
misclassification of the outcome. There is also a possibility that some of the control
children had ADHD symptoms but not been identified. A population-based study in
Malmo found a frequency of ADHD in children between five and ten years of about
4% as cited in Gustafsson and Killén [28]. The frequency of ADHD in our population
of children with this disorder was about 0.7% [28]. The low frequency of ADHD in
our population may be due to underdiagnosing, which indicates that families coping
with the most severe cases seek professional psychological help. Therefore, the children
who have been diagnosed have been accurately assessed and represent only one-fifth of
all the children with ADHD. Thus, children with ADHD not identified should
constitute no more than 4% to 5% of the children in the reference group. Assuming
that 5% of the reference group that moved outside Malmg after birth was misclassified
regarding the outcome, the results observed in our studies were not believed to be
affected by the extremely few numbers of those individuals.
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We also had a sex bias with six times more males than females. A lower diagnosis rate
among females in childhood has been shown in many studies because girls with ADHD
are less likely to show obvious problems since they usually have the inattentive form of
ADHD compared with boys [164]. Since girls with ADHD are harder to spot than
boys, almost exclusively boys were diagnosed with ADHD using DSM-III before 1994.
The more inclusive diagnosis used in the latter part of the study probably includes some
less severe cases and included a small number of girls. However, the skewed sex
distribution in our studies did not affect our results when analyses were restricted to
male infants.

We did not have information about the paternal genetic component of ADHD and the
socioeconomic status (SES). ADHD was not a well-defined disorder for Swedish child
psychiatry before the 1970s and the parental history of the ADHD disorder was
therefore not available for our study population. Although we could not adjust for SES,
we had information about self-reported maternal smoking and we also measured
cotinine levels in the maternal and cord blood. We could therefore have an idea about
the maternal SES since the latter and smoking are often inversely associated with each
other [164]. Although both genetics and SES are risk factors for ADHD, information
about their relationship to the investigated toxins and trace elements is not available.
Thus, evaluating these factors as potential confounders is not a significant concern for
our studies.

Strengths

Our studies have several important strengths. Most of the previous findings on the
relationship between PFCs, phthalates, and manganese were based on questionnaires
or tests covering some of ADHD symptoms or parent and/or teacher reported ADHD
diagnosis or symptoms. Our studies are more reliable in the sense that it is based on
clinical diagnosis of ADHD made at the same psychiatric clinic by the same doctors
through the whole study period.

The present studies are based on analyzed blood samples from the prenatal period,
which we believe is the most susceptible exposure window, whereas previous findings
on this issue were based on cross-sectional study design with difficulties in inferring
causality. These serum samples were analyzed by specially trained staff in a national and
international reference laboratory using state-of-the-art equipment to assure consistent
and high quality testing.

We also had access to a high quality register, the SMBR, with extensive data on
potential confounders. Although, additional data on maternal alcohol intake and
socioeconomic status, that are currently not available in the register, would be
appreciated.
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It should be noted that our population is relatively homogenous in the sense that the
pregnant women are from the same geographical area. Thus, we were not concerned
about the differences in the background exposure to those toxins and trace elements
that may otherwise arise between different geographical areas.

Generalizability

Generalizability is already difficult in research on ADHD because of the great
heterogeneity among the children with this disorder and the diversity of the
psychological (i.e., cognitive and behavioral) features associated with it. Children with
severe ADHD symptoms are easier to identify are more likely to be referred to
psychiatric clinics than those with a mild form of the disorder. These children are
usually of the male sex. Although we lack information on the subtypes of ADHD for
the children in the present studies, the children are more likely to have the severe form
of the disorder. During the early years of the study period, ADHD was not fully
recognized by the Swedish child psychiatry service and the diagnostic criteria mainly
emphasized hyperactivity and impulsivity. When DSM-IV criteria were introduced in
1994, some children with the inattentive forms of ADHD might be presented in our
population. Still, hyperactive and impulsive children were believed to be the most
prominent children in our studies even after 1994 due to the fact that the inattentive
children may go unnoticed and undiagnosed. Our studies may be therefore more
applicable for children with severe ADHD symptoms.
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Conclusions

Main conclusions

The present studies show that pregnant women and their fetuses are exposed to PFCs,
phthalates, manganese and selenium but reveal no support for associations between
prenatal exposure to PFCs, phthalates, and manganese and ADHD diagnosis in
childhood. On the other hand, selenium was associated with higher odds of having
ADHD, which was against our hypothesis that selenium would protect against having
ADHD diagnosis. These findings, especially for selenium, need to be replicated in
larger studies before any definitive conclusions can be drawn.

Future studies

We had the unique opportunity to investigate the relationship between prenatal
exposure to environmental toxins and trace elements in biobanked serum samples and
clinical ADHD diagnosis. However, we have learned that our studies may not be the
optimal way to study this relationship due to several factors discussed throughout this
thesis. Ideal future research would be that based on prospective, longitudinal birth
cohorts (with the possibility of combining data from different cohorts) and using
repeated measurements of the environmental toxins and trace elements beginning in
pregnancy and continuing throughout childhood. By performing such studies it would
be a good way to determine if pre- or postnatal exposure is most relevant for having
ADHD. The most optimal way to study the effect of environmental toxins on ADHD
is probably to conduct adoption or family studies to control for the genetic contribution
to ADHD. Studies on gene-environment interactions are also likely to be
of importance for understanding the effect of environmental exposures to toxins in
genetically susceptible individuals. Since we are exposed to these toxins and trace
elements in daily life and these have been linked to many health outcomes in humans
and animals, toxicological studies are needed to generate dose-response curves for
estimation of the toxicity for each chemical.
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Abstract In recent years, some perfluorinated compounds
(PFCs) have been identified as potentially hazardous sub-
stances which are harmful to the environment and human
health. According to limited data, PFC levels in humans
could be influenced by several determinants. However, the
findings are inconsistent. In the present study, perfluorooctane
sulfonate (PFOS), perfluorooctanoic acid (PFOA), and
perfluorononanoic acid (PFNA) were measured in paired
maternal and cord serum samples (N=237) collected
between 1978 and 2001 in Southern Sweden to study the
relationship between these and to investigate several
potential determinants of maternal and fetal exposure to
PFCs. Time trends of PFCs in Swedish women were also
evaluated. The study is a part of the Fetal Environment and
Neurodevelopment Disorders in Epidemiological Research
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project. PFOS, PFOA, and PFNA levels (median) were
higher in maternal serum (15, 2.1, and 0.24 ng/ml, respec-
tively) than in cord serum (6.5, 1.7, and 0.20 ng/ml, respec-
tively). PFC levels were among the highest in women
originating from the Nordic countries and the lowest in
women from the Middle East, North Africa, and sub-
Saharan Africa. Multiparous women had lower serum
PFOA levels (1.7 ng/ml) than primiparous women
(2.4 ng/ml). Maternal age, body mass index, cotinine levels,
and whether women carried male or female fetuses did not
affect serum PFC concentrations. Umbilical cord serum
PFC concentrations showed roughly similar patterns as the
maternal except for the gestational age where PFC levels
increased with advancing gestational age. PFOS levels in-
creased during the study period in native Swedish women.
In summary, PFOS levels tend to increase while PFOA and
PFNA levels were unchanged between 1978 and 2001 in
our study population. Our results demonstrate that maternal
country of origin, parity, and gestational age might be asso-
ciated with PFC exposure.

Keywords Perfluorinated compounds - Fetal exposure -
Determinants - Country of origin - Parity - Gestational age -
Time trends

Introduction

In recent years, some perfluorinated compounds (PFCs), mainly
perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA), have been identified as global pollutants
with a wide dissemination in the environment, wildlife,
and in humans throughout the world. The unique physical
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and chemical properties of PFCs make them widely
used in industrial and consumer applications including
polytetrafluoroethylene (e.g., Teflon) cookware, water
and oil repellent surface coatings for textiles, carpets,
paper, packaging, flooring, leather, and in firefighting
foams (Kissa 2001; Schultz et al. 2003). PFCs have an
exceptional stability which makes them persistent and
resistant to degradation by strong acids and alkalis, oxida-
tion and reduction, photolysis, and microbes (Kissa 2001;
Schultz et al. 2003). Thus, PFCs have a potential to
bioaccumulate and biomagnify in the environment (Giesy
and Kannan 2001; Butt et al. 2010).

The human exposure routes to PFCs have been consid-
ered to be through consumption of contaminated water or
food and through inhalation of contaminated air (Fromme et
al. 2009). PFCs are distributed mainly to the liver and blood
where they bind to serum proteins, mainly albumin (Han et
al. 2003; Jones et al. 2003), and they are poorly eliminated
in humans and have serum half-lives between 2 and 9 years
(Lau et al. 2007; Olsen et al. 2007; Bartell et al. 2010; Brede
et al. 2010; Seals et al. 2011).

PFCs have been shown to cross the placenta (Inoue et al.
2004; Liu et al. 2011; Glitzkow et al. 2012) and thus have a
potential to exert a direct influence on the developing fetus
(Apelberg et al. 2007a; Fei et al. 2007). According to previ-
ous studies, the median PFC concentrations in cord blood
ranged from 30 to 130 % of the maternal concentrations
(Liuetal. 2011; Kim et al. 2011a; Giitzkow et al. 2012). PFCs
have also been shown to be transmitted to the neonate through
breast milk (Karrman et al. 2007; Sundstrém et al. 2011).

PFC levels in humans are affected by several determi-
nants, including age, BMI, smoking, sex, race, and ethnicity.
The potential determinants of maternal and fetal exposure to
PFCs are poorly investigated and their potential to affect the
concentrations of PFCs in pregnant women and fetuses is
still unclear. Some studies have shown that PFOS levels are
higher in black women than in white and Asian women
(Apelberg et al. 2007b) and are also higher in nonsmokers
than smokers (Fei et al. 2007; Washino et al. 2009). The
PFOA levels decrease with increasing maternal age
(Washino et al. 2009), BMI (Fei et al. 2007), and parity
(Fei et al. 2007; Apelberg et al. 2007b; Washino et al. 2009).
The findings on the effect of infant sex (Inoue et al. 2004;
Apelberg et al. 2007b) and gestational age (Apelberg et al.
2007a, b; Nolan et al. 2009) on the levels of PFCs are
limited. Many of those studies on the determinants have
contradicting results. Thus, more research on possible de-
terminants is needed.

The manufacturing of PFCs began in the late 1940s
(Schultz et al. 2003) and was mainly located in USA, Japan,
and Europe (Kédrrman et al. 2006). The 3M Company was
the major manufacturer of PFCs with the highest production
between 1970 and 2002. When the 3M Company phased out

its production of some of the PFCs in 2002, other companies
start manufacturing these compounds to meet the market
demand for them (Lindstrom et al. 2011). Several studies
have assessed time trends of human serum PFC levels
and found increasing levels of PFOS and PFOA from
the early 1970s through the late 1990s, followed by
leveling out and a decreasing trend right after the phase-
out of the production (Olsen et al. 2005, 2011; Harada
et al. 2007; Calafat et al. 2007; Haug et al. 2009). The
same trends have been observed in the human breast
milk (Karrman et al. 2007; Sundstrom et al. 2011). On
the other hand, PFOA and PFOS have been substituted
by other PFCs which have increased in humans during
the last decade (Calafat et al. 2007; Haug et al. 2009;
Glynn et al. 2012; Olsen et al. 2011).

In the present study, serum concentrations for several
PFCs were analyzed in paired maternal and umbilical cord
samples. The aim of the study was to investigate the corre-
lation between PFCs in maternal and umbilical cord serum
samples and to evaluate maternal age, parity, BMI, smoking,
and maternal country of origin as potential determinants of
maternal exposure and gestational age and sex of newborns
as potential determinants of fetal exposure to PFCs. Another
aim was to investigate temporal trends of PFC body burdens
in Swedish women.

Materials and methods
Study population

Nearly all deliveries in Malmé, a city with around
300,000 inhabitants situated in Southern Sweden, take
place at the Malmo University Hospital maternity unit.
Since 1969, venous blood samples from mothers and
umbilical cord blood samples from the newborns have
routinely been collected at delivery and stored in the
Malmo Maternity Unit Serum Biobank (MMUSB).
There are samples from approximately 70,000 deliveries
stored in the MMUSB. Maternal blood has been col-
lected during early labor by venous puncture in
vacutainer tubes, and the cord blood has been decanted
into sterile sample tubes immediately after birth. The
sample tubes were stored overnight in a refrigerator at +
8 °C for sedimentation. The next morning, the sera
were collected and frozen in polypropylene plastic test
tubes at —20 °C until analysis.

In the present study, maternal and corresponding cord
serum samples (N=263) from year 1978 to 2001 were
collected from the MMUSB. These samples represent con-
trols for an upcoming case—control study on the possible
association between PFCs and neurodevelopment disorders.
Since it is more common for males to have a diagnosis as

@ Springer



7972

Environ Sci Pollut Res (2013) 20:7970-7978

compared to females, the material has a skewed distribution
with with75% male and 25 % female fetuses.

From the Swedish Medical Birth Register, which con-
tains medical information on nearly all (98-99 %) deliveries
in Sweden, we obtained data on the newborns’ characteris-
tics such as birth weight, gestational age, and the sex of the
child, as well as maternal characteristics like mothers’ age,
parity, BMI, smoking habits during pregnancy, and country
of origin.

At the booking visit in the Maternal Health Care System,
the women were informed that the samples collected could
be used for research purposes in the future and those who
accepted gave their verbal informed consent. The study
protocol followed the requirements of the Declaration of
Helsinki and was approved by the Research Ethics Com-
mittee at Lund University, Sweden.

