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Abstract 

The present work deals with Hg exposure and evaluates its association with 
neurodevelopment of children exposed prenatally. The work combines the outcomes of 
human biomonitoring (HBM) and complementary epidemiological studies carried out as 
national or international research projects. The framework for assessment arose from the 
methodological part of the thesis, which defined the analytical quality requirements for 
HBM and the national reference population to derive background levels of internal exposure 
to Hg and other potentially toxic (Pb, Cd, As) and essential (Se, Cu, Zn, Mn) elements. 
The latter was selected from men and women of childbearing age, living in 12 
geographically distinct areas, divided into rural, urban and potentially contaminated 
(n=1084). This is the first reference population established in Slovenia. Analytical 
performance of the methods to determine elemental concentrations in most commonly used 
biological matrix, venous blood, was evaluated using measurement uncertainty, inter-
laboratory variability and their contribution to the required sample size as compared to 
the variability within a given population. 

The second part of the thesis evaluated an association between low-level Hg exposure 
in the most vulnerable period for developmental toxicity, the prenatal period, and 
neurodevelopment of children in a birth cohort study from the western Mediterranean area 
(n=1282). Neuropsychological development was monitored at 18 months of age using 
Bayley Scales of Infant and Toddler Development (Bayley III). The association assessment 
took into account non-genetic (demographic, socio-economic, dietary factors, and co-
exposure to Pb and status of beneficial micronutrient Se), and in a subset of the study 
population, the Slovenian and Croatian population groups, also genetic (apolipoprotein E 
– APOE – polymorphism) factors (n=361). Prenatal Hg exposure in the overall population 
was predominated by fish consumption and showed no negative associations with cognitive 
and language development, with the majority of children being within the normal scales of 
development. However, stratification by the APOE genotype revealed negative association 
with cognitive score in children carrying ɛ4 allele. A weak but significant inverse relation 
between total Hg levels and developmental motor scores at 18 months was observed, which 
was independent of the genotype. The study groups residing in the former Hg mine area 
(pregnant women and school-age children) had higher internal exposure than the residents 
of the rural control areas, particularly to inorganic or elemental Hg, but most of them did 
not exceed the values that could be associated with biological and/or potential adverse 
health effects, and pregnant women showed normal oxidative response. 

The overall work demonstrates the efficiency of HBM as a tool to monitor low-level 
internal exposure, its use in classical epidemiological and exposome-based studies and the 
key role of strict quality control. It further indicates an importance of accounting for 
simultaneous exposure to different neurotoxic chemicals, non-genetic (e.g. diet) and genetic 
factors that could influence exposure and/or health outcomes, particularly at low-levels of 
chronic exposures. Complementary to the standardized neuropsychiatric assessments, on-
going and future research are designed to use non-targeted approach to reveal also early 
alterations in biological pathways that could lead to clinical manifestations later in life. 
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Povzetek 

Pričujoče delo obravnava izpostavljenost Hg in njegov morebitni vpliv na nevrološki razvoj 
otrok v prenatalni dobi. Delo združuje rezultate humanega biomonitoringa (HBM) in 
epidemiološke študije, ki smo jih izvajali v sklopu nacionalnih ali mednarodnih 
raziskovalnih projektov. Prvi del disertacije predstavlja metodološki okvir za oceno 
izpostavljenosti, ki opredeljuje analitične zahteve za HBM in nacionalno referenčno 
populacijo za določitev ravni ozadja izpostavljenosti Hg in drugim potencialno strupenim 
(Pb, Cd, As) ter esencialnim (Se, Cu, Zn, Mn) elementom. Analitična zmogljivost metod 
za določanje elementarnih koncentracij v najpogosteje uporabljeni biološki matrici, venski 
krvi, je bila ovrednotena z merilno negotovostjo, medlaboratorijsko variabilnostjo in 
njihovim prispevkom k zahtevani velikosti vzorca v primerjavi z variabilnostjo znotraj 
določene populacije. Kot referenčno populacijo pa smo izbrali moške in ženske v rodni dobi 
iz 12-ih geografsko ločenih območij, razdeljenih na podeželska, mestna in potencialno 
kontaminirana območja (n = 1084). Omenjena populacija je omogočila postavitev prvih 
referenčnih vrednosti za Slovenijo. 

V drugem delu naloge smo ocenili povezavo med izpostavljenostjo nizkim odmerkom 
Hg v najranljivejšem obdobju življenja, prenatalnem obdobju, in nevropsihološkim 
razvojem otrok, in sicer v študijski populaciji otrok z območja zahodnega Sredozemlja (n 
= 1282). Nevropsihološki razvoj smo spremljali pri starosti 18 mesecev z uporabo lestvic 
zgodnjega razvoja (Bayley III). Ocena je upoštevala ne-genetske (demografske, socialno-
ekonomske, prehranske dejavnike, hkratno izpostavljenost Pb in status mikronutrienta Se) 
ter na podskupini študijske populacije iz Slovenije in Hrvaške tudi genetske dejavnike 
(polimorfizem apolipoproteina E - APOE) (n = 361). Prisotnost živega srebra v popkovni 
krvi je bila večinoma na račun uživanja rib v nosečnosti in ni pokazala negativnih povezav 
s kognitivnim ali govornim razvojem otrok. Stratifikacija glede na genotip APOE pa je 
pokazala negativno povezavo s kognitivnim razvojem pri otrocih, ki so nosili alel ɛ4, čeprav 
so bili otroci v okvirih normalnega razvoja. Poleg tega smo opazili gensko neodvisno in 
šibko, vendar statistično pomembno negativno povezavo med Hg v popkovni krvi in 
gibalnim razvojem pri 18 mesecih. Nosečnice in otroci z območja nekdanjega rudnika Hg 
so imeli višje vrednosti Hg kot prebivalci podeželskih območij, zlasti anorganskega ali 
elementarnega Hg, vendar pa večina ni presegla vrednosti, ki bi lahko bile povezane z 
biološkimi in/ali možnimi škodljivimi učinki na zdravje, skupina nosečnic pa je pokazala 
normalen oksidativni odziv. 

Doktorska naloga demonstrira učinkovitost HBM kot orodja za spremljanje notranje 
izpostavljenosti na nizki ravni, njegovo uporabo v klasičnih epidemioloških in 'exposome' 
študijah, poleg tega pa prikazuje pomembno vlogo nadzora kakovosti laboratorijskih analiz. 
Nadalje navaja pomen upoštevanja sočasne izpostavljenosti drugim potencialno strupenim 
kemikalijam, ne-genetskim (npr. prehrana) in genetskim dejavnikom, ki bi lahko vplivali 
na izpostavljenost in/ali zdravstvene izide, zlasti na nizki ravni kronične izpostavljenosti 
okoljskim onesnažilom. Kot dopolnitev standardiziranim nevropsihiatričnim ocenam pa so 
bodoče raziskave zasnovane v smeri ne-ciljnega pristopa z namenom odkriti tudi zgodnje 
spremembe, ki bi lahko vodile do kliničnih manifestacij pozneje v življenju. 
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Chapter 1 

1 Introduction 

The present work deals with exposure to mercury (Hg) in the general, non-occupationally 
exposed population residing in Slovenia, however it does not exclude other potentially toxic 
and essential elements. It evaluates the link between low-level Hg exposure during the most 
vulnerable period of life – prenatal period – and health outcome – neurodevelopment of 
child – taking into account non-genetic and genetic confounders that could influence 
exposure and/or the outcome. The methodology for this work is based on the human 
biomonitoring (HBM) – a tool to assess human exposure to environmental pollutants and 
potential health effects of such pollutants. 

The introductory part (Chapter 1) therefore starts from the methodological framework 
covering basic principles of HBM, different stages of HBM (including analytical quality 
requirements, identification of biomarkers, laboratory analysis, data analysis and 
interpretation) and continuous with accompanying use of data from epidemiological 
studies, providing health outcome data to study associations with exposures (Sections 1.1 
and 1.2). Scientific background of Hg is described in a separate section (1.3) to provide 
background toxicological information, sources of exposure and possible adverse outcomes 
associated with the exposure. Basic information for other potentially (neuro)toxic non-
essential elements is added as the investigated associations may be confounded by co-
exposure to other neurotoxic elements and also the status of beneficial elements (nutrients). 
We refer to the relevant published data to describe the world-wide trends and information 
available for the Slovenian population. Biomarkers to monitor internal exposure are 
described in Section 1.4. The epidemiological part is dealt with in an additional section 
(1.5), which focuses on neurotoxicity of Hg and the role of non-genetic and genetic 
confounders as modulators of exposure levels and/or possible impact on health outcome. 
The introductory part of the thesis is followed by aims and hypothesis (Chapter 2). 

The main part of the thesis (Chapter 3) combines outcomes of complementary HBM 
and epidemiological studies carried out as national or international research projects at the 
Department of Environmental Sciences, Jožef Stefan Institute. The outcomes are presented 
by separate scientific papers and a book chapter and are organized into two parts to cover 
the methodological aspect as well as the assessment of exposure and its link to the health 
outcome. The first part provides the scientific background of Hg exposure assessment, sets 
the analytical quality requirements for HBM allowing to compare exposure between 
different population groups and/or on a time scale and to perform association studies; and 
defines a study population representative for the Slovenian population of childbearing age 
to establish background (i.e. reference) values for internal exposure to Hg and other non-
essential elements and status of essential elements. The second part investigates a link 
between low-level Hg exposure in the prenatal period and neurodevelopment of a child. 
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Although low, exposure to a potentially neurotoxic element in this critical period of 
development could trigger sub-clinical or even clinically relevant adverse response(s), 
depending on an increased/decreased susceptibility of the subject. The latter includes, but 
is not limited to, concomitant exposure to other neurotoxic elements, essential element’s 
intake, and genetic predisposition. These factors were accounted for as confounders in 
assessing exposure to Hg and/or subsequent health outcomes in the birth cohort study 
presented within Chapter 3. Chapter 4 discusses and concludes the overall work following 
the specific aims and hypothesis of the thesis and on the basis of data gaps identified 
provides recommendation for future work. 

1.1 Human Biomonitoring – Basic Principles 
Human biomonitoring is an efficient and cost-effective tool to assess human exposure to 
environmental pollutants and potential health effects of such pollutants. HBM can measure 
these chemicals, their metabolites or reaction products in human specimens, mostly in 
blood or urine (CDC, 2005; Knudsen, Hundebøll, & Merlo, 2012). It can identify their 
spatial and time trends, life-style contributing factors and specific at-risk groups (WHO, 
2015). Exposure to environmental pollutants occurs through different routes (inhalation, 
ingestion, dermal absorption), and the body burden of a specific pollutant depends on 
factors, such as route of exposure, pollutant’s concentration in an environmental 
compartment, its physical and chemical properties, timing and duration of exposure, and 
also individual factors influencing absorption, distribution, metabolism and elimination 
(ADME) of a pollutant. Intrinsic by its nature, HBM data reflects the total body burden 
or biological effect resulting from all exposure routes, and inter-individual variability in 
exposure levels, metabolism and excretion rates (Knudsen et al., 2012; WHO, 2015). 
Therefore, in comparison to environmental monitoring (measures of pollutants in air, water, 
soil, or food), HBM results are intrinsically associated with a person and are more relevant 
to the health outcome studied and thereby allow direct and more precise assessment of the 
distribution of risk in the population (Dennis et al., 2017; NRC, 2006; WHO, 2015). HBM 
has therefore become a key tool of exposure assessment in many epidemiological studies 
that attempt to link exposures to health outcome(s) (Dennis et al., 2017). A new concept 
emerged in 2005 named the “exposome”, which involves the characterization of the totality 
of exposures to environmental chemicals through a lifespan (Wild, 2005). In view of the 
fragmented epidemiological studies, each focusing on a specific environmental compartment 
(e.g. air, water, food), it was recognized that a more comprehensive and quantitative 
approach is needed in order to discover the major causes of chronic diseases attributable 
to environmental pollutants (Rappaport & Smith, 2010). The exposome approach aims to 
capture thousands of biologically active chemicals people are exposed to daily through 
direct chemical exposures or consequences of exposures (e.g. hormones, reactive chemicals 
generated inside the body) arising from all sources (Dennis et al., 2017; Rappaport, 2011). 
However, xenobiotics are present at much lower levels than chemicals from food, drugs or 
endogenous sources. Their detection in an untargeted manner and linking these measures 
to an exogenous sources is therefore particularly challenging. Based on the discussions 
within a group of scientists gathered in the Exposome Workshop in 2015 (Dennis et al., 
2017), coupling the traditional HBM, with well-established targeted analysis, and broader 
exposomic approaches, with untargeted discovery of unknown chemicals of biological 
importance, seems the right approach towards improvement of exposure assessment 
(Dennis et al., 2017). 