Analysis of PFCs and cotinine

The analyses of perfluorohexane sulfonate (PFHxS), PFOS,
PFOA, perfluorononanoic acid (PFNA), perfluorodecanoic
acid (PFDA), perfluoroundecanoic acid (PFUnDA),
perfluorododecanoic acid (PFDoDA), and cotinine were
performed by a hybrid triple quadrupole linear ion-trap mass
spectrometer (LC/MS/MS; UFLC*®, Shimadzu Corpora-
tion, Kyoto, Japan; QTRAP 5500; Sciex, Framingham,
MA, USA). The samples were analyzed according to the
method of Lindh et al. (2012). Aliquots of 60 pl serum were
added with internal standards for all evaluated compounds,
and proteins were precipitated with 120 pl acetonitrile. An
aliquot of 150 pl of sample was transferred to 96-well plates
and further diluted with 150 pl water. The PFCs were
analyzed using two C;g columns (4 pm, 2.1 mm id. x
20 mm; Genesis, Grace Vydac, Hesperia, CA, USA)
connected in a 2D system. The mobile phase was 0.08 %
ammonia (NH3) in water (A) and 0.08 % NHj in acetonitrile
(B). The results reported is the average of two measurements
from the same sample worked up and analyzed on different
days. In all sample batches, the quality of the measurements
was controlled by analyzing chemical blanks and in-house
quality control (QC) samples. The reproducibility, deter-
mined as the relative standard deviation, between mea-
sured duplicate samples was 11 % for PFOS, 12 % for
PFOA, and 12 % for PFNA. The reproducibility in QC
samples was 8 % for PFOS, 11 % for PFOA, and 8 %
for PFNA. PFHxS, PFDA, PFUnDA, and PFDoDA
could not be detected in the samples due to matrix
effects. The analyses of PFOS and PFOA are part of
the round robin intercomparison program (Professor Dr.
med. Hans Drexler, Institute and Outpatient Clinic for
Occupational, Social and Environmental Medicine, Uni-
versity of Erlangen-Nuremberg, Germany) with results
within the tolerance limits. Among the 263 paired
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maternal and cord serum samples, PFCs could only be
assessed in 237 pairs. The reason for this was that there
was not enough amount of serum to perform the
analyses.

Statistical analyses

Spearman’s rank correlation coefficient with p<0.05 de-
fined as statistically significant was used to explore the
correlations between the different PFCs in maternal sam-
ples, and for each PFC between maternal and cord serum
samples. The transfer efficiencies of PFCs through placenta
were calculated as well. The Wilcoxon signed-rank test was
used to compare the levels between maternal and cord serum
samples.

Spearman’s rank correlation was used to test the correla-
tion between the different PFCs and the investigated de-
terminants. The Mann—Whitney U test and Kruskal-Wallis
test were performed to determine if significant differences in
the PFC levels exist between groups (e.g., maternal age,
parity, BMI, smoking habits based on measured cotinine
levels, country of origin, gestational duration, and new-
borns’ sex). Maternal age was divided into three groups: <25,
25-35, and >35 years. BMI was classified according to the
following standard values of the World Health Organization:
underweight <18.5 kg/m?, normal weight 18.5-24.9 kg/m?,
overweight 25-29.9 kg/m?, and obese >30 kg/m?. Underweight
(N=3) and normal weight women (N=>53) were merged togeth-
er in one group due to the small number of samples for the
underweight women. For the same reason, obese (N=6) and
overweight women (N=24) were merged together in one group.
Women whose cotinine levels were below the limit of detection
(0.2 ng/ml) were defined as nonsmokers and those having a
level higher than 15 ng/ml were defined as active smokers
(George et al. 2006). Women with cotinine levels between
0.2 and 15 ng/ml were considered to be second-hand
smokers. Infants born before 37 weeks of gestation were
defined as preterm and those born at or after that week
were considered term births. Countries of origin were
merged together into the following groups based on
shared geographical regions or cultural similarities:
Sweden (N=164), Finland (N=2), Denmark (N=5), Norway
(N=1), Western Europe and the USA (N=2), previous Eastern
Europe (N=21), sub-Saharan Africa (N=6), Middle East and
North Africa (N=22), East Asia (N=5), South America (N=
5), and unknown (N=4). Country groups with less than
five women were excluded from the analyses regarding
the differences in PFC concentrations between different
countries. PFC concentrations below the limit of detec-
tion (0.20 ng/ml) in individual samples were replaced
with the value 0.20 ng/ml.

The association between the year of sampling and the
measured PFC levels was tested for significance using
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linear regression. Data analyses were carried out in IBM
SPSS Statistics version 20 (IBM Corporation 1989,
2011).

Results

PFOS, PFOA, and PFNA were the only detectable PFCs in
the samples. PFOS concentrations were above the limit of
detection (LOD) in 100 % of maternal serum samples and in
99.6 % of cord serum samples. Maternal PFOA serum
concentrations were all above the LOD, but in cord serum,
PFOA was below the LOD in 1.3 % of the samples. For
PFNA, 38 % of the maternal PFNA samples and 66 % of the
cord PFNA samples were under LOD. In both maternal and
cord sera, PFOS was found to be the most abundant PFC
(Table 1). PFC levels were higher in maternal serum than in
cord serum. The strongest correlation between maternal and
cord serum PFC levels was found for PFOS, followed by
PFOA and PFNA. The correlations between the different
PFCs in maternal serum were significant (»=0.72 for PFOS
and PFOA, r=0.35 for PFOS and PFNA, and »=0.37 for
PFOA and PFNA), with p values <0.01. Median cord
PFOS, PFOA, and PFNA serum concentrations were 43,
80, and 99 %, respectively, of the maternal concentrations
(Table 1).

Maternal PFC levels between 1978 and 2001 are illustrated
in Fig. 1. Linear regression analyses revealed a significant
increase in maternal PFOS levels during the study period (3=
0.40, p=0.020). For PFOA and PFNA, no obvious time trends
were observed (5=0.02, p=0.40 and 5=—-0.003, p=0.64,
respectively). Since the number of samples was highest be-
tween 1985 and 1996, we even performed the analyses for that
period. The findings were the same for PFOA and PFNA. For
PFOS, the results were no longer significant (p=0.071) but the
slope was roughly the same (5=0.42).

No significant associations between maternal PFC levels
and maternal age, BMI, cotinine levels, or gestational

duration were found (Table 2). Multiparous women had
lower PFOA concentrations than primiparous women, and
women carrying male fetuses had higher levels of PFOA as
compared to women with female fetuses (Table 2). Maternal
PFC serum concentrations were strongly associated with
the country of origin. PFC levels were among the highest
in women and newborns originating from the two inves-
tigated Nordic countries and the lowest in women from
the Middle East, North Africa, and sub-Saharan Africa
(Table 2).

Umbilical cord serum PFC concentrations showed distri-
butions similar to the distributions in maternal serum, with
one exception. Cord PFNA levels were not associated with
maternal country of birth (p=0.59).

Gestational age at birth was positively correlated (p<
0.05) with cord PFOS, PFOA, and PFNA levels (r=0.20,
r=0.17, and r=0.14, respectively). No significant differ-
ence in cord serum PFC levels between preterm and term
infants was found. When the analysis was restricted to
Swedish women, preterm newborns (N=7) had lower
cord serum PFOS levels than term newborns (N=157)
(»=0.008).

In order to avoid confounding by parity, analysis was
carried out to investigate the effect of maternal age on PFC
levels among primiparous women. No significant correla-
tion was seen between maternal age and PFC levels in
primiparous women. Among the multiparous women,
25 % were born outside Western Europe. An analysis was
carried out to investigate the effect of parity on PFC levels
among the native Swedish women. Multiparous women still
had lower PFOA concentrations than primiparous women
(»<0.001).

There were many PFNA samples with values below the
LOD. In order to be certain that the substitution of those
values with LOD did not introduce a bias, all the analyses
were even performed on matched maternal and cord serum
samples with values over the LOD before substitution with
the LOD (N=71). The results were roughly the same as for

Table 1 Mean (5 % percentile, median, 95 % percentile) concentrations of perfluorinated compounds (in nanogram per milliliter) in 237 matched

maternal and umbilical cord serum samples from Southern Sweden

Mean (5 %percentile, median, 95 % percentile) Correlation® Difference between maternal and
cord PFC levels (p value)®
Maternal Cord Transfer efficiency (%)
PFOS 17 (5.7, 15, 31) 7.4(2.3,6.5,15) 45 (24,43, 72) 0.76* <0.001
PFOA 2.3(0.61, 2.1, 4.6) 2.8 (0.39, 1.7, 6.0) 130 (45, 80, 160) 0.74* <0.001
PFNA 0.31 (0.20, 0.24, 0.55) 0.26 (0.20, 0.20, 0.55) 93 (46, 99, 140) 0.51* <0.001

PFOS perfluorooctane sulfonate, PFOA perfluorooctanoic acid, PFNA perfluorononanoic acid

*pS0,0l (correlations were significant at this level)

#Spearman’s correlation coefficient between maternal and cord serum

® Comparison between maternal and cord serum by Wilcoxon signed-rank test
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Fig. 1 Time trends of a
perfluorooctane sulfonate, b
perfluorooctanoic acid, and ¢
perfluorononanoic acid in
Swedish women (N=164)
between 1978 and 2001.
The extreme value for
perfluorononanoic acid

(3.4 ng/ml) is not shown

in the figure
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the matched 237 maternal and cord PFNA serum samples
(data not shown).

Discussion

The present study is one of the largest studies that focused
on the potential determinants of maternal and fetal exposure
to PFCs. Our results showed that parity, maternal country of
origin, and gestational duration were the potential determi-
nants of maternal and fetal exposure to PFCs.

In the present study, we have applied a precise and
accurate method that uses only 0.1 ml serum and is therefore
suitable to for analyzing samples stored in serum biobanks.
The coefficient of variation of duplicate samples worked up
and analyzed on different samples was generally below
10 % for duplicate analysis of the same sample, analyzed
in different sample batches on different days. Furthermore, a
high accuracy of the method, at least for PFOS and PFOA,
was proven by participation in an interlaboratory control
program. The use of QCs and chemical blanks prevents drift
and contamination during the analysis. However, we found
both linear and branched PFOS but the branched PFOS was
almost exclusively found in the cord blood. We see no
reason why branched PFOS should be found in the blood
of the fetus and not in the mother, and thus, we think that the
cord blood has been contaminated during sampling. There-
fore, we report only results for linear PFOS.

PFCs cross the placenta, but umbilical cord concentra-
tions have in most studies been lower than those observed in
maternal serum or plasma (Inoue et al. 2004; Fromme et al.
2010; Jensen et al. 2012; Giitzkow et al. 2012). In the
present study, we found higher levels of PFCs in maternal
serum than in cord serum, which is consistent with previous
studies (Monroy et al. 2008; Hanssen et al. 2010; Beesoon et
al. 2011). Maternal and cord PFOS and PFOA concentra-
tions were among the highest in Europe (Midasch et al.
2007; Fei et al. 2007; Needham et al. 2011) and even among
the highest in the world (Liu et al. 2011; Kim et al. 2011a, b;
Beesoon et al. 2011). Maternal and cord PFNA levels were
lower than those measured in other countries (Monroy et al.
2008; Needham et al. 2011; Kim et al. 2011a; Beesoon et al.
2011).

The transfer efficiency (TE) of PFCs might be influenced
by plasma volume expansion in pregnancy. The elimination
rate of PFCs is extremely slow, and therefore, that would
probably not affect the TE. Furthermore, our calculated
transfer efficiencies mirror the literature to date.

We examined the temporal trends of PFCs in native
Swedish women and found that the serum PFC levels were
roughly unchanged between 1978 and 2001 except for
PFOS which increased with time. Our samples were collect-
ed during the steady-state high-production period of PFCs,
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which probably explains the unchanged time trends for PFOA
and PFNA. Use of PFOS in consumer and commercial prod-
ucts may be increased slightly in the country during the study
period which might explain the increased trend for PFOS.

Consistent with previous studies (Fei et al. 2007; Apelberg
et al. 2007b; Washino et al. 2009), our data confirm that
increased parity is associated with lower levels of PFOA in
both mother and fetus. The body burden of PFCs in multipa-
rous women may decrease through transmission to the fetus
during pregnancy and to the newborn through breastfeeding.

There was a strong heterogeneity between different coun-
tries for the investigated PFCs. Swedish and Danish women
had higher levels of PFCs as compared to women originat-
ing from other countries but living in Sweden. One reason
for the discrepancy might be that the women with non-
Swedish origin come from countries with different back-
ground PFC exposure and have been living in Sweden for a
short time. Unfortunately, we lack data on how long they
have been living in Sweden. Another explanation for the
discrepancy might be differences in sources, distribu-
tion, exposure routes, diets, and lifestyles between wom-
en with Swedish and non-Swedish origin. One might
speculate that there is an interaction between genetic
susceptibility and exposure to PFCs for women origi-
nating from different countries.

Studies on adult men (Eriksen et al. 2011) and pregnant
women (Fei et al. 2007; Washino et al. 2009) have shown that
nonsmokers have higher PFOS and PFOA levels than active
smokers. The present study showed no such associations.

PFOS and PFOA levels were roughly the same across the
maternal age groups, which is in accordance with the pre-
vious studies by Inoue et al. (2004) and Apelberg et al.
(2007a). On the other hand, Washino et al. (2009) reported
decreased maternal PFOS concentrations with increasing
age, whereas Zhang et al. (2011) found a positive associa-
tion between cord PFOS concentrations and mother’s age.

In two previous studies, no associations between
maternal BMI and maternal or cord serum PFC levels
were found which are consistent with our results (Inoue
et al. 2004; Rylander et al. 2009). Three other studies
showed inverse associations between PFOS and PFOA
levels and BMI in women or men (Fei et al. 2007;
Eriksen et al. 2011; Lindh et al. 2012).

Pregnant women carrying male fetuses had higher PFOA
levels compared to women with female fetuses. Conse-
quently, higher levels of PFOA were measured in cord blood
from male fetuses. Previous research on sex effect on PFC
exposure is contradicting and has no reasonable explanation
(Inoue et al. 2004; Apelberg et al. 2007a; Zhang et al. 2011).
We believe that our finding is a chance finding and could be
due to multiple testing.

In our study, we found a positive correlation between
cord PFCs and gestational age. As for PFOS, we also found
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in subgroup analyses comprising native Swedish women
higher levels in term than in preterm newborns. This is not
in accordance with other studies where no significant asso-
ciations were found for gestational age (Apelberg et al.
2007a, b; Fei et al. 2007; Nolan et al. 2009). However, a
new study by Chen et al. (2012) found an inverse associa-
tion between PFOS levels and gestational age. PFC levels
increase in fetuses as pregnancy progresses as a recent study
by Jensen et al. (2012) showed that PFOS increased in
amniotic fluid by gestational week. Advancing gestational
duration might therefore result in decreased maternal body
burden of PFCs.

In summary, maternal PFC concentrations were
higher than umbilical cord PFC concentrations in our
Swedish population who were from the southern parts
of the country. PFOS levels tended to increase between
1978 and 2001, while PFOA and PFNA levels were
unchanged during the same period. Women originating
from Nordic countries had higher levels of PFCs than
women from the rest of the world. To our best knowl-
edge, this is the first study to report a positive associ-
ation between PFCs and gestational age. Increasing cord
PFCs and decreasing maternal PFOA concentrations
with advancing gestational age and increased parity,
respectively, suggest that pregnancy might serve as a
body purifier for PFCs. Our findings are of special
interest when studying the impact of perinatal PFC
exposure on postnatal health outcomes.
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Background: The association between exposure to perfluorinated compounds (PFCs) and attention deficit hyperactivity
disorder (ADHD) diagnosis has been sparsely investigated in humans and the findings are inconsistent.

Objectives: A matched case-control study was conducted to investigate the association between fetal exposure to PFCs and

Methods: The study base comprised children born in Malmo, Sweden, between 1978 and 2000 that were followed up until
2005. Children with ADHD (n = 206) were identified at the Department of Child and Adolescent Psychiatry. Controls (n=206)
were selected from the study base and were matched for year of birth and maternal country of birth. PFC concentrations
were measured in umbilical cord serum samples. The differences of the PFC concentrations between cases and controls
were investigated using Wilcoxon’s paired test. Possible threshold effects (above the upper quartile for perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) and above limit of detection [LOD] for perfluorononanoic acid (PFNA))

Results: The median umbilical cord serum concentrations of PFOS were 6.92 ng/ml in the cases and 6.77 ng/ml in the
controls. The corresponding concentrations of PFOA were 1.80 and 1.83 ng/ml. No associations between PFCs and ADHD
were observed. Odds ratios adjusted for smoking status, parity, and gestational age were 0.81 (95% confidence interval [CI]
0.50 to 1.32) for PFOS, 1.07 (95% Cl 0.67 to 1.7) for PFOA, and 1.1 (95% Cl 0.75 to 1.7) for PENA.

Conclusions: The current study revealed no support for an association between fetal exposure to PFOS, PFOA, or PFNA and
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Introduction

Emission of pollutants from densely populated areas and
industries is a growing environmental problem. Contaminants
present in the environment can have a negative impact on both
human health and environment. Perfluorinated compounds
(PFCs) are extremely stable and persistent man-made organic
chemicals that have been identified as environmental pollutants.
The unique properties of PFCs have made them highly useful in
numerous industrial and consumer applications such as lubricants,
firefighting foams, cleaning agents, and in surface coating for
paper, food packaging, textiles, furniture, carpets and cookware
[1-3].

PFCs, particularly perfluorooctane  sulfonate (PFOS) and
perfluorooctanic acid (PFOA) have been widely detected in the
environment, wildlife, and humans [4-8]. Humans are exposed to
PFCs through consumer products as well as contaminated air,
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water, and food [1]. In recent years, studies have revealed that
PFCs cross the placenta and accumulate in the fetus [9-11]. The
fetal brain is immature and is therefore susceptible to injury caused
by toxic agents [12]. Animal data have indicated that PFCs
accumulate in the brain both before and after the blood-brain
barrier is formed [13-16].

Animal studies have shown that neonatal exposure to low doses
of PFCs induced irreversible neurotoxic effects in adult mice and
caused changes in behavior and habituation by altering the
dopaminergic and cholinergic system [17,18]. PFCs also alter
levels of neural proteins that are important for the formation and
growth of the synapses [19]. Defects in the dopamine transporters
and receptors have been suggested to be the most significant
neurobiological problem in attention deficit hyperactivity disorder
(ADHD) [20,21].

ADHD is a neurodevelopmental disorder defined by inatten-
tion, hyperactivity and impulsivity [22,23]. The disorder has its
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onset in childhood, and persists into adolescence and into
adulthood in some cases [24,25]. The genetic factor is believed
to play the major role in the development of ADHD [22,26,27]. In
addition, exposure to environmental toxins, such as lead, mercury,
and persistent chlorinated biphenyls, has also been related to
ADHD [26,28,29].

Two cross-sectional studies based on parent-reported ADHD
diagnosis have investigated the potential association between PFC
levels in school-age children and ADHD [30,31]. The study by
Hoffman et al. [30] found a positive relationship between ADHD
and PFC levels in the blood of children between 12 and 15 years,
whereas an association with only perfluorohexane sulfonate
(PFHxS) was found in the study by Stein and Savitz [31]. In
another cross-sectional study, PFC exposure was associated with
impulsivity in children [32]. Other studies based on questionnaires
ivestigated whether behavioral health and motor coordination as
well as motor and mental developmental milestones were
associated with maternal PFCs during pregnancy and found no
such associations except for PFOS which was associated with
delayed motor development in the first two years of life [33,34].

The frequency of children receiving an ADHD diagnosis has
increased in recent years [35]. Improved diagnostic criteria might
be responsible for the increased detection of ADHD cases.
Increased exposure to environmental pollutants might also
contribute to the high prevalence of ADHD. Since the human
brain is susceptible to disturbance by environmental pollutants
during the fetal period, it is of importance to investigate the
association between exposure to these pollutants during the
sensitive period of fetal development and ADHD.

The objective of this study is to investigate the association
between fetal exposure to PFCs and ADHD diagnosis in
childhood. Unlike previous studies, this case-control study is based
on clinical ADHD diagnosis and PFCs are measured in umbilical
cord serum samples which reflect the PFC concentrations in the
fetus. The study is a part of the Fetal Environment and
Neurodevelopment Disorders in Epidemiological Research project
(the FENDER project).

Material and Methods

Participants

The selection procedure of the children with ADHD diagnosis
has been previously described by Gustafsson and Kallen [36].
Briefly, at the Department of Child and Adolescent Psychiatry in
the city of Malmo, 419 children born and living in Malmo
between 1978 and 2000 with ADHD diagnosis were identified and
were followed up until 2005. During the study period, the children
with ADHD were diagnosed by one of ten experienced clinicians
at the department using the Diagnostic and Statistical Manual of
Mental Disorders (DSM). A child with suspected attention
difficulties, hyperactivity and/or difficulties with impulse control
is usually assessed to the child and adolescent psychiatry by a
special teacher and a school psychologist or by the parents. The
assessment begins with gathering information about the child’s
general medical health condition and the child’s development
from birth until the present time. The school psychologist or the
psychologist at the psychiatric clinic performs a cognitive testing
with the Wechsler Intelligence Scale (WISC). The parents and the
teacher are asked to fill in questionnaires like SNAP-IV, Conner’s
questionnaire or the 5-15 questionnaire which all cover the
symptoms of ADHD. Parents are usually asked to fill in the
BRIEF-questionnaire concerning the child’s executive functions in
cvery-day life. Sometimes a member of the team at the clinic
observes the child at school. The child’s ability to concentrate is
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tested with TEA-Ch or with a computerized test of attention such
as QB-Tech or IVA+. The child psychiatrist performs a paediatric
examination with assessment of neurological soft-signs. The child’s
behaviour in different test situations and at the visits at the clinic is
observed and registered. When all parts of the assessment have
been performed, a team consisting of doctor, psychologist and
sometimes a social worker meet and discuss the findings to come to
a consensus decision concerning the diagnosis using DSM criteria.
The DSM criteria DSM-III-R; and DSM-IV |, were used before
1994 and from 1994 and onwards, respectively. Age at the time of
diagnosis varied between 5 and 17 years, with most children being
diagnosed between the ages of 8 and 12 years.

Using the personal identification numbers, children with
ADHD were linked to the Swedish Medical Birth Register
(SMBR) which contains demographic and obstetric information
on nearly all (99%) the mothers and the infants in Sweden.
Umbilical cord serum samples for children with ADHD were
collected from the Malmé Maternity Unit Serum Biobank
(MMUSB) using the personal identification numbers. Nearly all
deliveries in Malmé take place at the Malmé University Hospital
Maternity Unit, where blood samples from the mother and from
the umbilical cord of the newborn have been collected at the time
of delivery and stored at —20°C at the MMUSB since 1969.
Controls were selected into two phases. In the first phase, for each
ADHD case with an available umbilical blood sample in the
biobank, the next-baby-born with serum sample of the same sex
was sclected as a control. However, a new publication by
Gustafsson and Kallen [36] revealed the impact of maternal
country of birth on the diagnosis of ADHD. Thus, the benefit of
matching for the maternal country of birth completely overrode
that from matching for the infant’s sex. Therefore, in the second
phase, a pool of ten eligible controls per ADHD case were
collected from the SMBR and were matched to the cases for year
of birth (=12 months) and country of birth of the mother. The
sample of the next-baby-born from the first phase was used if no
newborn in that eligible pool of controls had an available umbilical
blood sample in the biobank. The selection procedure for cases
and controls is presented in Figure 1.

Ethics statements

At the Maternity Unit, the women were informed that the
umbilical cord serum sample collected could be used for research
purposes in the future and those who accepted gave their verbal
informed consent that was documented in the medical records.
During the study period only verbal informed consent was
obtained. The written informed consent has been implemented
in 2005 and therefore could not be considered for the current
study. The data were analysed anonymously. The study protocol
followed the requirements of the Declaration of Helsinki and the
study, together with the consent procedure, was approved by the
Research Ethics Committee at Lund University, Sweden.

Analysis of perfluorinated compounds and cotinine in
umbilical cord serum

The analyses of PFHxS, PFOS, PFOA, PFNA, perfluorodeca-
noic acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluor-
ododecanoic acid (PFDoDA), and cotinine were performed as
previously described [37]. Briefly, aliquots of 100 pL. sera were
added with isotopically labeled internal standards, the proteins
were precipitated by acetonitrile and centrifugation, and analysis
was then performed using a hybrid triple quadrupole linear ion-
trap mass spectrometer (LC/MS/MS; UFLCXR, Shimadzu
Corporation, Kyoto, Japan; QTRAP 5500; Sciex, Framingham,
MA, USA). The limits of detections for the detected PFCs and
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Cases

All children born between 1978 and 2000 and
diagnosed with ADHD at the Child and Adolescent
Psychiatry Unit in Malmé, Southern Sweden.
n=419

Not linked to the
Swedish Medical
Birth Register.
n=43 (11.5%)

Born in Sweden, but
not in Malmé.
n=95 (25.3%)

PFCs and ADHD

Remaining cases

Children born between

1978 and 2000 and living
in the city of Malmé since
birth. and 2000.
n=281 (67.1%)

Malmé Maternity Unit
Serum Biobank

Stored umbilical cord
blood between 1978

Eligible pool of controls
(10 controls per case)
detected in the Swedish
Medical Birth Register
and matched for the year
of birth and maternal
country of origin.

blood in the Malmé

Biobank.
n=75 (26.7%)

n=2060
No stored umbilical cord
Not chosen
Maternity Unit Serum (— »| 3 controls.
n=1854 (90%)

Final study cases

Children with ADHD
diagnosis born between
1978 and 2000 and living in

Final control group

Children without any ADHD
diagnosis born between 1978
and 2000 and living in Malmé

the city of Malmé since birth
with available umbilical cord
blood.
n=206

since birth. For each case,
the first control in the pool
with available biobanked
sample was chosen.
n=206

Figure 1. Flowchart for the selection procedure of the children with attention deficit hyperactivity disorder and controls.

doi:10.1371/journal.pone.0095891.g001

cotinine were 0.2 ng/ml. To increase the accuracy, the result
reported is the average of two measurements from the same
sample worked up and analyzed on different days. In all sample
batches, the quality of the measurements was controlled by
analyzing chemical blanks and in-house quality control (QC)
samples. The reproducibility, determined as the relative standard
deviation, between measured duplicate samples was 11% for
PFOS, 12% for PFOA, 12% for PFNA, and 9% for cotinine. The
reproducibility in QC samples was 8% for PFOS, 11% for PFOA,
8% for PFNA, and 5% for cotinine. Usually we are able to analyze
several more PFCs with the method but some factor, probably
during the storage of the samples, resulted in a high background
noise in the chromatograms making detection impossible. Thus,
PFHxS, PFDA, PFUnDA, and PFDoDA could not be detected in
the samples due to this effect. On the other hand, due to the high
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correlation between PFOS and other PFCs often only PFOS and
PFOA are reported in studies of PFCs. Although contamination of
samples during collection is believed to be minimal, field blanks
could not be provided to control for eventual contamination of the
samples with PFCs. The analyses of PFOS and PFOA are part of
the round robin intercomparison program (Professor Dr. med.
Hans Drexler, Institute and Outpatient Clinic for Occupational,
Social and Environmental Medicine, University of Erlangen-
Nuremberg, Germany) with results within the tolerance limits.

Statistical analyses

The Wilcoxon’s paired test was used to compare the PFC
concentrations between ADHD cases and controls. Conditional
logistic regression analysis was used to assess the association
between fetal exposure to PFCs and ADHD. The odds ratio was

April 2014 | Volume 9 | Issue 4 | €95891



PFCs and ADHD

Table 1. Median concentration (in nanograms/milliliters) of perfluorinated compounds by the maternal and infant demographic
characteristics.