In the beginning, HBM has been mainly used to monitor exposure and assess health 
risk in occupational settings, for example blood lead levels in industries with high lead 
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exposures (Knudsen et al., 2012). For the last couple of decades HBM studies have been 
applied worldwide on national and regional levels to monitor exposures of the general 
population to environmental pollutants, and just recently also internationally. A number 
of datasets including newborns, children and adults is increasing. Within Europe, repeated 
national HBM activities have been carried out in several countries: Germany (the German 
Environmental Survey – GerES), Belgium (Flemish Environment and Health Study – 
FLEHS), France (Population- and/or pollutant-specific HBM studies since 1980, 
multipollutant approach – ENNS), Spain (BIOAMBIENT.ES), Czech Republic (national 
HBM), Italy (PROBE) and Romania (focus on Pb). In Slovenia, several HBM activities 
have been conducted to assess the extent of exposure of Slovenian population, with the 
pilot phase of the first national HBM program starting in 2007 (Snoj Tratnik, Mazej, & 
Horvat, 2012). The latter was completed in 2015 and the assessment of exposure to selected 
elements in the selected study population is given in the present dissertation (“Results of 
the first national human biomonitoring in Slovenia: trace elements in men and lactating 
women, predictors of exposure and reference values”). Outside Europe, the well-established 
national programs include the U.S. National Health and Nutrition Examination Survey 
(NHANES), the Canadian Health Measures Survey (CHMS), and the Korean National 
Environmental Health Survey (KoNEHS). The main HBM studies are listed in Table 1.1. 

Table 1.1: Summary of main HBM studies in and outside Europe. 

Country Study Population (N) Biomarkers Reference 

Belgium 

FLEHS I 
(2002-2005) 

Mother-newborn pairs 
(1196) POPs in serum or plasma 

(cord blood), Pb, Cd, in 
blood and urine; 
hydroxypyrene in urine 

Schoeters et 
al., 2017 

Adolescents 
(14-15 y) (1679) 
Adults (50-65 y) 
(1583) 

FLEHS II 
(2007-2011) 

Mother-newborn pairs 
(225) 

POPs in serum or plasma 
(cord blood), Pb, Cd, As, 
Tl in blood and urine; 
hydroxypyrene, phthalates 
in urine 

Adolescents 
(14-15 y) (210) 

FLEHS III 
(2013-2014) 

Mother-newborn pairs 
(281) 
Adolescents 
(14-15 y) (208) 
Adults (50-65 y) (209) 

Germany 

GerES I 
(1985-86) 

Adults 25-69y 
(2731) 

Metals and essential 
elements in blood and urine, 
chlorophenoles in urine,  

Kolossa-
Gehring et 
al., 2012 

GerES II 
(1990-92) 

Adults 18-79y  
(4287) 
Children 6-17y 
(812) 

GerES III 
(1998) 

Adults 18-69y 
(4822) 

Metals and essential 
elements in blood and urine, 
POPs, in blood; 
chlorophenoles, BPA, 
phthalates, PAH, organo-P 
and pyrethroid metabolites 
in urine1 

GerES IV 
(2003-2006) 

Children 3-14y 
(1790) 
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Country Study Population (N) Biomarkers Reference 

ESB (1985- 
annually) 

Students (120 each 
year) 

Metals and essential 
elements in blood and 
urine2, POPs, 
chlorophenoles, 
perfluoroalkyl-caboxylates 
and sulfonates in blood, 
chlorophenoles, BPA and 
phthalates in urine2 

France 

HBM studies 
on specific 
pollutants 

Since 1980 
Metals (e.g. Pb in blood of 
children), PCBs and dioxins 
in serum of adults 

Fréry et al., 
2012 

ENNS (2006-
2011) 

Adults 18-74y (1949) Metals, PCBs, pesticides in 
blood, urine, hair of adults, 
and hair of children; 
nutrition biomarkers children 3-17y (1364) 

National HBM 
(2008- ) 

Children and adults 
(6-74 y) (anticipated 
5000 participants); 
neonates from ELFE 
study 

Blood, urine, hair: 
environmental chemicals 
(>100) and nutrition 
biomarkers 

Italy PROBE 
(2008-2010) 

Adolescents 13-15y 
(252), urban areas of 
Latium region 

Metals in blood Pino et al., 
2012 

Spain 

Pilot study 
(2007) 

Adults 23-66y 
(170) Pb, Cd, Hg in urine Castaño et 

al., 2012 

BIOAMBIENT 
(2009-2010) 

Working population 
18–65 y 
(1880) 

Pb in blood (n=1880), Cd 
in urine (n=1770) 

Cañas et al., 
2014; López-
Herranz et 
al., 2015 

Czech 
Republic 

CZ-HBM 
(1994-2015) 

Children 8-10y 
(5262) Blood, urine and hair3 

Cerná et al., 
2017 

Adults 18-58y 
(6443) Blood and urine3 

Breastfeeding mothers 
(6054) 

Breast milk3 

Romania 

Various HBM 
activities in 
contaminated 
sites; Initiation 
of national 
HBM in 2008 

 Mostly Pb and As 
Gurzau et 
al., 2012 

Slovenia National HBM 
(2007-2015) 

Adults 18-49y 
(1084) 

Trace elements in blood, 
urine, breast milk, Hg in 
hair 

Present 
thesis 

U.S. NHANES 
(1999-2016) 

All age ranges, from 1 
year onward 

A range of persistent and 
non-persistent chemicals in 
urine and blood 

CDC, 2018 

Canada CHMS 
(2007-2019) 

All age ranges, 3-79 
years 

279 chemicals in blood, 
urine or hair 

Haines et al., 
2017 
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Country Study Population (N) Biomarkers Reference 

South 
Korea 

KoNEHS 
(2009-2011) 

19 years and older 
(6311) 

Metals, BPA, PAHs, 
phthalates, pyrethroid 
insecticide, VOCs 

Park et al., 
2016 

KoNEHS 
(2012-2014) 

19 years and older 
(6478) 

21 chemicals (metals, 
PAHs, VOCs, phthalates, 
phenols, pesticides, tobacco 
smoke metabolites) 

Choi et al., 
2017 

1morning urine; 224-h urine; 3 spectrum of biomarkers varied through time (metals were included 
in all campaigns). 

 
The above-listed programs and other HBM activities use different study protocols and 

recruitment strategies, different population groups are recruited. Objectives of different 
HBM surveys span from assessing distribution of exposure, identifying and monitoring 
contaminated sites, monitoring spatial patterns and time trends, detecting emerging 
threats, monitoring the effects of policy interventions, to supporting epidemiological 
research (WHO, 2015). As a consequence, results cannot be compared nor can comparable 
health impact assessments be carried out. It has been recognized only recently that 
harmonized approaches are needed, including support activities to guarantee the 
acquisition of comparable results. The recent DEMOCOPHES study was the first attempt 
to perform harmonized HBM on a European scale, from study design, protocols to 
laboratory measurements and data analysis (Becker et al., 2014; Den Hond et al., 2015; 
Schindler et al., 2013). Furthermore, the on-going European HBM Initiative with its 
Horizon 2020 project HBM4EU is developing harmonized approaches for HBM in Europe 
(https://www.hbm4eu.eu/). 

As described above, HBM is a key tool of exposure assessment in many epidemiological 
studies. The National Research Council (NRC, 2006) stated that the ultimate objective of 
biomonitoring is to link information on exposures, susceptibility, and effects to understand 
the public health implications of exposure to environmental chemicals. This can occur when 
HBM data is used with available epidemiologic, toxicological, and pharmacokinetic 
modeling data to estimate how much of a chemical has been absorbed into the body and 
to provide an indicator of potential health risk. However, epidemiological, toxicological, 
and exposure assessment studies have not adequately incorporated biomonitoring data for 
interpretation of health risks at the individual, community and population levels (NRC, 
2006). 

Regarding the epidemiological data, some studies, mostly birth cohorts, have been 
completed in Europe, some of them still on-going. Among the largest are the national 
French birth cohort study (ELFE) launched in 2011, the Spanish Environment and 
Childhood Research Network INMA finished in 2008, and the Public Health Impact of 
Long-term Mixed Element Exposure in Susceptible Population Strata (PHIME). The latter 
included birth cohorts from Greece, Italy, Croatia and Slovenia and continued with the 
Cross-Mediterranean Environment and Health Network (CROME). Among the main 
health outcomes, neurodevelopment was investigated in all these studies, the nervous 
system being the primary target for many environmental chemicals, particularly in the 
prenatal or early postnatal period of life. 

The most recent ongoing epidemiological studies in Europe that aim at characterizing 
complete exposures to environmental chemicals following the “exposome” approach are the 
“Health and Environment-Wide Associations based on Large population Surveys” 
(HEALS), “The Human Early-Life Exposome” (HELIX) projects and EXPOsOMICS, all 
financed by the European Commission. In the U.S., Health and Exposome Research Center: 
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Understanding Lifetime Exposures (HERCULES) has been established by the National 
Institute of Environmental Health Sciences. Among them, particularly the HEALS project 
is focused on integrating ‘omics’ data and traditional HBM measurements with alterations 
in health outcomes to asses environmental exposures and human health associations. The 
projects bring together epidemiologists, chemists, molecular and systems biologists and 
bioinformatists, and include different ‘omics’ technologies, such as high-resolution 
metabolomics, (epi)genomics, adductomics, etc., to link exogenous exposures to internal 
chemical environment. 

1.2 Overview of the Stages of Human Biomonitoring 
The four stages of the HBM are study design, study conduct, data analysis, and 
communication and implementation of results. Each stage incorporates several steps, which 
are presented in Figure 1.1. The steps follow in chronological order and require interaction 
of several disciplines and processes. All the main steps, from study population and 
biomarker selection, laboratory and data analysis, to interpretation of the results, depend 
on the objectives of the study. Communication and ethical considerations are intrinsic in 
the design of HBM studies and present some of the most significant challenges with respect 
to interpretation and use of HBM data (NRC, 2006). 

 

 

Figure 1.1: Stages of a biomonitoring study. Human biomonitoring study consists of study 
design, study conduct, data analysis and communication and interpretation of results 
(NRC, 2006). 
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1.2.1 Study design 
Within the study design, biomarker selection and validation is a critical step and usually 
follows from study hypothesis and population selection. It is informed by statistical 
considerations, toxicokinetics, ethics, and communication. Biomarker selection should be 
driven by scientific criteria, such as expected health outcomes, available guidelines, 
expected exposure ranges, and availability of valid analytical techniques with appropriate 
detection limits (WHO, 2015). 

The term "biomarker" was used by the WHO in 1993 in relation to risk assessment, as 
almost any measurement reflecting an interaction between a biological system and an 
environmental agent, which may be chemical, physical or biological. Interaction of 
chemicals with biological systems is documented by analysis of tissues and body fluids for 
chemicals, metabolites of chemicals, enzymes and other biochemical substances, referred to 
as "biomarkers" (WHO, 1993). Three classes of biomarkers were identified with respect to 
environmental chemicals: 

 Biomarkers of exposure: an exogenous substance or its metabolite or the product 
of an interaction between a xenobiotic agent and some target molecule or cell 
that is measured in a compartment within an organism; 

 Biomarkers of effect: a measurable biochemical, physiologic, behavioral, or other 
alteration within an organism that, depending on the magnitude, can be 
recognized as associated with an established or possible health impairment or 
disease; 

 Biomarkers of susceptibility: an indicator of an inherent or acquired ability of 
an organism to respond to the challenge of exposure to a specific xenobiotic 
substance. 

Relationship between exposure to a toxic chemical and its relevant health effects is 
illustrated in Figure 1.2 as a series of steps along a continuum. The further to the right in 
the continuum the biomarker, the greater the clinical or health relevance of its 
measurement (NRC, 2006). This also illustrates the potential use of biomarkers within the 
continuum, starting from measurements confirming and assessing the exposure to a 
particular substance, providing a link between external exposures and internal dosimetry 
(WHO, 1993). Secondly, biomarkers of effect can be used to document either preclinical 
alterations or adverse health effects elicited by external exposure and absorption of a 
chemical (WHO, 1993), whereat biomarkers of early effect may predict the occurrence of 
delayed adverse effects (Knudsen et al., 2012). Inter-linked to all steps in the continuum, 
biomarkers of susceptibility help elucidate the degree of the response to exposure elicited 
in individuals (WHO, 1993). The linkage between biomarkers of exposure and effect 
contributes to the definition of cause-effect and dose-response relationships used in the 
health risk of chemicals, which is the ultimate objective of the HBM, monitoring purposes 
and clinical diagnosis (Bernard, 1995; WHO, 1993). The relationships may be applied 
whether exposure has been from dietary, environmental or occupational sources. 
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Figure 1.2: Simplified flow chart of classes of biomarkers (NRC, 2006). 

Biomarkers of exposure are presented in Section 1.4 (Internal exposure assessment), 
with toxicokinetic background and selection of appropriate biomarkers for assessing 
exposure to Hg. Detailed information is provided in the book chapter “Mercury: Biomarkers 
of exposure and Human Biomonitoring” as part of this thesis in Section 3.1. Biomarkers of 
effects and susceptibility are summarized in Section 1.5 (Neurodevelopment), with a focus 
on Hg and neurodevelopmental outcomes, and the role of genetic variability in exposure 
and/or effect(s) of exposure. 

1.2.2 Study conduct 
Study conduct starts with the enrollment of study participants from the selected study 
population (recruitment). Based on the ethical requirements, each participant is informed 
about the study and signs the consent (WHO, 2015). Following the consent of the study 
participants, collection of the samples defined by the study design begins. This step is 
usually referred to as a fieldwork. Along with the study design, study conduct and 
implementation of the fieldwork has been well described for the pilot study of the HBM on 
the European scale, the DEMOCOPHES, by Becker et al. (2014). It includes a systematic 
approach, which can be applied also to many other studies. In relation to neurodevelopment 
and Hg exposure, the study design of the Mediterranean study PHIME with the fieldwork 
is described in detail by Valent et al. (2013). The fieldwork will not be explained in detail 
in this thesis. 