Characteristics Children with ADHD Control group
n (%) PFOS PFOA n (%) PFOS PFOA
Group (cases/controls) 203 (49.8%) 6.92 1.80 205 (50.2%) 6.77 1.83

Year of delivery

1978-1981 2(1.0 2.66 0.45 2 (1.0) 870 0.85
1982-1985 13 (6.4) 5.69 1.50 10 (4.9) 6.49 171
1986-1989 63 (31.0) 6.96 20 66 (32.2) 6.71 1.82
1990-1993 86 (42.4) 7.08 1.78 87 (42.4) 6.74 1.82
1994-1997 34 (16.7) 6.65 1.69 35(17.1) 7.44 1.87
1998-2000 5(25) 7.68 1.64 5(24) 8.11 1.86
Maternal age (years)

<20 8 (3.9 6.67 157 6 (29) 8.65 2.16
20-34 172 (84.7) 6.94 1.81 171 (83.4) 6.74 1.82
=35 23 (11.3) 6.34 1.64 28 (13.7) 7.05 1.81
Parity

0 [nulliparous] 97 (47.8) 7.00 201 106 (51.7) 7.56 213
1 71 (35.0) 6.60 1.55 68 (33.2) 6.22 155
=2 35(17.2) 6.80 1.68 31 (15.1) 6.17 142
Maternal country of origin

Sweden 168 (83.3) 7.02 1.85 170 (82.9) 7.06 1.89
Other Nordic countries® 7 (3.4) 4.28 213 7 (3.4) 6.18 1.69
Rest of Europeb 8(3.9) 7.47 1.60 9 (4.4) 548 148
Sub-Saharan Africa 2 (1.0 4.23 0.72 2 (1.0) 2.10 045
Middle East and North Africa 13 (6.4) 4.42 0.85 12 (5.9) 276 047
East Asia 1(05) 6.83 1.71 2(1.0 9.36 143
South America 2 (1.0) 7.58 289 2 (1.0) 7.63 135
Unknown 1(0.5) 2.96 0.46 1(0.5) 2,60 170
Maternal body mass index (kg/m?)¢

Not available 141 (69.5) 6.85 1.89 142 (69.3) 6.67 1.83
<18.5 (Underweight) 1(0.5) 10.1 2.64 3(1.5) 8.75 239
18.5-24.9 (Normal) 37 (18.2) 6.83 1.63 42 (20.5) 7.50 1.72
25-29.9 (Overweight) 16 (7.9) 7.27 136 14 (6.8) 7.58 2,02
=30 (Obese) 8(3.9) 6.06 2.09 4 (2.0) 6.40 231
Smoking during pregnancy®

Non-smoker 65 (32.0) 6.54 1.83 85 (41.5) 6.82 1.86
Second-hand smoker 57 (28.1) 7.08 1.71 57 (27.8) 6.91 1.86
Active smoker 81 (39.9) 749 1.82 63 (30.7) 6.37 1.72
Infant sex

Male 180 (88.7) 6.97 1.76 163 (79.5) 6.87 1.84
Female 23 (11.3) 6.32 1.99 42 (20.5) 6.51 1.64
Birth weight (grams)

<1500 4 (2.0 5773 231 0

<2500 9 (4.4) 4.85 1.44 5(24) 6.37 1.84
2500-4000 166 (81.8) 7.12 1.84 152 (74.1) 6.63 1.82
>4000 24 (11.8) 6.41 1.67 48 (23.4) 7.25 1.94
Gestational age (weeks)

<32 5(2.5) 477 1.44 1(0.5) an 1.05
<37 6 (3.0) 436 1.09 6 (2.9) 474 197
37-42 176 (86.7) 7.12 1.88 178 (86.8) 6.73 1.82
>42 16 (7.9) 6.54 1.63 20 (9.8) 837 177
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Table 1. Cont.

PFCs and ADHD

Characteristics Children with ADHD Control group

n (%) PFOS PFOA n (%) PFOS PFOA
SD scores (for gestational age)
<—2 (small for gestational age) 9 (4.4) 6.69 226 14 (6.8) 792 1.94
—2to —1.1 37 (18.2) 6.60 1.53 29 (14.1) 6.56 1.94
—11to1 138 (68.0) 7.01 179 126 (61.5) 6.67 177
11t02 15 (7.4) 5.48 2.00 32 (15.6) 779 2.02
>2 (large for gestational age) 4 (2.0) 7.30 2.40 4 (2.0) 4.05 1.20
Apgar scores
0-6 5(25) 4.28 1.80 2 (1.0) 10.2 244
=7 198 (97.5) 6.94 179 203 (99.0) 6.74 1.82

?Finland, Denmark, and Norway.
Western Europe and former Eastern Europe.

doi:10.1371/journal.pone.0095891.t001

calculated for both 1 unit increase (nanogram per milliliter) in the
concentrations of PFOS and PFOA and for comparisons between
concentrations above and below the 75" percentile for the control
group. For PFNA the concentrations above the limit of detection
(LOD) were compared to those below LOD (0.2 ng/ml).

The potential confounding variables that were considered in the
present study were smoking during pregnancy, parity, and
gestational age at birth, since they have been found to be
associated with both PFC exposure and ADHD [11,38-46].

Smoking during pregnancy was determined by cotinine levels in
umbilical cord serum. Cotinine levels below the LOD (0.2 ng/ml)
were related to nonsmoking pregnant women, cotinine levels
higher than 15 ng/ml were related to active smokers and levels
between 0.2 and 15 ng/ml were related to second-hand smokers
[47]. Parity was divided into three groups according to number of
previously born children (0 [i.e. nulliparous], 1, or =2 children).
Gestational age was entered in the analyses as class variable
divided into three groups; <37, 37-42, and >42 weeks of
pr(-',gnan(:y.

The odds ratios were calculated in paired samples (n=202)
using Egret for Windows 2.0 (Cytel Software Corporation). The
rest of the analyses were performed in IBM SPSS Statistics version
20 (IBM Corporation 1989, 2011).

The power calculation was based on 206 cases and matched
controls. With the current setting, we had an 80% chance of
detecting a difference in the levels of 0.20 standard deviations, with
o value of 0.05, between cases and controls. For the analysis of the
threshold effect, with o value of 0.05 and B value of 0.80, the
lowest detectable odds ratio was 1.8.

Results

PFOS and PFOA concentrations were above the LOD in 98%
of the samples, whereas for PFNA about 12% were above the
LOD. PFOS and PFOA concentrations below the LOD in
individual samples (n =2 for each) were replaced with 0.2 ng/ml.

The demographic characteristics and the umbilical cord PFC
concentrations of the study population are presented in Table 1.

Figure 2 shows the distribution of PFOS and PFOA levels in the
ADHD cases and the controls. The median concentrations of
PFNA above LOD for cases and controls were 0.31 and 0.28 ng/

PLOS ONE | www.plosone.org

Abbreviations: ADHD, attention deficit hyperactivity disorder; PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; Parity, number of previous pregnancies.

“Body mass index was classified according to the standard values of the World Health Organization.
9Maternal smoking is based on measured cotinine concentrations in the umbilical cord serum.

ml, respectively. Wilcoxon’s paired test revealed no differences in
cord serum PFC concentrations between children with ADHD
diagnosis and controls (p=0.72, 0.44, and 0.48 for PFOS, PFOA,
and PFNA respectively).

~onditional logistic regression analyses revealed no significant
associations between umbilical cord concentrations of PFCs and
ADHD (Table 2). The result did not change after adjusting for
smoking during pregnancy, parity, and gestational age at birth.

Discussion

The present study found no statistically significant associations
between exposure to PFCs during pregnancy and ADHD
diagnosis during childhood, although the measured umbilical
cord concentrations of PFOS were among the highest in Europe
[42,48,49] and even among the highest in the world [9,50-52].
For PFOA, the levels were higher than those measured in Norway
and other non-European countries but lower than those in
Danmark and Faraoe Islands [9,42,48,49].

Animal data revealed that neonatal mice that were exposed to
high doses of PFOS and PFOA showed behavioral defects which
ranged from slight effects at the anxiety level [53] to reduced
habituation and hyperactivity in adult mice [17]. It has been
suggested that PFOS and PFOA act as developmental neurotox-
icants that mediate their effects on normal brain development,
with consequences for cognitive and behavioral functions, through
different mechanisms. Examples of those mechanisms are alter-
ation in the dopaminergic system [17,18], elevated levels of
proteins important for normal neuronal survival, growth and
synaptogenesis, such as CaMKII, GAP-43, synaptophysin and tau,
in the brain [19], and induction of apoptosis of neuronal cells [54].
Although most of these findings were obtained from experiments
on mice or rat derived cell lines that were exposed to extremely
high levels of PFOS and PFOA compared to the low levels
measured in the present study, other studies found that PFCs were
detrimental to neurodevelopment at levels comparable to those
observed in humans [17,19].

Our study is primarily comparable to the study by Fei and
Olsen [34] because both studies used measures of prenatal rather
than postnatal exposure to PFCs. Fei and Olsen [32] found higher
levels of PFOS and PFOA compared to those seen among
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Figure 2. Boxplot of the umbilical cord concentrations of perfluorooctane sulfonate (PFOS) (a) and perfluorooctanoic acid (PFOA)
(b) in cases having attention deficit hyperactivity disorder and controls. The extreme values of perfluorooctanoic acid for the ADHD cases,
48 and 36 ng/ml, and for the controls, 66, 49, 31, and 23 ng/ml, are not presented in the boxplot.

doi:10.1371/journal.pone.0095891.9g002

pregnant women in other countries including the Nordic countries play a major role in having ADHD diagnosis at later age. Hoffman

[11,48]. Consistent with that study, our results provide further et al. [30] found an association between PFC serum concentra-
indication that fetal exposure to PFCs at the present levels do not tions and ADHD in children aged 12 to 15 years. Another study
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to perfluorinated compounds.

PFCs and ADHD

Table 2. The crude and adjusted odds ratio with 95% confidence interval of attention deficit hyperactivity disorder and exposure

ADHD Diagnosis

Adjusted®

=75" percentile
PFOA®

<75 percentile 1

=75" percentile
PFNA

<LOD 1

=LOD

0.98 (0.92-1.03)
0.98 (0.94-1.02)

Crude
PFOS®
PFOA®
PFOS®
<75" percentile 1

0.82 (0.51-1.31)

1.03 (0.65-1.6)

1.1 (0.72-1.6)

0.98 (0.92-1.04)
0.98 (0.94-1.02)

1
0.81 (0.50-1.32)

1
1.07 (0.67-1.7)

1
1.1(0.75-1.7)

of detection.
?Adjusted for maternal active smoking, parity, and gestational age at birth.

respectively).

doi:10.1371/journal.pone.0095891.t002

by Stein and Savitz [31] on the relationship between self-reported
ADHD and PFC levels in children in the same age range as for
those in the study of Hoffman et al. [30] showed an association
with PFHxS but not with the other PFCs even though both
ADHD prevalence and exposure levels for PFCs were higher in
the study by Stein and Savitz. Exposure to PFCs tends to be higher
among newborns, toddlers, and children due to high uptake via
food consumption, hand-to-mouth transfer of the PFCs from
carpets, and through ingestion of dust [55]. If the positive
association between PFC exposure and self-reported ADHD found
in the study by Hoffman et al. [30] was not due to a chance
finding, that might indicate that postnatal exposure to PFCs,
rather than prenatal exposure, is associated with ADHD.

The present study has some limitations. Unfortunately, while
419 children with ADHD diagnosis were identified at the
Department of Child and Adolescent Psychiatry, there were
significant losses to get to the final study sample. The study was
restricted to children born in Malmé with available obstetric and
demographic information from the SMBR and stored cord blood
samples in the biobank. About 50% of the identified children met
these two inclusion criteria and were included in the study. The
second limitation of the current study is the small number of
ADHD cases. Although we would be able to detect an odd ratio of
1.8 and a difference in PFC levels of at least 0.20 standard
deviations between cases and controls, it should be emphasized
that the statistical power was not high enough to detect some
minor associations and we could not accordingly rule out small
effects. In addition, we lack information about other exposures
that are significant for ADHD, such as exposure to mercury and
lead. The PFC levels measured here might also be too low to
trigger undesirable effects on the brain development.

During our study period, the clinical diagnostic criteria for
ADHD were changed from the definition in DSM-III-R to the
definition in DSM-IV, where DSM-IV is regarded as more
inclusive. Thus, DSM-IV criteria yield a higher prevalence of

PLOS ONE | www.plosone.org

90dds ratio is calculated for PFNA concentrations at or above the LOD (0.2 ng/ml).

Abbreviations: ADHD, attention deficit hyperactivity disorder; PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoic acid; PFNA, perfluorononanoic acid; LOD, limit

°0dds ratio is calculated for 1 ng/ml increase in umbilical cord serum concentration.
€0dds ratio is calculated for PFOS and PFOA concentrations at or above the 75" percentile (75t percentile for PFOS and PFOA were 9,1 ng/ml and 2,4 ng/ml,

ADHD [56]. Most individuals (93%-97.5%) who fulfill a diagnosis
of ADHD according to DSM-III-R also fulfill the diagnostic
criteria according to DSM-IV [57-59]. Individuals with ADHD
according to DSM-IV  that also fulfilled diagnostic criteria
according to DSM-III-R were 85% [57] and 60% [59]. Thus
the overlap between ADHD diagnoses according to DSM-III-R
and DSM-1V is considerable. The more inclusive diagnosis used in
the latter part of the study probably includes some less severe cases
which might slightly weaken possible statistical associations
between exposure to PFCs and having an ADHD diagnosis.

The study has also several important strengths. First, unlike
most of the previous studies on the associations between PFC levels
and ADHD, our prospective study design is more reliable in the
sense that it is based on clinical diagnosis of ADHD made at the
Department of Child and Adolescent Psychiatry. Children were
diagnosed at the same psychiatric clinic through the whole study
period.

Second, the present study is based on analyzed blood samples
from the fetal period, which we believe is the most susceptible
exposure window, whereas in other studies, which were of a cross-
sectional nature, blood samples were collected from school-age
children [30,31].

Third, we were able to account for important covariates;
smoking during pregnancy, parity, and gestational age at birth that
have been found to be associated with both PFC: levels in pregnant
women or infants [11,38,42,46] and ADHD diagnosis or
symptoms [39-41,43-45]. Epidemiological findings have shown
that prevalence of ADHD is higher among males [20]. It has also
previously been shown that infant sex has no effect on the
concentrations of PFCs [11,42,60]. Thus, infant sex was not
considered as a potential confounder in the current data set.

In a previous study, we found that fetuses of mothers originating
from a country other than Sweden, especially those from Middle
East and sub-Saharan Africa, had lower PFC levels in the cord
blood than fetuses of native Swedish mothers [11]. Another study
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found higher odds of having an ADHD diagnosis for native
Swedish children compared to children of mothers born outside
Sweden [36]. Since the proportion of immigrants is relatively high
in Malmé, no matching for the maternal country of birth might
result in a false positive relationship between PFCs and ADHD.
Human serum PFC levels showed an increasing pattern from
the early 1970s through the late 1990s, followed by leveling out
and a decreasing trend right after the phase-out of the production
of PFOS and PFOS related compounds in 2002 [8,61-64].
Diagnosis criteria for ADHD have been changed during the study
period. We matched for the year of delivery to remove the effect of
those differences in PFC levels and diagnosis on the results.
According to our findings, fetal exposure to PFOS, PFOA and
PFNA was not associated with ADHD diagnosis in childhood.
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Abstract

Background Phthalates are ubiquitous environmental pollutants that have been linked to adverse
neurodevelopmental impairments. Effects of prenatal exposure to phthalates on neurodevelopment

need to be further investigated.

Aim In the present study, the relationship between prenatal exposure to phthalate metabolites and

attention deficit hyperactivity disorder (ADHD) diagnosis in childhood is explored.

Materials and methods Children born between 1978 and 2000 with ADHD (n=202) were identified at
the Department of Child and Adolescent Psychiatry in Malmo, Southern Sweden. Controls (n=202),
matched for year of birth and maternal country of birth, from the same region were selected from
the Medical Birth Register. Phthalate metabolites were measured in umbilical cord serum collected
at a biobank and the association between the sum of di-2-ethylhexyl phthalate (DEHP) or di-isononyl

phthalate (DiNP) metabolites and ADHD was investigated.

Results The median cord serum concentrations of mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP),
mono-2-ethyl-5-carboxypentyl phthalate (MECPP), and mono-carboxy-iso-octyl phthalate (MCiOP) in
children with ADHD were 0.14, 1.2, and 0.29 ng/ml, respectively. The corresponding median serum
concentrations of those metabolites in the controls were 0.13, 1.2, and 0.31, respectively. There
were no differences in the phthalate metabolite serum concentrations between children with ADHD
and controls (all p values > 0.3). The sum of DEHP metabolites or MCiOP in cord serum was not

associated with ADHD diagnosis in childhood.

Conclusion The low cord serum concentrations of phthalate metabolites detected in the present

study seem not to cause ADHD in later age.



Introduction

Phthalates are industrial chemicals which are found in numerous household and consumer products.
They are mainly used as plasticizers, but even found in numerous consumer and commercial
products, such as solvents, detergents, vinyl flooring, medical devices, wall coverings, personal care
products, and food containers (Barr et al. 2003; Hauser and Calafat 2005; Hauser et al. 2007;
Hernandez-Diaz et al. 2013). Because they are not chemically bound to the products, phthalates can
leach into the environment, leading to exposure via inhalation of contaminated air or dust, ingestion
of contaminated food, and dermal contact with care products (Afshari et al. 2004; Sathyanarayana
2008). After entering the body, phthalates break down into metabolites that are excreted in the
urine and feces (Koch et al. 2006; Wormuth et al. 2006). Due to the ubiquitous presence in the

environment, phthalates have drawn much public attention.

Phthalate metabolites have been found in biological samples such as urine (Langer et al. 2014;
Wittassek et al. 2011), blood (Frederiksen et al. 2010; Wan et al. 2013), and breast milk (Fromme et
al. 2011). Furthermore, fetuses are exposed to these compounds and their metabolites have been
found in placental tissue, amniotic fluid, and cord blood (Jensen et al. 2012; Kato et al. 2006; Koch
and Calafat 2009; Mose et al. 2007). Thus, phthalates or its metabolites seem to cross the placental
barrier. Because fetuses and infants are more sensitive to toxic effects of chemicals (Landrigan 1998)
and infants may experience higher exposures to phthalates than adults (Wormuth et al. 2006),
prenatal and neonatal exposure to endocrine disrupters, including phthalates, disturbs brain
development, even at levels lower than their No Observed Adverse Effect Level (NOAEL) or Low
Observed Adverse Effect Level (LOAEL) (Tanida et al. 2009). Studies in rats have shown that exposure
to phthalates causes hyperactivity reminding of the clinical picture of attention deficit hyperactivity

disorder (ADHD) as observed in humans (Ishido et al. 2004; Masuo et al. 2004b).

ADHD is usually diagnosed during childhood, and while the exact cause of ADHD is unknown, both
genetic and environmental factors, as well as their interactions may contribute to the development
of ADHD (Archer et al. 2011). A recent study has identified an association between urine phthalate
metabolite levels and poor attentional performance in ADHD children with evidence of dopamine
gene-phthalate interaction (Park et al. 2014). There is also cross-sectional evidence that certain
phthalates are associated with ADHD, attention deficit disorder (ADD), and both ADD and learning
disability (LD) in school-aged children (Chopra et al. 2014; Kim et al. 2009). Furthermore, certain
phthalates have been found to impair neurodevelopment both in vivo and in vitro (Chen et al. 2011,

Lin et al. 2011; Smith et al. 2011).



Prenatal exposure to phthalates in relation to neurological and behavioral outcomes is poorly studied
and has been exclusively restricted to measured levels in maternal urine (Engel et al. 2009; Engel et
al. 2010; Miodovnik et al. 2014; Whyatt et al. 2012; Yolton et al. 2011). However, the effects of

prenatal phthalate exposure on the development of ADHD have so far not been investigated.

In the present study, the association between umbilical cord serum concentrations of di-2-ethylhexyl
phthalate (DEHP) and di-isononyl phthalate (DiNP) metabolites and ADHD diagnosis in childhood was

explored. In addition, maternal and cord serum concentrations of these metabolites were compared.

Materials and methods

Study population

The selection of and diagnostic procedures for ADHD children have previously been described by Ode
et al. (2014). Briefly, 419 children born in the city of Malmo between 1978 and 2000 were diagnosed
with ADHD and were followed until 2005 at the Department of Child and Adolescent Psychiatry in
Malmo. Age at the time of diagnosis varied between 5 and 17 years. The Diagnostic and Statistical
Manual of Mental Disorders (DSM) criteria DSM-III-R,; were used before 1994, and from 1994
onwards the DSM-IVy, criteria. Intelligence and ability to concentrate were tested with the Wechsler
Intelligence Scale (WISC), TEA-Ch, and QB-Tech or IVA+. A pediatric examination with assessment of
neurological soft signs was also performed. The school teacher and/or the parents were asked to fill
in questionnaires such as the SNAP-IV, Conner’s questionnaire or the 5-15 questionnaire, and the
BRIEF- questionnaire. Behavior in school and at the visits to the clinic was observed and registered. A
team of a psychiatrist, a psychologist and sometimes also a social worker met to achieve a consensus

ADHD diagnosis using the DSM criteria.

Using the unique personal identification numbers, maternal and umbilical cord serum samples for
children with ADHD were collected from the Malmé Maternity Unit Serum Biobank (MMUSB). The
MMUSB has previously been described (Ode et al. 2014). Maternal and umbilical cord serum samples
were collected at delivery and stored at -202C at the biobank. A pool of 10 controls per ADHD child
matched for year of birth + 12 months and country of birth of the mother was retrieved from the
Swedish Medical Birth Register (SMBR). The first newborn in the pool of controls with an umbilical
cord blood sample found in the MMSUB was chosen as control. If no cord serum was found among
the 10 matched controls in the pool, the sample of the next-baby-born was used. Demographic and
obstetric data were obtained from the SMBR. The selection procedure for cases and controls is

presented in Figure 1.



The study protocol followed the requirements of the Declaration of Helsinki and was approved by the

Research Ethics Committee at Lund University, Sweden.

Chemical analyses

Phthalate metabolites were analyzed in serum samples by liquid chromatography tandem mass
spectrometry at the Department of Occupational and Environmental Medicine at Lund University,
Sweden as described by Specht et al. (2014). Analyses included the secondary oxidized metabolites
of DEHP (mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP), mono-2-ethyl-5-oxohexyl phthalate
(MEOHP) and mono-2-ethyl-5-carboxypentyl phthalate (MECPP), and DiNP (mono-4-methyl-7-
hydroxy-octyl phthalate (7OH-MMeOP), mono-carboxy-iso-octyl phthalate (MCiOP), and mono-4-
methyl-7-carboxyheptyl phthalate (7cx-MMeOP)). However, only MEHHP, MECPP, and MCiOP could

be detected in the samples.

For the analysis of phthalate metabolites, aliquots of 100 pL serum were added with isotopically
labeled internal standards for all evaluated compounds. The samples were digested with
glucuronidase and the proteins were precipitated using acetonitrile. The samples were prepared in
96-well plates and analyzed using a triple quadrupole linear ion trap mass spectrometer (QTRAP
5500; AB Sciex, Foster City, CA, USA) coupled to a liquid chromatography system (UFLCXR, Shimadzu
Corporation, Kyoto, Japan; LC/MS/MS) without any further clean-up. The analysis was performed in
negative ion mode. All data acquisition was performed using Analyst 1.6.1 software and data

processing was performed using Multiquant 2.1 (AB Sciex).

The quality of the analyses was checked by including chemical blank samples and an in-house quality
control in all analyzed sample batches. Moreover, each sample was analyzed three times in three
different analytical batches. The samples were analyzed in randomized order. The imprecision in the
analyzed control sample was 8% for MEHHP, 18% for MECPP, and 19% for MCiOP. The LODs were
0.2 ng/mL for MEHHP, 0.1 ng/mL for MECPP, and 0.1 ng/mL for MCiOP. The laboratory is a European
reference laboratory for urinary phthalate metabolite analyses for all the included compounds

(www.eu-hbm.info/democophes).

Smoking during pregnancy, as a potential confounder, was determined by analysis of
cotinine in umbilical cord serum as described by Ode et al. (2014). Women with cotinine

concentrations above 15 ng/mL were classified as active smokers (George et al. 2006).



Statistical analyses

Mann-Whitney U test and Kruskal-Wallis test were used to compare characteristics between
pregnant women and their fetuses and phthalate metabolites between ADHD children and controls.
Spearman’s rank correlation coefficient was used to investigate the correlations of the phthalate
metabolites between maternal and umbilical cord serum samples. The Wilcoxon matched-pairs
signed-ranks test was used to investigate differences in phthalate metabolite concentrations
between maternal and cord serum, and between ADHD cases and controls, respectively.

Concentrations below the LOD were replaced with the commonly used value LOD/V2.

Conditional logistic regression was performed for investigating the association between the sum of
DEHP metabolites (MEHPP and MECPP) and the DiNP metabolite MCiOP in nM in cord serum and
ADHD diagnosis. The odds ratio was calculated for every 1 nM increase in the umbilical cord
phthalate concentrations (i.e. exposure used as continuous variable) or for concentrations at or
above the 75" percentile (i.e. exposure used as categorical variable). As potential confounders we
considered maternal age, smoking during pregnancy based on cord cotinine serum levels, and parity.
Variables that were suspected to be in the causal pathway between exposure to phthalate
metabolites and ADHD, such as birth weight and gestational age at birth were not included in the

adjusted model.

The conditional regressions were performed with LogXact statistical software (Cytel Studio 10), while

the rest of the analyses were performed with SPSS version 21 (SPSS Inc., Chicago, IL, USA).

Results

The DEHP metabolites (MEHHP and MCEPP) and the DiNP metabolite (MCiOP) could be analyzed in
193 matched maternal and umbilical cord serum samples of the controls. For children with ADHD
and controls, the three metabolites could be analyzed in 202 matched umbilical cord serum samples.
The detection frequencies of the metabolites in maternal and umbilical cord sera are presented in

Table 1.

The demographic and obstetric characteristics of the study children are shown in Table 2. The
median age of mothers to the cases and controls was 26 and 28 years, respectively. The majority of
the mothers to ADHD children and controls were primiparous and of Swedish origin. Mothers to the
ADHD children smoked more than those to the controls. Median birth weight was 3465 g for children

with ADHD and 3600 g for controls. Gestational age, birth length, and head circumference were



almost identical for both groups. Mann-Whitney U test and Kruskal-Wallis test showed no
differences between children with or without ADHD diagnosis except for smoking status and birth

weight (p<0.05).

Concentrations of phthalate metabolites in maternal and cord serum of the controls are presented in
Table 3. Phthalate metabolite concentrations in maternal serum were positively correlated with the
corresponding metabolite in cord serum (Table 3). MEHHP concentrations were higher in maternal

than in cord serum, whereas MECPP and MCiOP were higher in cord than in maternal serum.

Median cord serum concentrations of MEHHP, MECPP, and MCiOP in children with ADHD were 0.14,
1.2, and 0.29 ng/mlL, respectively. The corresponding median serum concentrations of those
metabolites in the controls were 0.13, 1.2, and 0.31 ng/mL, respectively (Table 4). There were no
differences in the phthalate metabolite serum concentrations between the two groups (p > 0.05).
DEHP and DiNP metabolites in cord serum were not associated with higher odds of having ADHD

diagnosis in childhood, even after adjustment for potential confounders (Table 5).

Discussion

As phthalate metabolites cross the placental and the blood-brain barrier and have negative impact
on fetal development, including neurodevelopment, we investigated the hypothesized relationship
between prenatal exposure to phthalate metabolites and ADHD. Phthalate metabolites could be
found in umbilical cord serum with good correlation with maternal serum phthalate metabolite
concentrations, but no association between prenatal exposure to phthalate metabolites and ADHD in

childhood was found.

In accordance with previous data, maternal serum phthalate metabolites cross the placenta and are
transferred to the fetus. Phthalates are usually measured in urine of pregnant women where their
levels are much higher compared to those found in blood or serum samples (Hines et al. 2009; Yan et
al. 2009). Levels of phthalate metabolites measured in our samples were low compared to those
measured in the analogous biological samples (de Cock et al. 2014; Latini et al. 2003a; Zhang et al.
2009). This might reflect different exposure patterns that arise among countries. There were modest
to high correlations between maternal and cord serum phthalate metabolites in our samples
compared to other studies that usually found no correlations between maternal and fetal samples
(Latini et al. 2003b). The higher concentrations of MECPP and MCiOP in cord serum than in maternal

serum might reflect bioaccumulations of these chemicals due to the immature secretory mechanisms



in the developing fetuses, or due to the possible negative effects of these phthalate metabolites on

the secretory organs.

Experimental and epidemiological studies have found that phthalates have negative impact on
neurodevelopment (Chen et al. 2011; Lin et al. 2011; Smith et al. 2011). Experimental studies
revealed that exposure to higher levels of phthalates resulted in neurobehavioral impairments, such
as hyperactivity, in mice and rats (Ishido et al. 2004; Masuo et al. 2004a; Masuo et al. 2004b; Tanaka
2002). Animal studies have also shown that neonatal and immature offspring animals were more
vulnerable to phthalates during the developing stages of the brain (Adams et al. 2000; Vorhees
1994). Perinatal exposure to phthalates led to neurotoxicity and had negative effects on
neurobehavioral development in neonate animals, but had no influence on mature offspring (Li et al.
2014; Li et al. 2009). In summary, these results suggest that infants and children can experience
greater harm from phthalates than adults. However, exposure to low phthalate levels, as those

detected in the present study, might have no effects on the developing brains of the fetuses.