Along with the fieldwork, laboratory analysis of the collected biological material is an 
important part of the study conduct. With the progress of the analytical technologies, low 
concentrations of chemicals in the body can be detected in relatively small quantities of 
biological material (e.g. urine, blood), therefore uncertainty of analytical measurements 
plays an important role, not only in the implementation of the study, but already in the 
study design. Measurement uncertainty refers to the variability of measurements of a 
specific analyte (JCGM, 2012) and is normally estimated for a defined concentration range 
within one laboratory. It is important because it assesses reliability of the measured result, 
its confidence, and comparability of the results. Variability of measurements, along with 
the variability within a population, defines how many subjects are required to observe 
significant differences between population groups or within one population on a time scale. 
The sample size is therefore defined by the study objectives, and requires statistical 
considerations. 

We estimated measurement uncertainty of determination of total Hg in urine and blood 
by the commonly used method (cold vapor atomic absorption spectrometry, CVAAS) for 
the purpose of HBM studies in the general population, which has been published by WHO 
(WHO, 2018). As part of this thesis, analytical requirements for HBM were evaluated. We 
compared single-laboratory variability (measurement uncertainty), inter-laboratory 
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variability, and variability within a given population and demonstrated their relative 
contributions to the sample size required. The work is presented in the paper in Section 
3.2. “Analytical Quality Requirements in Human Biomonitoring Programs: trace elements 
in human blood”. 

1.2.3 Data analysis and interpretation 
Data analysis step includes collection and management of the data obtained throughout 
the study conduct, from measurements of selected chemicals in the collected specimens and 
accompanying data obtained from questionnaires filled in by the study participants. The 
latter includes socio-economic data, life-style and nutrition data, residential characteristics, 
etc. Analysis of the data has the potential to reveal major sources of exposure, geographic 
and temporal trends, and also identify risk factors. When connected to environmental 
monitoring data, multiple exposure sources can be quantified more accurately. 
Demonstration of identifying predictors of exposure has been done for the selected study 
population, representative for the adults in childbearing age residing in Slovenia and is 
presented in the publication “Results of the first national human biomonitoring in Slovenia: 
trace elements in men and lactating women, predictors of exposure and reference values” 
(Section 3.3). The paper adds to the methodological framework, as it builds statistical 
models from the available questionnaire data, as well as existing environmental monitoring 
data (elemental concentrations in soil, drinking water and moss samples). 

Interpretation of the HBM data includes comparing the measured biomarker 
concentrations to health-relevant biomonitoring reference values, which is then the basis 
for risk assessment and measure(s) or intervention(s) taken up by the policy makers. 
However, health-based values, which are based on human exposure-response relationships, 
exist only for few chemicals (Angerer et al., 2011; NRC, 2006). For example, the German 
Human Biomonitoring Commission established HBM values (HBM-I and HBM-II values) 
which are either based on exposure-effect relationships (epidemiological data) or derived 
from tolerable daily intake values. The latter are based on the external dose (IPCS, 1994), 
therefore the derivation requires availability of basic toxicokinetic human data (Angerer et 
al., 2011). In cases health-based values are not available, population-based reference values 
or ranges are used to determine whether some study subjects have higher exposures than 
others. The population-based reference values are statistical descriptions of the ranges of 
concentrations typically observed in a specified reference population and are not relevant 
to health. They are intended to characterize the upper margin of the current background 
exposure; usually the 90th or 95th percentiles of the concentration values are defined as 
reference values (Ewers et al., 1999). The German HBM Commission uses the 95th 
percentile of the measured pollutant concentration in the relevant matrix of the reference 
population, which is rounded off within the 95% confidence interval (CI) (Angerer et al., 
2011). The theory of the reference values is described by the International Federation of 
Clinical Chemistry (IFCC) (Solberg, 1987a, 1987b). There are different types of reference 
values/intervals proposed, however, the most commonly used are those defined by fractiles. 
Central 0.95 fraction of the reference distribution is a frequently used convention for 
reference intervals, with reference limits as the 0.025 and 0.975 fractiles, accompanied by 
CIs (Solberg, 1987a). In case of potentially toxic elements, the 0.95 fractile (=95th 
percentile) rounded off within the 95% CI is used as described above. 

The representative population to establish the background exposure level for the 
Slovenian population by deriving population-based reference values (toxic elements) and 
intervals (essential elements) was selected from the adults in childbearing age living in 12 
geographically distinct areas of Slovenia. Among women, primiparous mothers in the 
lactating phase were selected to enable estimation of background levels for infant’s intake 
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through breast milk. This is the first time a reference population has been defined in 
Slovenia. The work is described in the paper “Results of the first national human 
biomonitoring in Slovenia: trace elements in men and lactating women, predictors of 
exposure and reference values” (Section 3.3.). This work is important also because the 
literature lacks consensus on values for the prenatal and postpartum periods. Most reference 
values are available for the general population of adults and children, e.g. for the German 
and Canadian populations (Saravanabhavan et al., 2017; Schulz et al., 2011), but not for 
the most vulnerable exposure periods. For the chemicals that pass placenta at least to a 
certain extent, it is believed that there are no safe limits for maternal blood levels (Taylor 
et al., 2014). The only recommendations that exist are for the Pb in blood of children and 
pregnant women, issued by the US Centers for Disease Control and Prevention (CDC), 
and for the Hg in cord or maternal blood issued by the US Environmental Protection 
Agency (EPA). 

We have to keep in mind that reference values are informative by their nature: a 
measured value that is above the given reference value does not necessarily present a health 
risk, and a value below the reference value does not necessarily mean there is no risk. The 
HBM data is more challenging to interpret than external exposure data (e.g. personal air 
sampling data), because HBM data provides information on internal doses that are 
integrated across different routes of exposure and reflect the amount of chemicals that 
undergo ADME processes in the human body (NRC, 2006). For this reason it is important 
that exposure assessment accounts for as much confounding factors as feasible. Potential 
confounding factors are discussed in Sections 1.5.2-1.5.4. 

1.2.4 Communication and implementation of the results 
Communication plays an important role throughout the course of the HBM study. The 
strategy of communication depends on the objectives of the study and the target audience 
(WHO, 2015). This thesis does not deal with the communication aspect specifically, 
anyway, the communication was an integral part of all the studies conducted to deliver the 
presented results. It included informing study participants about their individual results, 
(unless they refused to receive their results), with a clear explanation of the individual 
results and in case of elevated exposure. The explanation was accompanied by relevant 
recommendation(s) to reduce the exposure and was given by a medical doctor, competent 
for trace elements exposures. Aggregated results were communicated to the general public 
and policy–makers through various workshops. As stated in the WHO publication on HBM, 
these interactions stimulate efforts to reduce exposure(s), they serve the specific policy 
needs in the country, and are important to discuss the public health significance of the 
data and provide basis to develop interventions (WHO, 2015). 

1.3 Selection of Chemicals for HBM 
Chemicals for HBM studies are usually selected based on the general criteria which include 
toxicity of a chemical (hazardous properties), public concern, regulatory demand, predicted 
exposure level, technical feasibility and a possibility to intervene, and usually follow 
recommendations of the agencies or organizations, such as World Health Organization, 
European Environmental Agency, etc. Among the top 10 chemicals of highest concern on 
The ATSDR Substance Priority List, which in addition to above-mentioned criteria 
prioritizes substances also based on their occurrence on the National Priority Lists, arsenic 
(As), lead (Pb), and Hg are ranked the first three, while cadmium (Cd) is ranked seventh 
(ATSDR, 2017). They are of high concern because they are toxic also at low doses, they 
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bioaccumulate in different organs and tissues, and can act as neurotoxicants. Methyl Hg, 
Pb, As and Mn have been recognized as developmental neurotoxicants, together with 
polychlorinated biphenyls, toluene, fluoride, chlorpyrifos, dichlorodiphenyltrichloroethane, 
tetrachloroethylene, and polybrominated diphenyl ethers (Grandjean & Landrigan, 2006; 
2014). Although Mn is an essential element, it may act as a neurotoxicant in cases of 
excessive exposure, reported mainly in adults’ occupational exposures (Dobson et al., 2004; 
Horning et al., 2015). Additionally, some epidemiological studies have indicated certain 
association between Cd and child’s development with limited evidence. This element does 
not readily cross the blood-brain barrier, but indirect mechanisms are proposed (reviewed 
by Nordberg et al., 2018). 

Mercury, Cd, Pb, and As have been recognized as priority substances also in the most 
recent on-going Europe-wide HBM project (HBM4EU, www.hbm4eu.eu). Other chemical 
groups from the HBM4EU priority list include phthalates and DINCH, bisphenols, flame 
retardants, poly-aromatic hydrocarbons (PAHs), perfluorinated alkyl substances (PFAS), 
hexavalent chromium (Cr(VI)), aprotic solvents, mycotoxins, pesticides, benzophenones 
and acrylamide. 

1.3.1 Mercury 
Mercury is among the many environmental chemicals which are known to have adverse 
impacts on human health via various toxicological mechanisms. The doses at which adverse 
health effects take place are not well established for many of these chemicals. Infants and 
children are especially susceptible due to their increased exposures to some chemicals, 
increased absorption rates and diminished ability to detoxify many exogenous compounds 
(Grandjean & Landrigan, 2006). However, based on the assessment of Hg exposure from 
seafood consumption in European countries, it was estimated that between 0.2 to 1.8 
million children are born every year within the EU, with exposures exceeding the 
established threshold limits for developmental neurotoxicity (2.5 µg/g, 1.0 µg/g, and 0.58 
µg/g, respectively), which is 4%–35% of the total EU annual births. In Slovenia, this 
number is assessed to be up to 4796 children each year (Bellanger et al., 2013). 

Fish and other seafood is the most important source of non-occupational human 
exposure to Hg (Horvat et al., 2012; NRC, 2000). Most of the Hg consumed in fish or other 
seafood is in the organic form of highly absorbable monomethyl Hg (NRC, 2000; 
UNEP/WHO, 2008). Because of higher consumption of fish and other seafood, inhabitants 
of the Mediterranean countries are known to have higher Hg levels in their blood and/or 
hair than residents of other European countries (Den Hond et al., 2015; Miklavčič et al., 
2013). As reported by the EFSA in 2012, tuna, swordfish, cod, whiting and pike were the 
major contributors to methyl Hg dietary exposure in the adult age groups, while the same 
species and hake were the most important contributors in the child age groups (EFSA 
CONTAM Panel, 2012). In the Slovenian market, the highest total and methyl Hg 
concentrations were also found in organisms at the top of the food chain, such as tuna, 
cod, conger, frog-fish, goatfish, swordfish, John Dory and European hake (Miklavčič et al., 
2011). However, the mean content of Hg in both canned fish (0.130 mg/kg) and fresh fish 
(0.174 mg/kg) was low compared to the maximum allowed levels of 1 mg/kg (Regulation 
(EC) No. 87/2005). Based on the frequency of fish consumption and the levels of methyl 
and total Hg determined, the authors concluded that the fish available on the Slovenian 
market are not expected to represent a health risk (Miklavčič et al., 2011). 

Dental amalgam fillings are the main source of exposure to elemental Hg in the general 
population (Clarkson, 2002; UNEP/WHO, 2008). Exposures to elemental and inorganic Hg 
forms can occur also due to the use of some skin-lightening creams and soaps, the presence 
of Hg in some traditional medicines, use of Hg in cultural practice, and due to various 
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accidental Hg spills in homes, school or other locations; in occupational settings (e.g. chlor-
alkali plants, Hg mines, Hg-based small-scale gold and silver mining, refineries, 
thermometer factories, dental clinics with poor Hg handling practices, production of Hg-
based chemicals); and through environmental contamination (Basu et al., 2018; 
UNEP/WHO, 2008). In Slovenia, highly elevated soil Hg concentrations in the Idrija town 
as a consequence of over 500 years of mining and smelting activities and of its natural 
geological occurrence, resulted in elevated Hg levels in foodstuff from that area (Kocman 
et al., 2011; Miklavčič et al., 2013), which present the potential pathway of inorganic Hg 
exposure in the residents of the town. Besides, certain locations within the town still have 
elevated Hg vapor levels in the air, particularly in the summer time, when higher 
temperatures occur. The town of Idrija has been thoroughly investigated in terms of 
environmental and biological monitoring (Hg concentrations in soil, water, air, and biota) 
and monitoring of occupational exposure in the mine workers. However, after the closure 
of the mine, none of the studies investigated the actual exposure in the residents of the 
town, non-occupationally exposed to Hg. 

Detailed scientific background on Hg exposure is given in the book chapter presented 
among the published work (Chapter 3) in Section 3.1. Based on the background 
summarized in the present section, Hg exposure and its association with health outcome in 
this thesis refers to the general population mainly exposed to Hg from fish and other seafood 
consumption and partially also from dental amalgams. It is covered by papers presented 
in Sections 3.4 and 3.5. Exposure due to contamination from the past mining activities was 
assessed in the residents of the Hg-contaminated area of Idrija town and is presented in a 
separate paper in Section 3.6. Analysis of Hg in biological specimens presented in this thesis 
refers to the measurements of total Hg, and excludes any speciation of Hg. This is justified 
by the selection of appropriate exposure biomarkers that reflect exposure source and/or Hg 
species. Selection of biomarkers is given in Section 1.4 that follows. 