In humans, there is cross-sectional evidence that certain phthalates are associated with ADHD-
symptomes, increased odds of ADD and both ADD and LD, and decreased Full Scale 1Q and Verbal 1Q
scores (Cho et al. 2010; Chopra et al. 2014; Kim et al. 2009). Other studies showed that phthalate
metabolites during pregnancy were associated with decreased mental and physical development and
with increased odds of psychomotor delay, increased motor performance, poorer orientation,
attention problems, and more internalizing behaviors in children, and non-optimal reflexes in infants
(Engel et al. 2009; Engel et al. 2010; Kim et al. 2009; Téllez-Rojo et al. 2013; Whyatt et al. 2012;
Yolton et al. 2011). Sex-specific effects were observed in many of those studies (Engel et al. 2010;
Téllez-Rojo et al. 2013; Whyatt et al. 2012; Yolton et al. 2011). Unfortunately, we were not able to
investigate sex-phthalate metabolite interaction due to the small number of female infants in our

data.

The present study has several limitations. Phthalates have short biological half-lives in the body
tissues (Fennell et al. 2004; Koch et al. 2006). Since we had a single serum sample and we lack data
on daily use of personal care products for the mothers, some misclassification of exposure to
phthalate might be present in our data. However, if sources and daily patterns of exposure remain
relatively unchanged, a single measurement may reflect a typical measurement at any time during
pregnancy. The present study is also limited by its modest sample size, and consequently the limited

statistical power to detect subtle effects.



To summarize, pregnant women were exposed to relatively low levels of phthalates and phthalate
metabolites were transferred to the fetuses. The low phthalate metabolite levels detected in
umbilical cord serum did not cause ADHD symptoms in later age. Since this is the first study
investigating the association between exposure to phthalate metabolites during pregnancy and
ADHD diagnosis, more research using repeated measurements of phthalate metabolites during

pregnancy is needed to address possible associations with neurodevelopmental disorders.
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Cases

All children born between 1978 and
2000 and diagnosed with ADHD at the
Child and Adolescent Psychiatry Unit
in Malmag, Southern Sweden.

n=419

Not linked to the Swedish Medical
Birth Register. n=43 (10.3%)

Born in Sweden, but not in
Malmé. n=95 (22.7%)

Remaining cases Malmé Maternity Unit Serum Eligible pool of controls (10 controls
Biobank per case) detected in the Swedish

Medical Birth Register and matched

for the year of birth and maternal

Children born between 1978 and
2000 and living in the city of Malmé Stored umbilical cord blood

since birth. n=281 between 1978 and 2000. country of origin.

No stored umbilical cord blood in the

Not chosen as controls.

Malmé Maternity Unit Serum
Biobank. n=75 (26.7%) n=1854 (90%)

|

Original study cases Original control group

Children with ADHD diagnosis born Children without any ADHD diagnosis
between 1978 and 2000 and living in the born between 1978 and 2000 and living
city of Malma since birth with available in Malmé since birth. For each case, the
umbilical cord blood. n=206 first control in the pool with available

biobanked sample was chosen. n=206

Fig. 1. Flowchart for the selection procedure of the children with attention deficit hyperactivity disorder

(ADHD) and controls.
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Table 1 Number of available maternal and umbilical cord serum samples for our population

Phthalate metabolite Matrix Available samples (N=206)
Samples with sufficient >LOD
amount of serum (n) (%)

MEHHP MS 194 95.4

CS Control 205 89.3
CS ADHD child 203 84.9
MECPP MS 194 100
CS Control 205 100
CS ADHD child 203 100
MCiOP MS 194 83.0
CS Control 205 93.7
CS ADHD child 203 94.1

MEHHP, mono-2-ethyl-5-hydroxyhexyl phthalate; MECPP, mono-2-ethyl-5-carboxypentyl phthalate; MCiOP,
mono-carboxy-iso-octyl phthalate; MS, maternal serum; CS, cord serum; LOD, limit of detection.
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Table 2 Demographic characteristic of the study children, n(%) or median (25“‘, 75" percentile)

ADHD children (n=202) Controls (n=202)

Maternal characteristics

Age (years) 26 (23, 30) 28 (25, 31)
Parity
Primiparous 97 (48.0) 105 (52.0)
Multiparous 105 (52.0) 97 (48.0)
Body mass index®
Missing 141 (69.8) 141 (69.8)
Underweight 1(0.5) 3(1.5)
Normal 36 (17.8) 40 (19.8)
Overweight 16 (7.9) 14 (6.9)
Obese 8 (4.0) 4 (2.0)
Native Swedish 168 (83.2) 169 (83.7)
Active smoker® 81(40.1) 62 (30.7)
Fetal characteristics
Boy 179 (88.6) 161 (79.7)
Birth weight (grams) 3465 (3180-3810) 3600 (3200-3960)
Gestational age (weeks) 40 (39-40) 40 (40-41)
Birth length (cm) 50 (49-52) 51 (49-52)
Head circumference (cm) 35 (34-36) 35 (34-36)
At risk of neurodevelopmental
deficits
Low birth weight (<2500 grams) 13 (6.4) 5(2.5)
Preterm birth (<37 weeks) 11 (5.4) 7 (3.5)

“Body mass index was classified according to the standard values of the World Health Organization.
®Maternal smoking is based on measured cotinine concentrations in the umbilical cord serum.
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Table 3 Concentrations of phthalate metabolites in matched maternal and umbilical cord serum control samples

Phthalte Serum Mean 25% Median 75% P’ Spearman’s
metabolite sample Percentile Percentile correlation
coefficient

MEHHP MS 0.25 0.12 0.19 0.31 <0.0001 0.40

CS 0.25 0.09 0.13 0.26 .
MECPP MS 1.3 0.71 1.03 1.6 <0.0001 0.66

CS 1.6 0.90 1.2 1.8 N
MCiOP MS 1.2 0.12 0.20 0.51 0.017 0.83

CS 0.88 0.18 0.32 0.56

MEHHP, mono-2-ethyl-5-hydroxyhexyl phthalate; MECPP, mono-2-ethyl-5-carboxypentyl phthalate; MCiOP,
mono-carboxy-iso-octyl phthalate; MS, maternal serum; CS, cord serum

“p value is obtained from the Wilcoxon matched-pairs signed-ranks test.

~Correlation is significant at the 0.01 level (2-tailed).
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Table 4 Concentrations of phthalate metabolites in ng/mL as (mean+SD) and median (5", 95™ percentile) in
umbilical cord serum of matched children (n=202) with and without ADHD diagnosis

Phthalate metabolite ADHD cases Controls Difference (p value)®
MEHHP 0.21+0.23 0.24+0.48 0.76
0.14 (0.04, 0.62) 0.13 (0.04, 0.67)
MECPP 1.741.3 1.6+1.3 0.31
1.2 (0.52, 4.2) 1.2 (0.65, 3.6)
MCiOP 0.62+1.2 0.85+2.3 0.66
0.29 (0.07, 1.9) 0.31 (0.07,3.1)

MEHHP, mono-2-ethyl-5-hydroxyhexyl phthalate; MECPP, mono-2-ethyl-5-carboxypentyl phthalate; MCiOP,
mono-carboxy-iso-octyl phthalate

“p value is obtained from the Wilcoxon matched-pairs signed-ranks test.
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Table 5 Odds ratios and 95% confidence intervals for association of prenatal exposure to phthalate metabolites in
children with and without attention deficit hyperactivity disorder (ADHD)

Phthalate metabolite (nM) ADHD
Crude OR (95% ClI) Adjusted OR (95% CI)°

>DEHP metabolites® 1.01 (0.96-1.05) 1.00 (0.96-1.05)
MCiOP? 0.98 (0.94-1.01) 0.97 (0.94-1.01)
>DEHP metabolites” <75"P 1 1

275" P 1.03 (0.65-1.6) 0.98 (0.61-1.6)
MCiOP° <75"P 1 1

275" P 0.92 (0.57-1.5) 0.93 (0.58-1.5)

OR, odds ratio; ClI, confidence interval; DEHP, di-2-ethylhexyl phthalate; MCiOP, mono-carboxy-iso-octyl
phthalate

#0dds ratio is calculated for every 1 nM increase in the concentration.

®0dds ratio is calculated for categorized variables.

°Adjusted for maternal age, parity, and cotinine levels during pregnancy.
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Existing evidence on the effects of manganese and selenium during fetal life on neurodevelopmental
disorders is inadequate. This study aims to investigate the hypothesized relationship between fetal ex-
posure to manganese and selenium and attention deficit hyperactivity disorder (ADHD) diagnosis in
childhood. Children born between 1978 and 2000 with ADHD (n=166) were identified at the Depart-
ment of Child and Adolescent Psychiatry in Malmo, Sweden. Controls from the same region (n=166)
were selected from the Medical Birth Register and were matched for year of birth and maternal country
of birth. Manganese and selenium were measured in umbilical cord serum. The median cord serum
concentrations of manganese were 4.3 pg/L in the cases and 4.1 pg/L in the controls. The corresponding
concentrations of selenium were 47 and 48 pg/L. When the exposures were analyzed as continuous
variables no associations between cord manganese or selenium concentration and ADHD were observed.
However, children with selenium concentrations above the 90th percentile had 2.5 times higher odds
(95% confidence interval 1.3-5.1) of having ADHD compared to those with concentrations between the
10th and 90th percentiles. There was no significant interaction between manganese and selenium ex-
posure (p=0.08). This study showed no association between manganese concentrations in umbilical cord
serum and ADHD. The association between ADHD diagnoses in children with relatively high cord sele-

nium was unexpected and should be interpreted with caution.

© 2015 Published by Elsevier Inc.

1. Introduction

Attention deficit hyperactivity disorder (ADHD) is a neurobe-
havioral disorder with inattention, impaired impulse control, and
hyperactivity as core symptoms (Faraone et al., 2006; Gustafsson
et al, 2000). About five percent of children are diagnosed with
ADHD and the problems often persist into adulthood (Faraone
etal, 2006; Lara et al,, 2009). The etiology of ADHD is not yet fully
known, but both genetic and environmental factors are involved
Swanson et al. (2007). Disturbance of the dopaminergic system is
the main characteristic of ADHD (Faraone et al., 2005; Gizer et al.,

Abbreviations: ; ADHD, attention deficit hyperactivity disorder; BMI, body mass
index; Cl, confidence interval; DSM, Diagnostic and Statistical Manual of Mental
Disorders; LOD, limit of detection; MMUSB, Malmé Maternity Unit Serum Biobank;
OR, odds ratio; SD, standard deviation; SMBR, Swedish Medical Birth Register

* Corresponding author.

E-mail address: amanda.ode@med.lu.se (A. Ode).

http://dx.doi.org/10.1016/j.envres.2015.01.001
0013-9351/© 2015 Published by Elsevier Inc.

2009). Exposure to environmental toxins, such as lead, mercury,
and persistent chlorinated biphenyls (PCBs), has been linked
to ADHD (Banerjee et al., 2007; Braun et al., 2006; Eubig et al.,
2010).

Manganese is an essential trace element involved in many
metabolic functions in the body (Santamaria and Sulsky, 2010).
Exposures to high levels of manganese have been linked to hy-
peractivity and ADHD in children (Bouchard et al., 2006; Farias
et al, 2010). Manganese has been suggested to mediate its toxic
effect on the nervous system mainly by causing selective de-
struction of dopaminergic neurons, and by altering brain expres-
sion of dopamine, dopamine receptors and dopamine transporter
proteins (Dorman et al., 2000; Kern et al., 2010; Storch et al., 2004;
Tran et al,, 2002). Manganese may trigger autoxidation or turnover
of dopamine, resulting in increased production of free radicals and
other cytotoxic metabolites, along with a depletion of cellular
antioxidant defense mechanisms (Carner and Nachtman, 1989;
Liccione and Maines, 1988; Parenti et al., 1988; Verity, 1999).
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Selenium is an essential trace element with potent antioxidant
properties (Battin et al., 2006) and has recently been found to
protect from prenatal manganese neurotoxicity (Yang et al., 2014).
In mice, manganese-induced impairment in dopaminergic neu-
rotransmission is reversed by selenium treatment (Khan, 2010).
The increased permeability of the blood-brain-barrier induced by
free radicals is inhibited by selenium (Oztas et al., 2001).

Manganese and selenium both cross the placenta and the fetal
blood-brain barrier (Michalke et al., 2009; Wilson et al., 1991;
Yokel, 2009). The potential associations between manganese and
selenium exposures during fetal life and later development of
nervous system symptoms are relatively unexplored. The primary
aim of the present case-control study was to investigate the
possible associations between manganese and selenium con-
centrations in neonatal blood at birth and ADHD diagnosis in
childhood. We then hypothesized that a high neonatal manganese
concentration is associated with ADHD, and that a high selenium
concentration imparts protection against ADHD. The secondary
aim of the study was to explore the associations between man-
ganese and selenium concentrations in maternal and fetal blood,
where we hypothesized positive correlations.

2. Material and methods
2.1. Participants

The selection of and diagnostic procedures for ADHD children
have previously been described (Ode et al, 2014). Briefly, 419
children born in the city of Malmo between 1978 and 2000 were
diagnosed with ADHD and were followed until 2005 at the De-
partment of Child and Adolescent Psychiatry in Malmo. Age at the
time of diagnosis varied between 5 and 17 years, with most chil-
dren being diagnosed between the ages of 8 and 12 years. The
Diagnostic and Statistical Manual of Mental Disorders (DSM) cri-
teria DSM-III-Ry; were used before 1994, and from 1994 onwards
the DSM-IV;; criteria. Intelligence and ability to concentrate were
tested with the Wechsler Intelligence Scale (WISC), TEA-Ch, and
QB-Tech or IVA+. A pediatric examination with assessment of
neurological soft signs was also performed. The school teacher
and/or the parents were asked to fill in questionnaires such as the
SNAP-1V, Conner's questionnaire or the 5-15 questionnaire, and
the BRIEF-questionnaire. Behavior in school and at the visits to the
clinic was observed and registered. A team of a psychiatrist, a
psychologist and sometimes also a social worker met to achieve a
consensus ADHD diagnosis using the DSM criteria.

Using the unique personal identification numbers, maternal
and umbilical cord serum samples for children with ADHD were
collected from the Malmé Maternity Unit Serum Biobank
(MMUSB). The MMUSB has previously been described (Ode et al.,
2014). A pool of 10 controls per ADHD child matched for year of
birth + 12 months and country of birth of the mother was re-
trieved from the Swedish Medical Birth Register (SMBR). The first
newborn in the pool of controls with an umbilical cord blood
sample found in the MMSUB was chosen as control. If no cord
serum was found among the 10 matched controls in the pool, the
sample of the next-baby-born was used. Demographic and ob-
stetric data were obtained from the SMBR. The selection procedure
for cases and controls is presented in Fig. 1. Manganese and sele-
nium could be analyzed in 180 ADHD and 191 control (166 mat-
ched) umbilical cord samples.