1.3.2 Co-exposure to other potentially neurotoxic elements 
In addition to Hg, other elements, potentially toxic and essential were included in the 
thesis, namely in the evaluation of quality requirements of HBM studies (Cd, Pb) and 
setting the background exposure levels for the representative Slovenian population of 
childbearing age (Cd, Pb, As, Se, Zn, Cu, Mn) (Sections 3.2 and 3.3). Co-exposure to these 
trace elements can occur through ambient air, foods, drinking water, soil or/and dust in 
the areas with various or even mixed industrial activities (past and/or current). In Slovenia, 
the two well-known heavily polluted areas are the town of Idrija with the former Hg mine, 
and the Upper Mežica Valley with residual pollution from a closed Pb and Zn mine with 
a smelting plant (Finžgar & Leštan, 2008; Miler & Gosar, 2012). Mixed-element exposure 
sites from past and current industrial activities are more or less spread across the country 
and include Lower Mežica Valley and Jesenice with an ironworks industry; Šaleška Valley 
with its thermo-power plant Šoštanj and the industrial area of Celje with its metallurgy, 
chemical-processing company and ironworks; and Sava Valley with its coal-mining 
activities, former antimony mine, thermo-power plant, cement plant, chemical company 
and glassware. 

Lead is generally the most extensively studied toxic agent, with occupational and 
widespread exposure in the general environment (Skerfving & Bergdahl, 2015). Although 
worldwide blood Pb levels have decreased significantly over the past two decades, mainly 
due to the elimination of Pb in petrol in the beginning of the 90s (Jakubowski, 2012), 
substantial numbers of European residents still have levels of Pb in excess of national 
guidance or reference levels (WHO, 2015). In Slovenia, the ‘hotspot’ area of the Upper 
Mežica Valley has been monitored since 1976. In 2001-02, monitoring of three-year-old 
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children still showed higher blood levels as compared to children from the lower part of the 
valley, with more than one third of the children studied having blood Pb levels above 100 
µg/L (Eržen & Janet, 2005). In contrast, a recent assessment of exposure to toxic inorganic 
species of As in 3-12-year-old children in the vicinity of the former Znojile antimony mine 
did not show elevated As levels in their urine samples (Perharič et al., 2017). 

Apart from the site-specific environmental contamination, sources of exposure to trace 
elements in the general population can arise from diet and other life-style habits such as 
smoking, with several elements sharing the source. For example, exposure to As in the 
general population follows a similar exposure pathway as organic Hg – through fish and 
other seafood (Hughes, 2006) – but in the latter, As is mostly present in non-toxic organic 
forms, which are much less harmful to humans than inorganic As (Horvat et al., 2012). 
Food is a common exposure source in the general populations also for Pb (fruits, vegetables, 
and grains grown in Pb-containing soils) and Cd (shellfish and organ meats) (ATSDR, 
2007, 2012). Moreover, drinking water in houses containing Pb pipes may contain Pb, 
especially if the water is acidic (ATSDR, 2007). Smoking (active or passive) is the major 
source of Cd exposure in the general population, and contributes to a smaller extent also 
to Pb exposure (ATSDR, 2007, 2012). Based on the available HBM data, Cd exposure of 
the majority of the European population is below the given health-based values, however 
a certain proportion of the population exceeds them. In the pilot European HBM study 
(DEMOCOPHES), the levels in the Slovenian mothers were rated 3rd among the 16 
participating countries, while in children they were below the overall average (Berglund et 
al., 2015). 

Other trace elements were considered in the thesis not only because of the mixed 
exposure due to geological background and/or industrial activities, but also because of 
interaction between the elements: either acting synergistically or antagonistically by 
diminishing the toxic effects. The investigation of association between Hg exposure and 
neurodevelopment therefore took into account co-exposure to Pb as a known developmental 
neurotoxicant, and Se, as an essential element with a known detoxifying role in Hg exposure 
(Sections 3.4–3.5). Mercury-Se interaction is further explained in Section 1.5.2. 

1.4 Internal Exposure Assessment 
Biomarker of exposure usually presents an analyte measured in human specimen (matrix), 
such as blood, urine, hair, nails, etc. Selection of an appropriate analyte, biological specimen 
and sampling time depends on the kinetics of a chemical of interest, which at the same 
time allows to determine whether the biomarker of exposure is likely to reflect the recent 
exposure or to integrate the exposure over a certain period of time. Toxicokinetic data 
must provide information on the absorption of the substance by the lung, the skin or the 
gastrointestinal tract, its distribution and possibly accumulation in the main body 
compartments, its biotransformation and, finally, its main routes of excretion (Bernard, 
1995). The absorption, metabolism, distribution and elimination (ADME) processes in the 
human body can be quantitatively described through a variety of mathematical models 
(Bernard, 1995), among which the most advanced pharmacokinetic models are called the 
Physiology-Based Pharmacokinetic (PBPK) models, with a focus on the effective dose at 
the expected target site (described in WHO, 2015). They can significantly improve modern 
risk assessment (Sarigiannis & Karakitsios, 2019). 

As a general rule, biomarkers of exposure to compounds that remain stable in the 
human body (e.g. metals, dioxins, PCBs) are measurements of the original compound 
concentrations in blood, plasma, serum or urine. For chemicals that are metabolized rapidly 
(e.g. phthalates, bisphenols, parabens, organophosphate pesticides, PAHs), one or more 
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metabolites of the original compound are often used as biomarkers of exposure, and are 
usually measured in urine (WHO, 2015). In contrast to biomarkers with short half-lives, 
for which the time of sampling is very critical, cumulative chemicals, such as metals, reflect 
exposure over a relatively long time (a few weeks up to a few months or years). For the 
latter, the sampling time is not critical (Bernard, 1995). 

Most assessments of internal exposure rely on urine or blood samples, because of their 
accessibility. Within the exposome approach, assessment of multiple samples/biomarkers 
provides the best insight into overall exposures (Dennis et al., 2017). For this purpose, 
available biomarkers of exposure for a broad range of environmental stressors were 
summarized within the exposome project HEALS (Steckling et al., 2018). In the following 
paragraphs, matrices commonly used in HBM are critically reviewed. 

Urine is a readily available matrix which is easily accessible in relatively large volumes. 
Urine sample can be collected directly by the donor which simplifies the fieldwork (WHO, 
2015). Beside the rapidly metabolized and excreted chemicals, urine is also a useful matrix 
for some metals, particularly As and inorganic Hg (WHO, 2015). Problems related to urine 
as a biological matrix are related to the inter-individual variability in excretion rates, as 
well as daily variability within an individual (Aylward et al., 2014). For example, the 
assumption that urinary Cd concentration reflects the lifetime accumulation of the metal 
in the body has been questioned by recent studies revealing that low-level urinary Cd varies 
widely within and between individuals depending on urinary flow, urine collection protocol, 
and recent exposure, and can increase with increased excretion of plasma proteins 
(proteinuria) and essential elements deficiencies (Bernard, 2016). Although it is known that 
creatinine normalized levels predict the daily excretion of trace elements better than non-
normalized levels for most of the elements due to systematic variation in urinary flow rates 
(Hays, Aylward, & Blount, 2015), specific gravity (SG) appears to be a more reliable 
alternative without the risk of over-adjustment and with fewer uncertainties associated 
with its use (Hoet et al., 2016; Stajnko et al., 2017). 

Blood has the advantage that it is in contact with all tissues and in equilibrium with 
organs and tissues, therefore, it has been used extensively for various research and survey 
purposes (Smolders et al., 2009), mainly indicating recent exposure. For the metals that 
are mostly bound to red blood cells, the whole blood concentrations are normally used due 
to practicality reasons, however the packed cell volume (hematocrit) may vary among 
individuals. It is therefore advisable to consider the hematocrit or hemoglobin level 
(Skerfving & Bergdahl, 2015), especially when a high level of precision is required or in 
conditions that affect the hematocrit (e.g. anemia). Cord blood as a matrix for HBM 
incorporates the exposure history of both the mother and the early exposure of the newborn 
infant. Besides, it has the advantage that standard procedures for peripheral blood can be 
applied and at the same time provides a non-invasive sample (Smolders et al., 2009). 
However, depending on the sampling technique, the collected sample consists of (a) mixed 
- arterial and venous cord blood, (b) venous or (c) arterial cord blood. Concentration of 
the chemicals may differ significantly or insignificantly between the three types of samples, 
therefore, a standardized sampling procedure to collect venous blood through venipuncture 
has been described by the WHO standard operation procedure for prenatal Hg exposure 
assessment (WHO, 2018). 

Hair is a simple widely-used non-invasive matrix to monitor both internal and external 
exposure to a variety of organic and inorganic pollutants (Smolders et al., 2009), and is 
particularly preferred in the case of Hg exposure through fish consumption (UNEP/WHO, 
2008). As hair grows about one centimeter per month, analysis of hair provides an 
integrative and non-invasive sample for estimating mid- to long-term average exposure, 
depending on the hair segment analyzed. Hair is also useful in assessing long-term Pb 
exposure (Sanders et al., 2009). Although exogenous contamination and unreliable reference 
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values have limited the utility of scalp hair as a biomarker of chemical elements exposure, 
its use in various fields is growing and becoming more extensive (Pozebon et al. 2017). 
Fingernails and toenails can also be used as useful biomarkers, which has been 
demonstrated for prenatal organic Hg exposure, especially during the third trimester of 
gestation (Sakamoto et al., 2015) and in various studies examining long-term Pb exposure 
(Sanders et al., 2009). Likewise in the case of hair, it may be difficult to distinguish between 
contaminants taken up and those related to external contamination. Teeth are also a 
promising biomarker for prenatal exposures to metals and some organic chemicals, but like 
in the case of nails, standardized protocols and reference materials are lacking (Dennis et 
al., 2017). 

Human milk is considered one of the most acceptable matrices for monitoring persistent 
bio-accumulating toxicants. In the lactation period, human milk is a major uptake route 
for environmental contaminants due to its fatty character, especially for primiparous 
mothers. Human milk is easy to collect, enriched in lipophilic compounds and represents 
the main exposure source for breast feeding infants (Smolders et al., 2009). Also other 
matrices, such as meconium, placenta, cord tissue saliva offer great potential for routine 
application in human biomonitoring, but their use and applicability is much less 
documented in the literature and standardized procedures for collection and exposure 
assessment are lacking. 

1.4.1 Biomarkers of mercury exposure 
Biomarkers to assess exposure to Hg are selected depending on the Hg species, route of 
exposure and the dose. The toxicokinetics of Hg is described in Section 3.1 of this thesis 
“Mercury: Biomarkers of Exposure and Human Biomonitoring”. 

Based on the distribution of Hg within the human body, exposure to elemental Hg is 
well represented by the presence of Hg in urine. As inorganic Hg is slowly excreted from 
kidneys through urine, urinary Hg reflects not only recent exposure to inorganic Hg, but 
also exposure that occurred in the past (Barregard, 1993; Mason et al., 2001). In an 
occupationally non-exposed population, the number of amalgam surfaces was found to be 
the best predictor for urinary Hg (Langworth et al., 1992). The presence of Hg in the blood 
indicates recent or current exposure to both, organic and inorganic Hg. In the general 
population, methyl Hg from fish and seafood, and Hg vapor from dental fillings contribute 
to Hg concentration in blood, while in occupationally exposed people, Hg vapor is the major 
contributor to blood Hg concentrations. Hg in hair is a good indicator for methyl Hg 
exposure through fish consumption, providing a simple, integrative, and non-invasive 
sample for estimating mid- to long-term average exposure (depending on the length of a 
hair sample) (UNEP/WHO, 2008). Assessment of methyl Hg exposure through measuring 
total Hg in hair is based on the assumption that methyl Hg in hair is proportional to the 
blood methyl Hg concentration and that almost 100 % of the total Hg in hair is methyl Hg 
(NRC, 2000). The latter is only true in populations with high fish consumption, whereas 
in populations with relatively low fish consumption, inorganic Hg might constitute a larger 
fraction of hair Hg. Besides, the exact relationship between Hg exposure and Hg excretion 
in hair follicles is not known, and it can vary greatly among individuals. Hair-to-blood 
ratios ranging from 140 to 690 have been reported for low to mediate exposure levels 
(Berglund et al., 2005; Horvat et al., 1991). Therefore, Hg concentration in blood is 
considered as a more accurate indicator of recent Hg exposure. As blood Hg represents 
both methyl and inorganic Hg exposure, speciation analysis is required to characterize the 
exposure, but not in cases below e.g. 1 µg/L as such exposure presents little risk and is 
analytically challenging (Horvat et al., 2012a). 
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As a marker of prenatal Hg exposure, Hg in umbilical cord blood is preferentially used. 
It represents methyl and metallic Hg exposure, as the two species move freely across 
placenta. Cord blood methyl Hg is almost twice as high as maternal blood methyl Hg, 
which is due to higher hematocrit and also hemoglobin levels in cord blood (Horvat et al., 
2012a). 

Infant exposure to Hg through breast milk is low compared to fetal exposure. However, 
based on the reported milk-to-plasma ratios, it seems that inorganic Hg is transported more 
easily to breast milk than methyl Hg (Björnberg Ask et al., 2005). 

Although the present work excludes speciation analysis of Hg, the biomarkers of 
exposure have been selected to distinguish between different Hg species as justified above. 
Moreover, it has been demonstrated previously using exposure data in the Slovenian birth 
cohort that total Hg levels in cord blood and hair are suitable biomarkers of low-level Hg 
exposure through fish consumption (Miklavčič et al., 2011). However, speciation of Hg has 
been done in a separate work by Trdin et al. (2019), and will add to the refined 
characterization of exposure in the future studies, particularly for the purpose of association 
studies. 

Reference doses or tolerable limits are focused mainly on methyl Hg exposure; the 
Reference Dose established by US EPA (0.1 µg/ kg day) corresponds to total Hg 
concentration of about 1 µg/g hair for children and women of child-bearing age or 5.8 µg/L 
cord blood, while updated calculations, supported by recent studies of developmental 
neurotoxicity at exposure levels close to the background, resulted in adjusted biological 
limit corresponding to 0.58 µg/g hair (Bellanger et al., 2013). On the other hand, a tolerable 
limit proposed by the WHO, which corresponds to a hair Hg concentration of 
approximately 2.5 µg/g takes into account the possible compensation of methyl Hg toxicity 
by beneficial nutrients in seafood. 

The health-based values established for the Hg levels in urine are from the Human 
Biomonitoring Commission of the German Environmental Agency, and are HBM I 7 µg/L 
(5 µg/g creatinine) and HBM II 25 µg/L (20 µg/g creatinine). 

1.5 Neurodevelopment 
Although the exposure of people to various harmful substances in the environment is well 
recognized, effects on organism, its integrity and functioning are not entirely clear, 
particularly at low doses of exposures. The potentially neurotoxic elements, Hg, Pb, As, 
Mn, and with limited evidence also Cd, are known to have adverse impacts on human 
health via various toxicological mechanisms, however the doses at which adverse health 
effects take place are not well established. Their common mechanisms on a cellular level 
include mimicry, production of free radicals, and adduct formation with DNA or proteins 
(Keil et al., 2011). Free radicals production that is triggered by the presence of toxic metals, 
induces lipid peroxidation. This way, toxic metals can indirectly affect the nervous system. 
Brain is especially susceptible to oxidative attack because of the high lipid content, high 
rate of oxidative metabolism and low-level of free radical scavenging enzymes such as 
metallothionein, glutathione, heme oxygenase, and other stress proteins (Castoldi et al., 
2001; Naarala et al., 1995). A number of studies have suggested the implication of such 
mechanisms in the neurotoxicity of methyl Hg. Methyl Hg-induced generation of reactive 
oxygen species seems to be a crucial event towards damage and cell death in different cell 
types, including neurons (Castoldi et al., 2001). Further, the capability of several toxicants 
to interfere with biochemical processes lies in the reactivity with sulfhydryl (SH-) groups 
of thiol-containing molecules (proteins, cysteine, and glutathione), changing the structure 
and therefore the function of proteins (Castoldi et al., 2001; NRC, 2000). The high affinity 
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of cation form of Hg (methyl Hg+, Hg2+) for SH- groups causes mitochondrial changes, lipid 
peroxidation, microtubule disruption, and disruption of protein synthesis. Another possible 
mechanism of interfering is the substitution for other polyvalent cations in their binding 
sites (Ca2+, Zn2+), whereat selectivity is limited to ions that are normally present in the 
cells. Mercury (and also Pb and Cd) cations are known to mimic cellular cations (Garza et 
al., 2006). All of the above-described mechanisms are responsible for damage that occurs 
in the nervous system and causes permanent dysfunction. The damage is mediated through 
direct promotion of cell death (disruption of microtubules; disruption of calcium 
homeostasis), primary damage of axons, secondary damage of neurons affected by 
neurotoxicants that target other cells in the nervous system, effects on myelin formation, 
and toxicant interactions with the signaling mechanisms of neurotransmission (Blake, 
2004). 

Various dysfunctions of nervous system have been reported from acute or chronic high-
dose occupational exposures in adults and accidental poisoning episodes of certain 
industrial chemicals in the past. In contrast to this, we are now facing the so called global, 
silent pandemic of neurodevelopmental toxicity, important contributors of which are 
industrial chemicals widely distributed in the environment (Grandjean & Landrigan, 2006; 
Grandjean & Landrigan, 2014). Chronic low exposures to environmental neurotoxicants in 
prenatal or early postnatal periods can lead to various neuro-psychological decrements. In 
case of methyl Hg exposure, developmental dysfunctions in the domains of language, 
attention, and memory, and to a lesser extent in visual-spatial and motor functions were 
observed in a Faroe Islands birth cohort (Grandjean et al., 1997), which is along with the 
Seychelles and New Zealand studies, one of the major longitudinal studies on Hg exposure 
performed. It showed mean cord blood Hg of 23 µg/L, and mean maternal hair Hg 4.3 
µg/g. A number of other cross-sectional and prospective cohort studies assessed the 
neurodevelopmental effects of chronic low-to-moderate prenatal methyl Hg exposure from 
fish consumption, but inconsistent findings have been reported (Valent et al., 2013). 
Despite this, there is evidence that low levels of prenatal Hg exposure may cause early 
childhood neurocognitive effects (Karagas et al., 2012). The overview of the recent 
epidemiological studies dealing with low-level chronic exposure to Hg, mainly from fish 
consumption, is given in Table 1.2. Although the central nervous system is an equally 
sensitive target of Hg° vapor exposure as it is for methyl Hg, and the transfer of inhaled 
Hg° to the developing fetus has been observed (Clarkson, 1989; Clarkson, 2002), most of 
the studies on potential neurotoxic effects of Hg° vapor exposure refer to occupational 
settings in adults. Therefore, the given overview of epidemiological studies on prenatal Hg 
exposure is limited to methyl Hg exposure from seafood consumption. 

Based on the evidence it is clear that at such low levels of chronic exposure, diet and 
therefore nutrient status plays an important role as a non-genetic factor in exposure and 
consequentially its response. Although a major source of methyl Hg, fish are considered 
especially important to prenatal development of the human nervous system due to their 
contents of n-3 polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic acid, 
as important components of neuronal membranes (Janssen & Kiliaan, 2014; Mozaffarian 
& Rimm, 2006). This has raised numerous debates on risks and benefits of fish consumption 
during pregnancy. Strain et al. (2015) hypothesized and confirmed that n-3 PUFA and 
other nutrients contained in fish might exceed possible neurotoxic effects. Furthermore, a 
physiological balance between n-6 and n-3 PUFAs is important, as both compete for the 
same enzymes in the biosynthesis and incorporation into cell membranes. The n-6 PUFAs 
act pro-inflammatory, and a high n-6/n-3 ratio may increase any possible inflammations 
in the brain resulting from the oxidative damage caused by methyl Hg exposure (Janssen 
& Kiliaan, 2014). 
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Table 1.2: Overview of recently published (2015-) associations between prenatal Hg exposure and neuropsychological performance of children, 
accounting for non-genetic confounders related to fish intake. 

Cohort study Biomarker, 
Mean level 

Nutritional 
confounders 

Psychological 
assessment (age) 

Association with internal exposure to Hg Reference 

Seychelles Child 
Development Study 

N=1265 

Maternal hair Hg, 
3.9 µg/g 

- 
Different ages, up to 24 

years 
No direct associations between prenatal Hg and 
neurodevelopmental outcomes at different ages 

Wijngaarden et 
al., 2017 

PUFAs BSID-II 
(20 months) 

Lower PDI in children with higher n-6/n-3 PUFA 
ratio 

Strain et al., 
2015 

Korean prospective 
Cohort 
N=1076 

Maternal blood Hg, 
3.3 µg/L 

Fish intake, 
n-6, n-3 PUFAs 

BSID-II 
(6 months) Lower early cognition (MDI, PDI) (n=847) 

Kim et al., 
2018 

Fish intake WPPSI-R 
(60 months) 

Lower verbal IQ (n=445) Jeong et al., 
2017 

INMA, Spain 
N=1362 

Cord blood Hg, 
8.8 µg/L 

- MSCA 
(4-5 years) 

Doubling in cord blood Hg associated with higher 
scores in most of the MSCA scales 

Sabrina Llop et 
al., 2016 

Fish intake MSCA 
(4-5 years) 

Lower MSCA scores in children, whose mothers 
ate less than 3 fish servings/week during 1st 

semester of pregnancy 

n-6, n-3 PUFAs MSCA 
(4-5 years) 

Lower motor scores in children with an n-6/n-3 
FA ratio above the median 

Norwegian mother and 
child cohort 
N=46,750 

calculated from reported fish 
intake 

Fish intake, 
n-3 PUFAs 

Dale and Bishop 
grammar rating, ASQ unintelligible speech, weaker communication skills 

Vejrup et al., 
2018 

Mediterranean birth 
cohort1 
N=1308 

Cord blood Hg, 
3.6 ng/g; 

Maternal hair Hg, 
704 ng/g 

Fish intake 
Bayley-III 

(18 months) 

inverse relation with motor scores; no evidence of 
detrimental effects of Hg for cognitive and 

language outcomes 

Barbone et al., 
2019 (present 

thesis) 
1Includes Italy, Slovenia, Croatia and Greece. 
PUFAs – poly-unsaturated fatty acids; FAs – fatty acids; BSID-II – Bayley Scales of Infant Development, 2nd Edition; Bayley-III - Bayley Scales of Infant and Toddler 
Development, 3rd Edition; WPPSI-R - Wechsler Preschool and Primary Scale of Intelligence; MSCA – McCarthy Scales of Children’s Abilities; ASQ – Ages and Stages 
communication scale; PDI – Psychomotor Developmental Index; MDI – Mental Developmental Index 
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Overall, a prevalence of neurodevelopmental disabilities seem to be increasing and 
among the known causes for this rise are environmental pollutants, such as methyl Hg, Pb, 
As, and also Mn. Exposures to pollutants with neurotoxic potential are of particular 
concern in the fetal life and early infancy (prenatal and early postnatal periods), and may 
contribute importantly to causation of latent impairments later in life, causing for example 
Parkinson’s and Alzheimer’s disease (Chen et al., 2016; Landrigan & Todd, 1994). Mercury 
(organic forms) is also among the most prominent possible causes of autism spectrum 
disorders, of course in combination with other factors (e.g. diet, genetics) (Schofield, 2016). 

1.5.1 Monitoring of alterations in neurodevelopment 
In line with the above-given definition of a biomarker of effect (»a measurable biochemical, 
physiologic, behavioral, or other alteration within an organism that, depending on the 
magnitude, can be recognized as associated with an established or possible health 
impairment or disease«), a biomarker of neurotoxicity could therefore be any significant 
biochemical change that occurs in the nervous system and which precedes permanent 
dysfunction of the nervous system. 

Biomarkers of effects generally used in HBM or epidemiological studies are summarized 
by Smolders et al. (2009) and include from DNA damage biomarkers and gene expression 
profiling of the fetus using placenta and cord blood; and newer 'omics' technologies, like 
metabolic profiling (metabolomics and metabonomics) in urine. The non-specific responses 
elicited by potentially toxic elements can be detected through oxidative stress biomarkers 
(e.g. activity of antioxidant enzymes, such as glutathione peroxidase – GPx, superoxide 
dismutase – SOD and catalase – CAT), and urinary 8-hydroxy-deoxyguanosine (8-OHdG) 
which has been widely used as a biomarker of the DNA repair response to oxidative stress 
(Flora, 2014). Activities of antioxidant enzymes have been monitored as part of this thesis 
in a small group of pregnant women residing in the former Hg mine area to assess biological 
response as a result of hypothetically elevated exposure to Hg vapor (Section 3.6). 

Common tests for assessing neurotoxic effects are classified as observational, 
neurobehavioral, neurophysiological (nerve conduction velocity, evoked potentials, electro-
encephalogram), physiological (muscle strength, temperature regulation, reflexes), and 
biochemical (alternations in levels of hormones, enzymes or other biological markers) (Fan 
et al., 1995). Behavioral and functional tests are quite sensitive, capable of detecting effects 
of chemicals that would be overlooked using standard pathology measures. However, in 
contrast to most structural changes observed in pathology examinations, not every change 
in a measured parameter is toxicologically relevant (Fan et al., 1995). In addition, 
neurobehavioral examinations are difficult to localize the site of toxic action (e.g. sensorial-
motor tests can indicate either neuromuscular or psychomotor damage) (Blake, 2004). 
Electrophysiological techniques can help to focus an investigation to the site of a lesion, 
and characterize electrical dysfunction within the damaged nerves. Neuro-imaging methods 
can produce images of the brain that show structural changes in volume/density of a 
specific region, or determine functional biochemical changes in processes like receptor 
binding (using radioactive tracer molecules) (Blake, 2004). The use of these non-invasive 
techniques may be of certain usefulness in particular cases, but widespread application to 
neuro-toxicological investigation is doubtful (Costa & Manzo, 1995). For example, in the 
Croatian birth cohort established in the PHIME project, neurosonographic exam has been 
used and descriptive analyses showed maternal pregnancy hair Hg >1 µg/g was associated 
with a smaller cerebellar volume (Cace et al., 2011). 

However, since neurotoxicants cause biochemical and molecular events which indicate 
early stage effects well before or well below the induction of a clinically detectable effects, 
monitoring of these early events has been developing to assess sub-clinical effects. However, 
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the use of biochemical markers in neurotoxicology is problematic due to the complexity of 
the central nervous function, the multistage nature of events, and inaccessibility of target 
tissue (Manzo et al., 2001). 

Because of the feasibility issues and cost and at the same time sufficient sensitivity, 
neuro-epidemiological studies, including those listed above, most often rely on 
neurobehavioral tests and some also on neurophysiological examinations. In our birth 
cohort study, associations between prenatal Hg exposure and neurodevelopment of children 
at 18 months of age were assessed using a standardized individually administered 
developmental assessment – the Bayley Scales of Infant and Toddler Development, Third 
Edition (Bayley-III, sometimes abbreviated as BSID-III) (Bayley, 2006). The study is 
presented in the papers presented in Sections 3.4 and 3.5. The first paper assessed the 
overall association at low levels of Hg exposure accounting for general, non-genetic, factors 
that could confound the association; while the second paper additionally accounted for 
genetic background of apolipoprotein E. Potential non-genetic and genetic factors used in 
HBM and epidemiological studies are described in the following sections. 