The study protocol followed the requirements of the Declara-
tion of Helsinki and was approved by the Research Ethics Com-
mittee at Lund University, Sweden.

2.2. Analyses of manganese, selenium, and cotinine

The concentrations of manganese and selenium were de-
termined by inductively coupled plasma-mass spectrometry (ICP-
MS; Thermo X7; Thermo Elemental, Winsford, UK). Aliquots of
100 uL serum were diluted 10 times with an alkaline solution ac-
cording to Barany et al. (1997). The detection limit, calculated as
3 times the standard deviation (SD) of the blank was 0.01 pg/L for
manganese and 1.3 pg/L for selenium. The analytical accuracy was
checked against two different reference materials. For Seronorm
Trace Elements Serum L-1 (lot 0903106; SERO AS, Billingstad,
Norway) the results obtained for manganese and selenium were
16 + 1.0 and 107 + 6.3 pg/L (mean + SD, n=28) vs. recommended
15+09 and 107 + 7 pg/L, respectively and for human serum
reference samples from the Centre de Toxicologie du Québec, Ca-
nada (lot QMEQASO06S-06) the obtained values were 3.9 +0.26
and 286+ 15pg/L (n=28) vs. recommended 4.0+ 1.05 and
287 + 63 ug/L, respectively. All analyzed samples were prepared in
duplicate and the method imprecisions (calculated as the coeffi-
cients of variation in measurements of duplicate preparations)
were 9.4% and 6.6% for manganese and selenium, respectively.

The smoking status of the cases and controls was determined
with analyses of the cotinine concentrations in umbilical cord
serum as part of another study (Ode et al., 2013).

2.3. Statistical analyses

Spearman's rank correlation coefficient was used to investigate
the correlations of the trace elements between maternal and
umbilical cord serum samples and the Wilcoxon matched-pairs
signed-ranks test to investigate differences in manganese and se-
lenium concentrations between maternal and cord serum, and
between ADHD cases and controls, respectively.

Conditional logistic regression was performed for calculating
the odds ratio for every 1 ng/mL increase in the umbilical cord
serum manganese or selenium concentrations and for the man-
ganese/selenium ratio and ADHD diagnosis. Based on the dis-
tribution of the trace elements among the controls, we defined
manganese concentrations above the 90th percentile (6.68 ug/L)
and selenium concentrations below the 10th (36.3 pg/L) or above
the 90th percentile (59 pg/L) as deviating. These cut-offs were
arbitrary selected and the reason for the relatively high and low
cut-offs were that both manganese and selenium are essential
nutrients and we believe that the waste majority have con-
centrations within the normal range. For evaluation of potential
interaction between the categorized manganese and selenium we
included an interaction term in the model (i.e. manganesestsele-
nium). We calculated crude as well as adjusted odds ratios (ORs). If
the crude and the adjusted ORs did not differ by more than 10%,
we only present the crude OR. As potential confounders we con-
sidered smoking during pregnancy, parity, and gestational age at
birth. Women with a cotinine concentration below the detection
limit (0.2 pg/L) were classified as non-smokers, women with a
concentration above 15 pg/L as active smokers, and women with
levels between 0.2 and 15 pg/L as second hand smokers (George
et al., 2006). Parity was entered in the analysis as a class variable
divided into two groups according to number of previously born
children (O [i.e. primiparous], or > 1 children). Gestational age was
divided into three groups: <37, 37-42, and >42 weeks of
pregnancy.

The conditional regressions were performed with LogXact
statistical software (Cytel Studio 10), while the rest of the analyses
were performed with SPSS version 21 (SPSS Inc., Chicago, IL, USA).
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Cases

Al children born between
1978 and 2000 and
diagnosed with ADHD at
the Child and Adolescent
Psychiatry Unit in Malmao,
Southern Sweden. n=419

Not linked to the
Swedish Medical Birth
Register. n=43 (11.5%)

Born in Sweden, but not
in Malmé. n=95 (25.3%)

Remaining cases Malmé Maternity Eligible pool of controls (10

Unit Serum Biobank controls per case) detected
Children born between in the Swedish Medical
1978 and 2000 and living Stored umbilical Birth Register and matched
in the city of Malmo cord blood between for the year of birth and
since birth. n=281 1978 and 2000. maternal country of origin.
(67.1%) n=2060

No stored umbilical cord
blood in the Malmé
Maternity Unit Serum
Biobank. n=75 (26.7%)

Not chosen as
controls.
n=1854 (90%)

Original study cases

Children with ADHD
diagnosis born between

1978 and 2000 and living in
the city of Malmé since birth
with available umbilical cord
blood. n=206

Original control group

Children without any ADHD
diagnosis born between
1978 and 2000 and living in
Malmé since birth. For each
case, the first control in the
pool with available
biobanked sample was
chosen. n=206

Manganese and selenium
could not be analyzed in
some samples

Final study cases

n=166

Final control group

n=166

Fig. 1. Flowchart for the selection procedure of the children with attention deficit hyperactivity disorder (ADHD) and controls.

3. Results

For 180 cases and 191 controls, both manganese and selenium
could be analyzed in umbilical cord serum samples. The number of
the matched ADHD cases and controls where both manganese and
selenium could be assessed was 166. The obstetric and demo-
graphic characteristics for the 166 matched ADHD children and
controls are presented in Tables 1 and 2.

Out of the 206 original maternal serum samples for the control
group, manganese and selenium could be analyzed in 193 samples.

Concentrations of manganese and selenium in paired maternal
and cord serum (n=181) are presented in Table 3 and were po-
sitively correlated with each other (Table 4).

Cord manganese concentrations were significantly higher than
maternal manganese concentrations, whereas cord selenium
concentrations were significantly lower than maternal selenium
concentrations (p-values < 0.0001).There were no significant dif-
ferences in the manganese and selenium levels between matched
ADHD cases and controls (n=166) with p > 0.05.

Umbilical cord serum concentrations of manganese and
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Table 1

Manganese concentrations (pg/L) in the umbilical cord serum of ADHD cases and controls.

Characteristics Children with ADHD Controls

N (%) Mean + SD Median (min-max) N (%) Mean + SD Median (min-max)
Group
Case/Control 166 47422 43 (1.7-16) 166 46+34 41 (13-39)
Year of delivery
1978-1985 14 (8.4) 41+14 5(2.2-6.8) 11 (6.6) 40415 3(13-62)
1986-1993 125 (75.3) 47 +21 4.3 (1.7-16) 127 (76.5) 47+38 41 (1.3-39)
1994-2000 27 (16.3) 51+28 5(2.2-15) 28 (16.9) 48 +16 4.4 (2.0-9.6)
Mother's age at pregnancy (years)
<20 years 8(4.8) 5.4+0.70 5.5 (4.4-6.5) 5(3.0) 46+13 43 (35-69)
20-35 years 138 (83.1) 47+23 4.3 (1.7-16) 138 (83.1) 47 +36 41 (1.3-39)
> 35 years 20 (12.0) 47+15 4.5 (2.2-8.9) 23 (13.9) 43+20 3.8 (1.8-9.6)
Parity
Primiparous 79 (47.6) 48423 4.4 (1.7-16) 89 (53.6) 45418 42 (13-11)
Multiparous 87 (52.4) 46+21 43 (1.7-15) 77 (46.4) 48+46 3.9 (1.6-39)
Maternal body mass index (kg/m?)"'
Missing 117 (70.5) 49+24 44 (1.7-16) 120 (72.3) 45+38 4.0 (1.3-39)
Underweight ( < 18.5) 1(0.6) 4.0 4.0 2(12) 4.0+0.16 4.0 (3.9-4.1)
Normal (18.5-25) 31(18.7) 41+14 4.1 (1.9-9.2) 29 (17.5) 52+19 4.9 (21-9.8)
Overweight (25-30) 12 (7.2) 48+18 43 (2.2-8.9 2(72) 44+13 4.1 (2.6-6.8)
Obese (= 30) 5(3.0) 43+17 47 (2.3-6.5) 3(1.8) 54+3.0 3.8 (3.5-8.8)
Maternal country of origin
Sweden 140 (84.3) 48+23 4.3 (1.7-16) 140 (84.3) 4.7+3.6 4.2 (1.3-39)
Other Nordic countries” 6(3.6) 34+12 3.1 (2.3-5.3) 6(3.6) 43+12 4.0 (2.6-6.0)
The rest of Europe' 6(3.6) 51+20 4.7 (3.3-8.8) 6(3.6) 48+21 41 (3.2-8.9)
Sub-Saharan Africa 1(0.6) 5.6 5.62 1(0.6) 41 41
Middle East/North Africa 9 (5.4) 39+13 0(2.1-5.9) 9 (5.4) 38+12 3.9(1.6-5.1)
East Asia 1(0.6) 31 31 1(0.6) 13 13
North America 2(12) 6.6+2.8 6.6 (4.7-8.6) 2(12) 50+25 5.02 (3.2-6.8)
Unknown 1(0.6) 4.5 4.5 1(0.6) 31 31
Smoking status’
Non-smoker 51(30.7) 45+ 17 3 (2.0-10) 70 (42.2) 42+17 3.9 (1.6-9.8)
SHS 46 (27.7) 4.8+25 4.4 (21-15) 4 (26.5) 50+31 4.2 (13-21)
Active smoker 69 (41.6) 48+24 4.3 (1.7-16) 52(31.3) 49+5.0 4.3 (21-39)
Infant sex
Boy 149 (89.8) 48+23 4.4 (1.7-16) 135 (81.3) 4.8 +3.7 41 (1.3-39)
Girl 17 (10.2) 40+12 3.9 (2.6-71) 1(18.7) 39+12 3.9(1.3-5.8)
Birth weight (g)
<2500 11 (6.6) 40+2.0 4.1 (1.7-8.9) 5(3.0) 434071 4.7 (3.2-4.8)
2500-4000 134 (80.7) 48+23 4.4 (1.7-16) 124 (74.7) 4.8+38 4.2 (1.3-39)
>4000 21 (12.7) 45+17 4(21-9.2) 7 (22.3) 43+18 4.0 (1.8-9.8)
Gestational age (weeks)
<37 9(54) 3.6 +0.96 41 (1.9-4.5) 7 (4.2) 44415 4.7 (21-6.4)
37-41 146 (88.0) 48+23 4.5 (1.7-16) 142 (85.5) 44422 41 (1.3-21)
=42 11 (6.6) 45+18 4.5 (2.6-8.9) 17 (10.2) 6.7+85 4.1 (2.6-39)

Abbreviations: ADHD: attention deficit hyperactivity disorder; SD: standard deviation;

parity, number of previous pregnancies.

2 Body mass index was classified according to the standard values of the World Health Organization.

b Finland, Denmark, and Norway.
© Western Europe and former Eastern Europe.

4 Maternal smoking is based on measured cotinine concentrations in the umbilical cord serum.

selenium in children with or without ADHD diagnosis are illu-
strated in Figs. 2 and 3, respectively. Concentrations of manganese
and selenium in umbilical cord serum of ADHD cases and controls
in relation to maternal and infant obstetric and demographic
characteristics are presented in Tables 1 and 2.

Manganese or selenium concentrations in cord serum were not
associated with having an ADHD diagnosis in childhood when the
exposures were analyzed as continuous variables (Table 5). The
estimates did not change after adjusting for the potential con-
founders. In addition, manganese/selenium ratio was not asso-
ciated with ADHD diagnosis (p=0.81).When the exposure vari-
ables were treated as categorized there was no significant asso-
ciation between manganese and ADHD (OR 1.3 [95% CI 0.64 to
2.6]), while selenium exposure was significantly associated with
ADHD when > 90th percentile was compared to 10th-90th per-
centile (OR 2.5 [95% CI 1.3-5.1]) (Table 5). However, there was
no significant interaction between manganese and selenium

exposure (p=0.08). Table 6 shows the associations when manga-
nese concentrations < 90th percentile and selenium concentra-
tions between 10th and 90th percentile were used as the reference
group. Children with manganese concentrations below the 90th
percentile and selenium concentrations above the 90th percentile
had 2.5 times higher odds of having an ADHD diagnosis compared
to the control group (p=0.015). The odds ratio increased to
3.1 after adjustment for parity, gestational age, and cotinine con-
centrations (p=0.008).

4. Discussion

Manganese and selenium are essential metals that are required
for proper functioning of the human body. However, neurotoxicity
has been shown for manganese at high levels (Santamaria and
Sulsky, 2010). A protective effect of selenium on neurotoxicity
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Table 2
Selenium concentrations (pg/L) in the umbilical cord serum of ADHD cases and controls.
Characteristics Children with ADHD Controls
N (%) Mean + SD Median (min-max) N (%) Mean + SD Median (min-max)
Group
Case/Control 166 49 +12 47 (19-95) 166 48 +8.9 48 (25-73)
Year of delivery
1978-1985 14 (8.4) 48496 8 (34-63) 1(6.6) 48497 50 (28-62)
1986-1993 125 (75.3) 49 +12 47 (26-95) 127 (76.5) 47 + 8.8 48 (25-74)
1994-2000 27 (163) 51413 50 (19-82) 8 (16.9) 51+84 51 (35-66)
Mother’s age at pregnancy (years)
<20 years 8 (4.8) 50+ 14 47 (37-79) 5(3.0) 49482 50 (40-58)
20-35 years 138 (83.1) 49 +12 48 (19-95) 138 (83.1) 47 +9.1 48 (25-66)
> 35 years 20 (12.0) 48+13 5 (31-82) 3 (13.9) 49+79 48 (37-74)
Parity
Primiparous 9 (47.6) 50 + 12 9 (28-93) 89 (53.6) 49495 49 (25-74)
Multiparous 7 (52.4) 47 +12 6 (19-95) 77 (46.4) 46 +7.9 46 (30-62)
Maternal body mass index (kg/m?)
Missing 117 (70.5) 48 +12 46 (28-95) 120 (72) 47 +8.7 47 (28-74)
Underweight ( < 18.5) 1(0.6) 62 62 2(12) 39+48 39 (35-42)
Normal (18.5-25) 31(18.7) 52+ 12 52 (19-82) 29 (17.5) 50+9.4 51 (25-66)
Overweight (25-30) 12 (7.2) 48+10 6 (33-73) 12(7.2) 53+76 53 (38-66)
Obese (= 30) 5(3.0) 49 +14 5 (26-61) 3(1.8) 54+78 57 (46-60)
Maternal country of origin
Sweden 140 (84.3) 50+ 12 8 (26-95) 140 (84.3) 48 +8.8 49 (25-74)
Other Nordic countries” 6(3.6) 47 +9.5 46 (33-62) 6(3.6) 48 +6.8 46 (41-60)
The rest of Europe* 6(3.6) 49+ 11 51 (28-61) 6(3.6) 43+10 40 (30-60)
Sub-Saharan Africa 1(0.6) 42 42 1(0.6) 44 44
Middle East/North Africa 9(5.4) 42+11 44 (19-53) 9(54) 44+71 43 (33-54)
East Asia 1(0.6) 61 61 1(0.6) 29 29
North America 2(12) 36+26 36 (34-38) 2(12) 55+59 55 (51-59)
Unknown 1(0.6) 33 33 1(0.6) 34 34
Smoking status
Non-smoker 1(30.7) 50+ 13 48 (19-95) 70 (42.2) 49+8.0 48 (31-66)
SHS 6 (27.7) 50+9.4 49 (35-83) 44 (26.5) 48+ 10 48 (28-74)
Active smoker 69 (41.6) 48 +14 46 (26-93) 52 (313) 46 +8.6 45 (25-66)
Infant sex
Boy 149 (89.8) 49+ 12 47 (19-95) 135 (81.3) 47+85 48 (25-66)
Girl 17 (10.2) 50+ 14 49 (28-93) 31(18.7) 49+10 49 (28-74)
Birth weight (g)
<2500 11 (6.6) 38+ 11 37 (28-68) 5(3.0) 47 +8.6 47 (32-54)
2500-4000 134 (80.7) 49+12 48 (19-93) 124 (74.7) 47+91 47 (25-74)
> 4000 21(12.7) 54+ 14 51 (37-95) 37(22.3) 49+8.0 48 (30-66)
Gestational age (weeks)
<37 9(54) 34+41 35 (28-40) 7(4.2) 43+89 40 (32-54)
37-41 146 (88) 50+ 12 49 (19-95) 142 (85.5) 48 +9.0 48 (25-66)
=42 11 (6.6) 50+ 11 47 (35-73) 17 (10.2) 50+78 48 (41-74)