1.5.2 Non-genetic factors influencing the assessment of internal 
exposure and its effects 

Dietary components, namely n-3 PUFAs in fish, have already been explained above as an 
important factor that could influence developmental effects of methyl Hg, particularly at 
low levels. However, there are many other components, like essential elements and vitamins 
that can interact with toxic metals (and vice versa), influencing their absorption, 
distribution, metabolism and elimination in the human body and consequentially the 
biological response on the developmental level. 

An essential element Se, that is a well-known Hg antagonist, is also contained in 
relatively high amounts in fish. It protects cells against the toxic effects of Hg in a number 
of different organisms (Chen et al., 2006; Falnoga & Tušek-Žnidarič, 2007), acting through 
Se-proteins or by forming biologically inactive Se-Hg complexes (Goyer, 1995; Suzuki et 
al., 1998). Several epidemiological studies have already demonstrated potential involvement 
of Se status in the development of children: a prospective birth cohort study set in the 
rural Bangladesh showed low prenatal Se status as disadvantageous for children's 
psychomotor and language development assessed at 1.5 years using BSID-II (maternal 
erythrocyte Se 0.19-0.87 mg/g hemoglobin) (Skröder et al., 2014); moreover a low maternal 
blood Se (≤0.90 µmol/L or 71 µg/L) in pregnancy was found to be associated with a lower 
psychomotor score (assessed using ASQ) at 6 months in children of otherwise healthy 
mothers from Norway (Varsi et al., 2017). 

Similarly as in the case of Hg toxicity, Se can protect also against the harmful effects 
of As by forming inactive complexes (Zeng et al., 2005). Besides Se, other essential elements 
(e.g. Cu, Zn) also act through their protective role against free radicals damage (through 
metallothioneins, superoxide dismutases, etc.), which is triggered by toxic elements in 
general. Deficiency of essential elements can therefore increase the manifestation of the 
toxic effect of non-essential metals (Goyer, 1995; Rahman et al., 2019). Furthermore, the 
status of essential elements (particularly Zn and Fe) influences intestinal absorption of Cd 
and Pb. For example, iron (Fe) deficiency is known to increase Pb absorption, because Pb 
competes with Fe for ferritin (intra-cellular Fe-storing protein) binding sites. It is therefore 
a critical factor in children who are at risk for Pb toxicity (Goyer, 1995). A tendency 
towards higher blood Pb levels was demonstrated in a group of children from an industrial 
area in Katowice, Poland, who had low serum ferritin levels (Osman et al., 1998). Body Fe 
influences also intestinal absorption of Cd (Rahman et al., 2019). Furthermore, adequate 
vitamin D is associated with higher absorption of essential elements, but also enhanced 
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absorption of potentially toxic elements, e.g. Cd and Pb (Moon, 1994; Schwalfenberg & 
Genuis, 2015). Of course, it should be noted that essential metals can also be toxic in cases 
of excessive exposure. 

Along with the specific chemical factors, exposure and its response can be confounded 
by more general confounders, like sex, socio-economic status, mental stress, climate, etc., 
which are in the exposome era considered as the “general external exposome” (Wild, 2012). 
These factors are usually obtained through interviews or questionnaires filled in by study 
participants. Also the data on frequency of consumption of specific dietary items, which is 
a crucial component of assessing the contribution to exposure from a specific source and a 
putative confounding of nutritional components in association studies. However, 
questionnaire data have limited utility (uncertainty of data due to inaccurate recall or 
misunderstanding of questions), but are often the only source of information available 
(Coggon, 1995). The validity is critical particular for the dietary information. With the 
advancement of analytical methods, promising tools are available that could increase the 
accuracy of dietary information. For example, PUFAs can be determined in biological 
specimens using isotope-ratio techniques (13C/12C) and enable identification of the source 
(marine vs. terrestrial). However, the methods are in progress of validation (Jagodic et al., 
submitted). 

Among the listed confounders, the present thesis includes monitoring of essential 
elements (Se, Cu, Zn and also Mn) as part of the methodological framework of the HBM, 
which enabled establishment of the background levels in the Slovenian general population. 
Furthermore, Se was used as an important component in assessing prenatal Hg exposure 
in relation to methyl Hg from fish and inorganic Hg from the contaminated environment 
and its association with neurodevelopment (Sections 3.5 and 3.6). Adequate levels of 
micronutrients that are required to maintain the physiological function, are particularly 
important in pregnancy or postpartum – the periods of higher physiological demand for 
micronutrients (Izquierdo Álvarez et al., 2007). If the requirements are not met, this could 
lead to enhanced absorption of potentially toxic elements and/or increased manifestation 
of their effects. The thesis accounted also for the general confounders, which were obtained 
from carefully prepared questionnaires, namely sex, age, birthweight, weight and height of 
the mother, residential information, socio-economic status, education, smoking status and 
dietary habits. Specific confounders are explained in the separate papers as part of the 
thesis. 

1.5.3 Genetic factors influencing the assessment of internal exposure 
and its effects 

Besides nutritional and other non-genetic confounders, an increasing amount of evidence 
demonstrates that genetic variability of proteins involved in absorption, transport, 
elimination or distribution of Hg and other potentially toxic metals in the human body 
significantly influences (either decrease or increase) the manifestation of toxic effects in an 
individual, especially at chronic low exposures. Furthermore, the modifying effect of genetic 
predisposition can be direct, influencing the exertion of the toxic effect itself (Basu et al., 
2014; Julvez & Grandjean, 2013). 

In general, many common, complex traits are believed to be a result of the combined 
effect of genes, environmental factors, and their interactions (Murcray et al., 2009). Large 
scale studies of genetic epidemiology have been enabled after completion of the Human 
Genome Project and HapMap Project and of course rapid advances of genotyping 
technology (Reid-Lombardo & Petersen, 2010). The following large-scale high-throughput 
sequencing studies, such as the 1000 Genomes Project, have already identified millions of 
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genetic variants among individuals from different populations (The 1000 Genomes Project 
Consortium, 2015), which is creating a deep and robust catalogue of human genetic 
variation (Reid-Lombardo & Petersen, 2010).  

Genetic variation can determine the human’s unique susceptibility to a disease or toxic 
effect of an environmental pollutant. It is a result of mutations in DNA throughout the 
whole genome in the coding and noncoding parts of DNA. If these variations do not cause 
any severe alternations, they can persist over generations. If a given variant increases to 
>1% frequency in a population, it is called a polymorphism (Reid-Lombardo & Petersen, 
2010). Frequently studied variants/polymorphisms are insertion or deletions, copy number 
variations (CNVs), and single nucleotide polymorphisms (SNPs). A SNP is the most 
common type of polymorphism, and it has two alternative forms – alleles – where the 
adenine (A) base is replaced by guanine (G), and thymine (T) by cytosine (C) (Figure 
1.3). The frequency of the least frequent allele of a SNP in a population is termed the 
minor allele frequency, which can vary among populations (Reid-Lombardo & Petersen, 
2010). Every person has a large number of variants, but the minor allele frequencies of 
most individual variants are relatively rare. Understanding relations between genetic 
polymorphisms and environmental exposures can help identify high-risk subgroups and also 
gives better insight into pathway mechanisms (Murcray et al., 2009). 

Associations between genome and environment and/or disease can be studies using two 
general approaches (Reid-Lombardo & Petersen, 2010). The first approach is the genome-
wide association study (GWAS), where a large number of SNPs is screened to identify 
potential susceptibility genes, comparing subjects with high exposure / disease (cases) and 
subjects with low exposure / without the disease (controls). The ultimate goal of GWAS 
is to identify novel pathways or susceptibility genes. The second approach is the candidate 
gene association study and unlike GWAS it is hypothesis driven, with a priori selection of 
genes. The genes are usually selected from the knowledge on pathways involved in disease 
/ toxic effect or ADME of environmental pollutants. So far, significant associations between 
environmental exposures and genetic polymorphisms have been demonstrated by various 
studies using the second – targeted – approach. 

 

 

Figure 1.3: Illustration of single nucleotide polymorphism (SNP) (Reid-Lombardo & 
Petersen, 2010). 

Firm associations have been established between several polymorphic genes and Hg 
exposure and/or effects caused by the exposure. Many studies reported associations for 
glutathione (GSH) metabolism related genes, metallothionein (MT) genes and others 
related to toxicokinetics of Hg or other elements (Table 1.3). Direct associations with 
neuropsychological performance have been extensively studied in the longitudinal UK 
cohort, ALSPAC, where an absence of any Hg neurotoxicity at low average exposure levels 
was observed, but the study discovered adverse associations among carriers of certain SNP 
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allelic variants (Julvez et al., 2013). Four SNPs functionally related to the brain-derived 
neurotrophic factor (BDNF), paraoxonase 1 (PON1), transferrin (TF) and progesterone 
receptor (PGR) genes appeared to modify the Hg-outcome associations with cognitive 
deficits in children carrying minor alleles, as indicated by decreased IQ scores. The 10-fold 
increase in cord blood Hg resulted in decrease in IQ for 25 points in children with at least 
4 mutations (Julvez et al., 2013). Further, the importance of such genetic predisposition is 
illustrated by the fact that 21 % of the cohort subjects had at least four minor alleles in 
the four SNPs identified. Many other gene polymorphisms have been shown by different 
studies to modify neuropsychological outcome caused by potentially toxic metals, 
particularly Hg or Pb. The studies are reviewed in Table 1.3 below. 

Table 1.3: Gene mutations affecting absorption-distribution-metabolism-elimination of 
metals and neuropsychological performance. 

Polymorphic genes Role of enzyme/protein Associations between 
polymorphisms and exposure 

GCL (glutamyl-cystein ligase) 
genes: 
GCLC, GCLM 

The first and rate-limiting 
enzyme for GSH synthesis 

GCLM – Hg in erythrocytes 
(Schläwicke Engström et al., 2008); 
GCLC – Hg in cord tissue (Julvez et 
al., 2013), or adult’s blood 
(Gundacker et al., 2009); 
GCLM – Hg in hair and blood 
(Barcelos et al., 2013) 

GST (glutathione-S-transferase) 
genes: 
GSTP1, GSTM1, GSTT1, 
GSTO,… 

Catalyse conjugation of GSH to 
xenobiotic substrate 

GSTP1 – Hg in erythrocytes 
(Schläwicke Engström et al., 2008); 
GSTM1 – Hg in blood and hair 
(Barcelos et al., 2013); 
GSTT1, GSTM1 – Hg in blood 
(Gundacker et al., 2007); 
GSTT1 – Hg in urine of dentists; 
GSTP1 – Hg in hair of dentists 
(Goodrich et al., 2011) 

MT (metallothionein) genes: 
MT2A, MT3, MT4, MT1A, 
MT1M,… 

Metal-binding protein involved 
in regulation of metal 
homeostasis (Zn, Cu); toxic 
metal binding; protection 
against oxidative stress 

MT4 – Hg in urine (Gundacker et al., 
2009); 
MT2A - general cognitive functioning 
(Julvez et al., 2013); Cd, Pb and Zn 
in blood (Kayaaltı et al., 2011); 
MT1M, MT2A – modification of 
association between Hg in urine and 
neurobehavioral effects in children 
(Woods et al., 2013) 

ABC transporter (multidrug 
resistance) genes: 
ABCC1 (=MRP1), 
ABCC2 (=MRP2), 
ABCB1 (=MDR1) 

Responsible for active transport 
of xenobiotics (and other 
compounds) across biological 
membranes 

ABCC2 – Hg in urine of gold miners 
(Engström et al., 2013); 
ABCB1, ABCC1, ABCC2 - Hg in 
cord blood (Sabrina Llop et al., 2014) 

Selenoprotein genes: 
SEPP1 (Selenoprotein P), 
GPx1,3,4,.. (GSH peroxidase) 

Se homeostasis, delivery in 
tissues (particularly brain and 
testes), antioxidant activity, 
decrease of lipid peroxides, 
metal binding 

SEPP1 - hair or urine Hg levels of 
dental professionals (Goodrich et al., 
2011) 

ALAD (γ- aminolevulinic acid 
dehydratase), 

Pb uptake and distribution in 
the body: 

ALAD2 carriers higher binding 
capacities for Pb in red blood cells; 
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Polymorphic genes Role of enzyme/protein Associations between 
polymorphisms and exposure 

VDR (vitamin D receptor) ALAD (enzyme required in 
heme synthesis; presumably the 
major intracellular ligand for 
lead in red blood cells), 
VDR (intestine calcium 
absorption and storage in bone) 

VDR influences Pb accumulation in 
bones (reviewed by Onalaja & 
Claudio, 2000); 
VDR and VDR/ALAD – Pb in urine 
(Gundacker et al., 2009) 

AS3MT 
(As (III) methyl transferase) 

Methylation of As AS3MT haplotype – As methylation 
efficiency (MMA and DMA in urine) 
(Engström et al., 2011b; Schlebusch 
et al., 2015) 

APOE (apolipoprotein) gene 
Apoe alleles: ɛ2, ɛ3, ɛ4 

A lipid-transporting protein, 
with highest expression in liver 
and brain (astrocytes, 
microglia); ɛ4 allele associated 
with poor neural repair 
function 

APOE –association between Hg and 
neurodevelopment and behaviour (Ng 
et al., 2013, 2015) 

CPOX (coproporphyrinogen 
oxidase) 

Impacts biosynthesis of heme 
(catalyses decarboxylation of 
coproporphyrinogens to 
precursor of heme) - a likely 
mitigating factor in 
neurological signalling. 

CPOX4 – affected association 
between Hg in urine and 
neuropsychological performance of 
dentist professionals (Echeverria et 
al., 2010, 2006); Hg in urine and 
neurobehavioral effects of children 
(Woods et al., 2012); Hg and general 
cognitive function of children (Julvez 
et al., 2013) 

COMT (catechol O-
methyltransferase) 

Catecholamine catabolic 
enzyme important in the 
methylation of endogenous and 
exogenous catechol compounds, 
including catechol 
neurotransmitters (dopamine, 
norepinephrine, epinephrine) 
and oestrogens 

COMT - Hg in umbilical cord (Julvez 
et al., 2013); affected association 
between Hg in urine of dentist 
professionals and self-reported 
symptoms and mood (Heyer et al., 
2009) 

BDNF (brain-derived 
neurotrophic factor) 

Growth and differentiation of 
neurons and synapses; supports 
survival of existing ones Among 40 SNPs analysed, BDNF, 

PON1, TF and PGR showed 
modification of associations between 
Hg in cord and cognitive deficits in 
children with the minor alleles 
(Julvez et al., 2013). 

PON1 (Paraoxonase 1) Inhibits oxidation of 
lipoproteins through hydrolysis 
of lipid peroxides 

TF (transferrin) Iron uptake 
PGR (progesterone receptor) Brain development and 

neurotransmitter metabolism 
CYP3A 
(cytochrome p450 3A) 

Oxidative metabolism of 
xenobiotics 

CYP3A7 and 5 – Hg in cord blood 
and improved neurodevelopment 
(Llop et al., 2017) 

 
Apolipoprotein E (APOE) is the major lipid-transporting protein with the highest 

expression in liver and brain (mainly in astrocytes). Being involved in delivery of cholesterol 
to neurons, it has a major role in neurite outgrowth and synaptogenesis (Xu et al., 2014). 
All those events are important for learning, memory formation and neuronal repair, as they 
depend on availability of cholesterol (Mauch et al., 2001). There are three major isoforms 
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of APOE, encoded by the alleles epsilon 2 (ɛ2), epsilon 3 (ɛ3) and epsilon 4 (ɛ4) (Zannis & 
Breslow, 1981). They give rise to three homozygous (ɛ2/ ɛ2, ɛ3/ ɛ3, and ɛ4/ ɛ4) and three 
heterozygous phenotypes (ɛ3/ ɛ2, ɛ4/ ɛ3, and ɛ4/ ɛ2) (Mahley, 1988). The isoforms differ 
in the two amino acids at residues 112 and 158 of the protein: APOE2 has two cysteine 
residues, APOE3 one cysteine and one arginine, and APOE4 two arginine residues. Epsilon 
3 allele is presently the most common one (Fonseca Arrifano et al., 2018). APOE ɛ4 allele 
is recognized as one of the strongest genetic risk factors for the development of late onset 
Alzheimer’s disease (Buttini et al., 1999; Xu et al., 2014). However, research with younger 
populations of ɛ4 carriers has suggested that the ɛ4 allele may in fact be beneficial in earlier 
ages (Tuminello & Han, 2011). APOE is capable of influencing either neurodevelopment 
or modify the response to maternal diet or maternal exposure to environmental pollutants 
(Wright et al., 2003). The authors suggested that ɛ4 allele has a beneficial effect on 
neurodevelopment because higher scores were observed among ɛ4 carriers in comparison to 
either ɛ2 or ɛ3 carriers at 24 month of age. In addition, the Bayley mental development 
score of ɛ4 carriers had a less steep dose-response to cord Pb levels than the response in 
subjects with either the ɛ2 or ɛ3 allele (Wright et al., 2003). On the other side, (Ng et al., 
2013) reported that the ɛ4 carriers prenatally exposed to methyl Hg (median cord blood 
total Hg was 12.2 µg/L) had poorer neurodevelopment at 2 years of age as assessed by 
Comprehensive Developmental Inventory for Infants and Toddlers than ɛ2 and ɛ3 carriers. 
One of the latest studies has found also neurobehavioral problems associated with traffic-
related pollution (PAH, NO2) in ɛ4 carriers (Alemany et al., 2018). 

The potential role of APOE genetic polymorphism as a modifying factor in Hg exposure 
and neurodevelopment in the Slovenian and Croatian birth cohorts was investigated in the 
paper »Prenatal mercury exposure, neurodevelopment and apolipoprotein E genetic 
polymorphism« (Snoj Tratnik et al., 2017) as part of this thesis. 

1.5.4 Genetic tolerance 
The above-described aspect of genetic susceptibility focuses mainly on increased 
susceptibility to exposure/potential effects in relation to genetic variability. However, 
several studies showed that in certain populations or individuals, decreased susceptibility 
(tolerance) can be observed as a result of continuous environmental contamination. For 
example, the most frequent AS3MT haplotype in an Argentinian population consuming 
drinking water containing about 200 µg As/L was associated with higher methylation 
efficiency which decreased the risk for As toxicity (Engström et al., 2011). Similarly, in an 
exposed Vietnamese population (groundwater As levels 0.7-502 µg/L) three AS3MT SNP 
variants were found to have a strong association with higher As methylation capacity 
(Agusa et al., 2009). Just recently, the protective AS3MT haplotype was confirmed also in 
the Slovenian population of women in childbearing age and their children (Stajnko et al., 
2019). 
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Chapter 2 

2 Aims and Hypothesis 

The main aim of the thesis was (1) to assess Hg exposure of the Slovenian population of 
childbearing age and their children, and (2) its association with neurodevelopment, 
referring to the exposure in the prenatal period. We aimed to assess also co-exposure to 
other potentially toxic elements (Pb, Cd, As), essential elements (Mn, Se, Zn, Cu), and 
the APOE genotype (�4 versus �2/�3), as these factors can confound exposure and/or 
potential effects of Hg. To identify potential sources and other predictors of exposure, the 
data obtained from the questionnaires and available environmental databases was used. 

2.1 Specific Aims 
 Set the methodological framework for the assessment of low-level Hg exposure 

and its link to neurodevelopment. This includes evaluation of analytical quality 
requirements; definition of the reference population living in Slovenia to assess 
the background exposure; and evaluation of biomarkers of exposure including 
confounding factors. 

 Assessment of exposure to Hg and other potentially toxic elements in the 
Slovenian population, focusing on the most vulnerable population groups – 
adults in childbearing age and their children. 

 Construction of statistical model to assess association between low-level prenatal 
Hg exposure and neurodevelopment (cognitive, language and motor), including 
all potential factors that could influence exposure and/or neurodevelopmental 
outcome (co-exposure to other potentially neurotoxic elements, essential 
elements status, life-style habits). 

 Evaluation of the role of APOE genetic polymorphism in association between 
the Hg exposure and neurodevelopment. 

 Assessment of Hg exposure in the residents of the Idrija town – the former Hg 
mine area – and comparison to other study areas. 

2.2 Hypothesis 
The Slovenian childbearing population and their children have low to moderate exposure 
to Hg, as consumption of fish and other seafood is low, and contribution from dental 
amalgam fillings is moderate. The exposure of the residents of the Idrija town is expected 
to be higher than in the residents of other areas, particularly to elemental or inorganic Hg, 
however, the majority of the residents are not expected to exceed the values above which 
elevated health risk is possible. 
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Low-level exposure to organic form of Hg from seafood consumption in the prenatal period 
can influence neuropsychological development, however benefits of consuming seafood, 
which contains poly-unsaturated fatty acids and Se, and at the same time moderate amount 
of Hg, can prevail over potentially negative effects of Hg. The influence of Hg on 
neuropsychological outcome is confounded by (1) co-exposure to other potentially toxic 
pollutants and micronutrients, and by (2) APOE genetic polymorphism which can 
modulate exposure and/or neurodevelopment itself. 
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3 Publications 

The publications selected for the thesis follow the structure as given in the introductory 
part, representing (1) HBM methodological framework to assess exposure and (2) 
association between exposure and health outcome. They have resulted from different 
studies carried out as national and international projects coordinated by the Department 
of Environmental Sciences of JSI; University of Udine, Italy; University in Lund, Sweden; 
and Aristoteles University in Thessaloniki, Greece. I contributed to all the activities 
considerably, however, only publications most relevant for the scope of the thesis are given 
here and are divided into two parts as given above. The first part, dealing with HBM as a 
methodological tool, includes: 

 a published book chapter which summarizes comprehensively the basics of Hg 
exposure assessment in HBM programs (Section 3.1); 

 a manuscript defining analytical quality requirements for HBM programs, taking 
into account a variability in Hg exposure within a given population; uncertainty 
of measurements within a single laboratory; and variability in measurements of 
Hg in blood (as most commonly used biomarker of exposure) among different 
laboratories (Section 3.2); 

 and a published paper which presents the first national HBM survey that 
established a representative Slovenian population for men in childbearing age 
and postpartum lactating women and set the first national reference values for 
trace elements in venous blood, urine, breast milk and Hg in hair, giving the 
background exposure for the Slovenian population. Moreover, it evaluated 
biomarkers of exposure for the use in association studies (Section 3.3). 

The second part links exposure assessment to health outcome, building on the HBM 
framework. It brings together the papers resulting from the prospective cohort study 
PHIME on prenatal exposure to Hg, and the parallel cross-sectional study to evaluate the 
prenatal exposure and exposure of school-age children in the former Hg mining area – the 
town of Idrija. Specifically, the three published papers present: 

 the overall assessment of association between low-level Hg exposure due to fish 
consumption and neurodevelopment in the Northern Adriatic (Slovenia, 
Croatia, Italy) and Aegean area (Greece) (Section 3.4); 

 further evaluation of the association between prenatal exposure and 
neurodevelopment in the Slovenian and Croatian study populations, stratifying 
the association based on the genotype of APOE (Section 3.5); 

 assessment of Hg exposure due to the past mining activities in the most 
vulnerable population groups living in the town of Idrija (Section 3.6). 
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3.1 Mercury: Biomarkers of Exposure and Human 
Biomonitoring 

This section includes a book chapter which was published in the “Biomarkers and Human 
Biomonitoring. Volume 1: Ongoing Programs and Exposures” (Editors L. E. Knudsen, D. 
F. Merlo) by the Royal Society of Chemistry in 2012. The chapter was authored by M. 
Horvat, J. Snoj Tratnik and A. Miklavčič. 

This work summarizes comprehensively the Hg properties, exposure sources, 
toxicokinetics, biomarkers of exposure and association to potential health effects. It gives 
scientific background for assessment of Hg exposure and its link to health outcome, and 
substantially complements the introductory part of this thesis. 

In this book chapter, I wrote the part on Human Biomonitoring of Mercury Exposure 
(3H.5), Predictors and Identification of High Risk Populations (3H.6), and Associations of 
Biomonitoring Data and Adverse Effects (3H.7). 

 
 



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 31 



32 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 33 



34 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 35 



36 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 37 



38 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 39 



40 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 41 



42 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 43 



44 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 45 



46 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 47 



48 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 49 



50 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 51 



52 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 53 



54 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 55 



56 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 57 



58 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 59 



60 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 61 



62 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 63 



64 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 65 



66 Chapter 3. Publications  



3.1. Mercury: Biomarkers of Exposure and Human Biomonitoring 67 

 



68 Chapter 3. Publications  

3.2 Analytical Quality Requirements in Human 
Biomonitoring Programs: Trace Elements in Human 
Blood 

This section is a manuscript authored by J. Snoj Tratnik, D. Mazej and M. Horvat. It has 
been accepted for publication in the International Journal of Environmental Research and 
Public Health. 

The study deals with the quality of HBM measurement results, which is of great 
importance to assure metrological comparability of the measurements obtained in HBM or 
epidemiological studies. 

It is based on the results of the inter-laboratory comparison exercise for Hg, Cd and Pb 
in blood samples, which are most commonly used biomarkers of exposure to potentially 
toxic metals. The results were used to quantify the contribution to the required sample 
size arising from analytical measurement variability. Besides the inter-laboratory 
comparison data, we used measurement uncertainty, which was calculated for the 
measurement procedures used in our laboratory, and population variability, which was 
obtained from the study on 6-11 years old children partly described in the Kobal et al. 
(2017) and Hrubá et al. (2012), and was conducted at roughly the same time as the inter-
laboratory comparison. Based on the data, sample size calculations were performed. 

The calculations demonstrated that the required sample size increased the most on 
account of variability arising from the measurements performed in different laboratories. 
To reduce the effect of the measurement variability, the manuscript proposes a single-
laboratory approach as a cost-effective compromise. 

The outcome of this work is crucial for planning of HBM and related population-based 
studies (e.g. epidemiological). It sets the framework for observing spatial and temporal 
trends of exposure to environmental pollutants with statistical significance, being one of 
the aims of a HBM study, but also to allow precise exposure assessment for the purpose of 
association studies linking exposure and health outcomes (epidemiological studies). It 
therefore complies with the first aim of the thesis: 

 Set the methodological framework for the assessment of low-level Hg exposure 
and its link to neurodevelopment: evaluation of analytical quality requirements. 