Abbreviations: ADHD: attention deficit hyperactivity disorder; SD: standard deviation;

parity, number of previous pregnancies.

2 Body mass index was classified according to the standard values of the World Health Organization.

b Finland, Denmark, and Norway.

© Western Europe and former Eastern Europe.
4 Maternal smoking is based on measured cotinine concentrations in the umbilical cord serum.

Table 3

Table 4

Manganese and selenium concentrations (pg/L) in matched (n=181) maternal and
umbilical cord serum.

Spearman’s correlations and p values between manganese (Mn) and selenium (Se)
in 181 pairs of maternal and cord serum.

Manganese Selenium Cord Mn Maternal Se Cord Se
Mean (SD) Median Mean (SD) Median Maternal Mn 0.25 (0.001) 0.16 (0.038) 0.11 (0.15)
(min-max) (min-max) Cord Mn 0.012 (0.87) 0.15 (0.051)
Maternal Se 0.28 (< 0.001)
Maternal serum 2.9 (1.1) 7 (1.2-7.7) 72 (20) 68 (31-172)
Umbilical cord 4.5 (3.1) 4.1 (1.3-39) 48 (9.3) 48 (25-78)

serum

SD: standard deviation.

through its antioxidant effect has been reported (I<han, 2010; Yang
et al, 2014). The hypotheses raised in the present study are that
manganese is associated with ADHD diagnosis, while selenium has
a protective function against having ADHD. The present study
showed no associations between fetal exposure to manganese, but

surprisingly, high selenium concentrations increased the odds of
having an ADHD diagnosis in childhood.

Studies in children have suggested that exposure to high levels
of manganese may be detrimental to neurodevelopment. Nervous
system disturbances have been observed in children exposed to
excess manganese, including poor school performance, impaired
cognitive function, abnormal performance in neurobehavioral
tests, and decreased mental development scores, as well as
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Fig. 2. Manganese concentrations (pg/L) in umbilical cord serum in children with
attention deficit hyperactivity disorder (ADHD) diagnosis and controls. The ex-
treme values of manganese are not shown in the boxplot.
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Fig. 3. Selenium concentrations (pg/L) in umbilical cord serum in children with
attention deficit hyperactivity disorder (ADHD) diagnosis and controls.

Table 5

0Odds ratios and 95% confidence intervals obtained from conditional logistic re-
gressions for the association between umbilical cord serum manganese and sele-
nium and ADHD.

n ADHD diagnosis

Univariate model”  Multivariate model"*

Mn' 1.01 (0.94, 1.1) 1.01 (0.94, 1.1)
Se 1.01 (0.99, 1.3) 1.01 (0.99, 1.03)
Mn“ P <90th 296 1 (Reference) 1 (Reference)

P> 90th 36 1.3 (0.64, 2.6) 0.91 (0.37, 2.2)
Se” P <10th 38 1.8 (0.84, 4.0) 5(0.63,3.7)

P10th-90th 246 1 (Reference) 1 (Reference)

P>90th 48 2.5(13,51) 26(12,55)

Abbreviations: ADHD: attention deficit hyperactivity disorder; Mn: manganese; Se:
selenium; P: percentile.

2 Number of subjects if the variable is dichotomous.

" The crude and the adjusted odds ratios did not differ by more than 10% and
thereby only the crude estimates are presented.

© Mn and Se concentrations were included simultaneously and were entered in
the analysis either as continuous or categorized variables.

9 0dds ratio is calculated for every 1 pg/L increase in the concentration.

€ Odds ratio is calculated for categorized concentrations.

Table 6

0dds ratios and 95% confidence intervals obtained from conditional logistic re-
gressions for the association between umbilical cord serum manganese and sele-
nium and ADHD.

n ADHD diagnosis
Crude OR Adjusted OR
(95% CI) (95% CI)*
Mn < 90th P Se P <10th 31 1.5 (0.63, 3.7) 0.74 (0.27, 2.0)
Se P 10th-90th 226 1 (Reference) 1 (Reference)
Se P > 90th 39 5(1.2,5.5) 31 (14, 7.0)
Mn>90thP  Se P <10th 7 3.4(0.62,19) 4.2 (0.74, 24)
Se P 10th-90th 20 0.91 (037, 2.2) 0.82(0.32,2.1)
Se P >90th 9 2.6 (0.61,11) 3.6 (0.74,18)

Abbreviations: ADHD: attention deficit hyperactivity disorder; OR: odds ratio; 95%
CI: 95% confidence interval; Mn: manganese; Se: selenium; P: percentile.

2 Adjusted for parity, gestational age, and cotinine concentrations in cord ser-
um.

changes in behavior and decreases in the ability to learn and re-
member (Bouchard et al.,, 2011; Claus Henn et al., 2010; Wasser-
man et al., 2006; Woolf et al., 2002). Although the observed effects
in these cross-sectional studies do not establish a causal re-
lationship due to manganese exposure exclusively, they support
the hypothesis that exposure to elevated manganese may have
negative impacts on brain development.

In a previous pilot study by Bouchard et al. (2006), a statisti-
cally significant relationship between increased levels of manga-
nese in drinking water and oppositional behaviors and hyper-
activity was found in children aged between 6 and 15 years.
However, this pilot study has several shortcomings described by
Santamaria and Sulsky (2010), including small sample size; lack of
control for potential confounders; self-selection of subjects; the
exposure assessment not being blinded; and misclassification of
exposure since most of the subjects (91%) drank bottled water at
home. The findings from Farias et al. (2010) support the hyper-
activity findings by Bouchard et al. (2006). The results from this
cross-sectional study showed that students, aged between 7 and
15 years, with ADHD diagnosis had significantly elevated serum
manganese (4.5 pg/L), compared with controls (3.5 pg/L). Children
with ADHD have disruptive patterns of eating behavior and un-
favorable nutrition status compared to healthy controls (Ptacek
et al, 2014). Due to the cross-sectional nature of the study by
Farias et al. (2010), changed nutrition status accompanied by
ADHD diagnosis might be the reason for the positive relationship
between manganese and ADHD found there. In the present study,
the children were followed from birth until ADHD was diagnosed.
In addition, manganese concentrations measured here represent
the highest concentrations during the fetal life as manganese le-
vels increase with increasing gestational age (Mora et al., 2014;
Spencer, 1999; Tholin et al., 1995), although, no relationship was
observed between manganese levels and ADHD diagnosis.

Manganese neurotoxicity may in part involve interactions with
other minerals (Lai et al., 1999). In a developmental rat model of
chronic manganese toxicity, chronic manganese treatment altered
levels and distributions of iron, aluminum, selenium, copper, zinc,
and calcium in various regions of the brain. Such interactions with
electrolytes and minerals other than selenium might have a pro-
tective effect on the induction of destruction of dopaminergic
neurons caused by manganese. This could be one explanation for
the lack of association between manganese and ADHD diagnosis.

In animals, selenium protected neonates from manganese
neurotoxicity, reversed manganese induced impairment of dopa-
minergic neurotransmission in mice, and prevented the increased
permeability of the blood-brain-barrier to toxins induced by free
radicals (Khan, 2010; Oztas et al., 2001; Santos et al., 2012). These
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findings raised the hypothesis that selenium might protect against
development of ADHD symptoms through protection against
manganese neurotoxicity. The results from the current study
contradict this hypothesis. In a recent study by Yang et al. (2014), a
high level of umbilical cord serum manganese (>9.1 pg/L) in-
creased the risk of low Neonatal Behavioral Neurological Assess-
ment (NBNA) scores in neonates and the risk was reduced with
high cord serum selenium ( > 63.1 ug/L). Manganese and selenium
concentrations were lower in the present study than in the study
by Yang et al. (2014) and stratifying concentrations at or above the
90th percentile resulted in fewer fetuses in the highly exposed
group. This could weaken the power of detecting significant dif-
ferences in the concentrations between ADHD and control chil-
dren. There is no other reasonable explanation for our finding
since there is an adequate literature suggesting a protective effect
of selenium against neurotoxicity. However, a possible explanation
is the multiple testing which has resulted in a chance finding.

Manganese concentrations in our population of pregnant wo-
men and fetuses were low compared to those measured in Sweden
and in other countries (Abdelouahab et al, 2010; Rudge et al,
2009; Smargiassi et al., 2002; Wilson et al., 1991). On the other
hand, manganese concentrations measured by us were analogous
with those measured in China and Slovenia using the same ana-
lytical method (Krachler et al., 1999; Smargiassi et al., 2002; Yang
et al, 2014). Manganese is an essential metal, and food con-
sumption represents the main contribution to its daily intake
(Barceloux, 1999; Santamaria and Sulsky, 2010). The current study
does not distinguish between maternal manganese intake from
the diet and from other sources such as environmental exposure to
the gasoline additive methylcyclopentadienyl manganese tri-
carbonyl (MMT). The discrepancy in manganese concentrations
observed between countries may reflect different dietary habits,
different analytical methods and inter-laboratory variability, or
variations in environmental exposures. The results of the present
study confirm that umbilical cord serum manganese concentra-
tions are higher than maternal concentrations at delivery. This
finding suggests that there is an active transport of manganese
across the placenta, which is also suggested by other investigators
(Smargiassi et al, 2002; Tholin et al,, 1995). Maternal and cord
manganese serum levels were poorly correlated, a finding con-
sistent with previous studies (Takser et al., 2004 ). About 66% of the
manganese is located in erythrocytes Milne et al. (1990), and the
erythrocyte count in cord blood is higher than that in the corre-
sponding maternal blood (Dapper and Didia, 2006; Qaiser et al.,
2013). This may explain the high manganese in umbilical cord
compared to maternal serum.

Selenium concentrations in maternal serum were higher than
those in umbilical cord serum analogous to previous findings.
Maternal and cord serum selenium levels were comparable to
those measured in Sweden, Denmark, India and Italy (Alimonti
et al,, 2000; Bro et al., 1988; Gathwala et al., 2000; Jariwala et al.,
2014; Osman et al, 2000). The levels were however higher than
those in Poland, Albania, and Northern Ireland (Schulpis et al,
2004; Wasowicz et al,, 1993; Wilson et al,, 1991) but lower than
those measured in the Middle East, Iran, Israel, the Mediterranean
area, the United States, South Africa, and Canada (Al-Saleh et al.,
2004; Boskabadi et al., 2012; Butler Walker, 2006; Chen et al.,
2014; Makhoul et al., 2004; Miklavcic et al., 2013; Rudge et al.,
2009). The correlation between maternal and cord serum sele-
nium was weak compared to previous studies (Dobrzynski et al.,
1998; Sakamoto et al., 2010; Wilson et al., 1991), but comparable
with that found in a Swedish population (Osman et al., 2000).

Manganese has a short half-life in blood and serum manganese
concentration might therefore not be a perfect biomarker. How-
ever, Farias et al. (2010) found elevated serum manganese con-
centrations in ADHD cases compared to the controls. Serum

manganese levels were also used in monitoring exposure to air-
borne manganese (Jarvisalo et al.,, 1992; Lu et al., 2005; Roels et al.,
1987). Many researchers use hair content of manganese as an in-
dicator of chronic exposure when investigating the relationship
between manganese and neurological and behavioral outcomes
(Bouchard et al, 2011; Menezes-Filho et al, 2014; Riojas-Ro-
driguez et al,, 2010). Though, use of hair is problematic for several
reasons since manganese hair levels may be affected by exogenous
contamination, hair color, physical activity, and hair growth and
loss (Stauber et al., 1987; Sturaro et al., 1994; Zaitseva et al., 2014).
The insufficient amount of umbilical cord serum to perform the
analyses in some samples and the matching led to a loss of cases and
controls, resulting in the relatively small sample size. This loss of cases,
along with the few subjects in the upper percentiles, might weaken
the statistical power to detect minor associations and to rule out small
effects. We do not think that there has been a selective loss of cases
since the probability of the excluded children having the highest or
lowest levels of manganese or selenium is likely to be minimal.

5. Conclusions

ADHD diagnosis in childhood was not associated with manga-
nese levels during pregnancy. Manganese concentrations mea-
sured here might be too low to trigger undesirable effects on brain
development. Selenium intake during pregnancy may not protect
against ADHD diagnosis in the offspring. The results regarding the
increased odds of having ADHD with relatively low manganese
and high selenium concentrations should be interpreted with
caution. The results of this study should preferably to be replicated
by other investigators before any conclusions can be drawn.
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