Based on the outcome of this work, all analyses done for the purpose of the present 
thesis are based on the single-laboratory measurements. 

I analyzed Hg in the inter-laboratory exercise samples and samples of school-age 
children and calculated measurement uncertainty for the analytical procedure used in our 
laboratory (CVAAS). For the purpose of this section, I performed sample size power 
calculations and drafted the manuscript. 
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3.3 Results of the First National Human Biomonitoring in 
Slovenia: Trace Elements in Men and Lactating Women, 
Predictors of Exposure and Reference Values 

The paper is authored by J. Snoj Tratnik, I. Falnoga, D. Mazej, D. Kocman, V. Fajon, M. 
Jagodic, A. Stajnko, A. Trdin, Z. Šlejkovec, Z. Jeran and M. Horvat from the JSI; J. 
Osredkar, A. Sešek-Briški, M. Krsnik, A. B. Kobal from the University Medical Center, 
Ljubljana; and L. Kononenko from the Ministry of Health, Chemicals Office of the Republic 
of Slovenia who financed the study. It has been published in the International Journal of 
Hygiene and Environmental Health. 

The paper provides an important contribution to the HBM framework in Slovenia. The 
first national HBM survey enabled to assess the background exposure to Hg and other 
potentially toxic elements (Pb, Cd, As) and concomitant status of essential elements (Se, 
Cu, Zn, Mn) in the Slovenian general population. For this purpose, a reference population 
was established, representative for the population of lactating women and men of the 
childbearing age. The reference population was selected as a vulnerable population, because 
it presents an exposure that can be eventually passed to their children through prenatal or 
perinatal periods. The study covered all geographic areas of the country with equivalent 
number of participants in each study area and equal distribution between the sexes. The 
study areas were classified as rural (Kočevje and Cerknica, Savinjsko-Posavsko, Pomurje), 
urban (Ljubljana, Koper, Maribor) or potentially contaminated (Bela krajina, Jesenice, 
Posočje and Idrija, Mežica Valley, Celje, Zasavje). The latter were selected from past or 
current industrial activities. 

Recruitment of study participants followed strict inclusion and exclusion criteria which 
defined the reference population: residency in one of the selected areas in the same place 
for at least five years; childbearing age (defined by WHO as 18-49 years); mother's first 
and singleton pregnancy; absence of any health problems; the mother was breastfeeding; 
the mother was available for sampling 2–8 weeks after birth; living within a 100–200-m 
radius from active waste dumps, mines, industrial objects or crematories (refers to the 
participants in urban and rural areas). Occupational exposure to chemicals was excluded 
from the study. 

The reference values have been derived for the first time in Slovenia, and present the 
background exposure for the selected population. Because of the known controversy of the 
concentrations in urine and their normalization for dilution (see Section 1.4), the reference 
values in urine are provided separately for volume expressed, creatinine and specific gravity 
normalized concentrations. The different expressions were evaluated in the statistical 
models. In case of blood, normalization of concentration per hematocrit was evaluated. The 
paper fulfilled two aims of the thesis: 

 set the methodological framework for the assessment of low-level Hg exposure 
and its link to neurodevelopment: definition of the reference population living 
in Slovenia to assess the background exposure and evaluation of biomarkers of 
exposure including confounding factors; 

 assessment of exposure to Hg and other potentially toxic elements in the 
Slovenian population of adults in childbearing age. 

I conducted a part of the Hg analysis in urine, blood and hair, compiled the database 
to include data from questionnaires and laboratory analyses, conducted statistical analysis, 
derived the reference values, and wrote the manuscript. 
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3.4 Prenatal Mercury Exposure and Child 
Neurodevelopment Outcomes at 18 months: Results 
from the Mediterranean PHIME cohort 

The paper is authored by F. Barbone and his colleagues from the Institute for Maternal 
and Child Health – “Burlo Garofolo”, Trieste, University of Udine, and Academic Hospital 
of Udine Italy; D. Mazej, J. Snoj Tratnik, A. Miklavčič Višnjevec and M. Horvat from the 
JSI; K. Sofianou from the Institute of Child Health, Athens, Greece; M. Krsnik, J. 
Osredkar, D. Neubauer, J. Kodrič, and S. Stropnik from the University Medical Center in 
Ljubljana; I. Prpić, O. Petrović, and I. Vlašić-Cicvarić from the Clinical Hospital Centre 
of Rijeka, Croatia, and Z. Špirić from the Green Infrastructure Ltd, Zagreb, Croatia. It has 
been published in the International Journal of Hygiene and Environmental Health. 

The paper assessed the association between prenatal exposure to Hg from fish 
consumption during pregnancy and the development of the children’s nervous system. The 
study was set within the EU 6th framework project PHIME to address the uncertainty 
associated with the potential health effects of low-level exposure to metals, including Hg. 
The study population included mother-child pairs residing in different regions of the 
Mediterranean area: Northern Adriatic area (Italy, Slovenia, Croatia) and Aegean area 
(Greece), therefore representing consumption of different amounts and different species of 
fish from different origins. Prenatal exposure was assessed through cord blood Hg 
concentrations, which represents the exposure in the last trimester of the pregnancy. 
Neurodevelopment was assessed at 18 months of age using standardized assessment kit 
Bayley Scales of Infant and Toddler Development, 3rd Edition (BSID-III or Bayley-III), 
which enabled to assess cognitive, language and motor development of children. Assessment 
of association between internal exposure and development accounted for all potential non-
genetic confounders of neurodevelopment that were available, and were selected from 
demographic and socioeconomic information, lifestyles and nutritional habits.  

The total Hg concentrations observed in the study population were much lower than 
those reported in the Faroe study and also some others (Seychelles, New Zealand), but 
were similar to those found in most of the European population. At these concentrations, 
the main results of the meta-analysis did not show any overall negative associations with 
cognitive and language scales of development. However, although weak, a significant 
inverse relation between total Hg levels and developmental motor scores at 18 months was 
observed in Croatian and Slovenian study populations.  

The paper provides the overall assessment of association between low-level Hg exposure 
due to fish consumption and neurodevelopment in the Northern Adriatic (Slovenia, 
Croatia, Italy) and Aegean area (Greece). 

I conducted a part of total Hg analysis in maternal and cord blood and maternal hair 
of mother-child pairs from all participating countries, participated in interviewing the 
mothers 6-8 weeks after birth in Slovenia, and partly managed the Slovenian database. 
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3.5 Prenatal Mercury Exposure, Apolipoprotein E and 
Neurodevelopment 

The paper was authored by J. Snoj Tratnik, I. Falnoga, A. Trdin, D. Mazej, V. Fajon, A. 
Miklavčič, and M. Horvat from the JSI; A. B. Kobal, J. Osredkar, A. Sešek-Briški, M. 
Krsnik, D. Neubauer, J. Kodrič, S. Stropnik, D. Gosar, and P. Lešnik Musek from the 
University Medical Center Ljubljana; J Marc and S. Jurkovič Mlakar from the Faculty of 
Pharmacy Ljubljana; O. Petrović, I. Vlašić-Cicvarić, I. Prpić, A. Milardović, J. Radić 
Nišević, D. Vuković, E. Fišić from the Medical Center in Rijeka; and Z. Špirić from the 
Institute for Applied Ecology, OIKON, Zagreb. It has been published in the Environmental 
Research. 

This paper presents an extension of the work presented in the previous Section (3.4), 
which continued within the CROME-LIFE project (Cross-Mediterranean Environment and 
Health Network). The present work further assessed the association between prenatal 
exposure to Hg and neurodevelopment, taking into account co-exposure to Pb, essential 
element status and the genetic background of children. Polymorphism of apolipoprotein E 
(APOE) gene was selected as a susceptibility biomarker which could have a role in 
toxicokinetics of Hg and/or synaptogenesis and neurite growth during the development of 
a child’s nervous system. The associations were evaluated separately for carriers of different 
alleles of the APOE. The genotyping analyses have been done within the CROME-LIFE 
project for the two neighboring population groups of mother-child pairs – Slovenian and 
Croatian. 

The paper is important because it demonstrates the importance of identifying genotypes 
associated with increased or decreased susceptibility of individuals. We showed that even 
at low to moderate exposure to Hg, which was mainly through fish consumption, carriers 
of variant alleles showed negative association between Hg in cord blood and cognitive 
development, while the carriers of the common alleles showed no statistically significant 
association. Such studies contribute to the exposome approach, which aims to reveal not 
only the totality of exposures, but also the internal chemical environment of individuals 
and its role in the exposure. 

 
The paper fulfilled the following aims of the thesis: 

 Construction of statistical model to assess association between low-level prenatal 
Hg exposure and neurodevelopment (cognitive, language and motor), including 
all potential factors that could influence exposure and/or neurodevelopmental 
outcome (co-exposure, essential elements status, life-style habits). 

 Evaluation of the role of APOE genetic polymorphism in association between 
the Hg exposure and neurodevelopment. 

Since the paper has been published, the work has continued to include additional 
polymorphic genes, namely BDNF, PON1, and CPOX. In all cases, carriers of variant 
alleles showed a more negative association between prenatal Hg exposure and cognitive 
scores in comparison to carriers of common alleles. The work has been presented at the 
PPTOX VI conference in the Faroe Islands (Snoj Tratnik et al., 2018). 

I conducted a part of Hg analysis in cord blood and maternal hair, participated in 
interviewing the mothers 6-8 weeks after birth, managed the database, performed the 
statistical analysis and wrote the manuscript. 
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3.6 Exposure to Mercury in Susceptible Population Groups 
Living in the Former Mercury Mining Town of Idrija, 
Slovenia 

The paper was authored by A. B. Kobal from the ex-Department of Occupational Health, 
Idrija Mercury Mine; J. Snoj Tratnik, D. Mazej, V. Fajon, D. Gibičar, A. Miklavčič, D. 
Kocman, J. Kotnik, and M. Horvat from the JSI; A. Sešek-Briški, J. Osredkar, M. Krsnik, 
M. Prezelj from the University Medical Center Ljubljana; Č. Knap and B. Križaj from the 
Idrija Health Service; and L. Liang from the Cebam Analytical, U.S. It has been published 
in the Environmental Research. 

In this paper Hg exposure of the residents of the town of Idrija using HBM is evaluated. 
Contamination of environment due to over 500 years of Hg mining in the town and its 
surroundings persists, even after the closure of the mine in 1995. The study investigated if 
the most vulnerable population groups (pregnant women, newborns and children aged 6-
11 years) living in the contaminated area are still at risk. Besides the internal exposure 
assessed through measurements of Hg in maternal, cord and child’s blood, maternal and 
child’s urine and hair, potential interaction of Hg with Se in plasma was assessed in the 
study groups of pregnant women and school-age children. In pregnant women antioxidative 
enzyme activity (glutathione peroxidase, superoxide dismutase and catalase) in 
erythrocytes of maternal and cord blood was also assessed to investigate possible 
interaction between Hg and oxidative stress as a consequence of elevated Hg exposure. The 
internal exposure and biological response was compared to the participants living in the 
Hg non-contaminated environment. 

The town of Idrija has been thoroughly investigated in terms of environmental and 
biologic monitoring (Hg concentrations in soil, water, air, and biota) and monitoring of 
occupational exposure in the mineworkers. However, after the closure of the mine, none of 
the studies investigated the actual exposure in the residents of the town, non-
occupationally exposed to Hg. The latter has been achieved through the present paper. 
Based on the findings, the paper also gives recommendations regarding the consumption 
of certain food items for the residents of the town, particularly pregnant women. 

However, evaluation of the association between exposure due to contamination from 
past mining activities and neurodevelopment of children was not possible, as too few 
mother-child pairs participated in the PHIME study (n=10). Moreover, the samples for 
genotyping analysis were not available within the time frame of the present work. 
Continuation of the exposure assessment in the town of Idrija is planned within the second 
national HBM including children and adolescents. This will allow also an assessment of the 
distribution of frequencies of relevant genotypes that could influence the exposure to Hg. 
Due to a half century of increased exposure to inorganic Hg in this population, increased 
frequencies of alleles that may decrease susceptibility to Hg are hypothesized as an 
adaptation mechanism. 

Within this paper, I contributed to the complete Hg analysis in the school-age children 
living in the town of Idrija, Ljubljana and Žužemberk, and part of Hg analysis in cord 
blood samples from mother-child pairs. I also performed the statistical analysis for all study 
groups and prepared a major part of the manuscript in consultation with Dr. Kobal. 
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Chapter 4 

4 Conclusions 

According to the main subjects of the thesis, we have assessed the exposure to Hg and also 
other potentially neurotoxic elements (Pb, Cd, As) and the status of essential elements 
(Mn, Se, Cu, Zn) in the Slovenian population of childbearing age and their children. This 
was achieved through the national HBM program and the complementary HBM activities 
as presented by the papers in Chapter 3. Sections 3.1 to 3.3 cover the methodological aspect 
of HBM, which is crucially connected to the design of such studies, and defined the 
reference population to derive background exposure for the selected population. Association 
between prenatal exposure to Hg and neurodevelopment of children was assessed within 
Sections 3.4 and 3.5. The latter took into account confounders that could influence the 
association, arising from the non-genetic (demographic, socio-economic, dietary, and co-
exposure to Pb and status of beneficial micronutrient Se), and genetic (APOE 
polymorphism) factors. The assessment of the overall association at low-levels of exposure 
covered prenatal Hg exposure which was mainly on account of fish consumption during 
pregnancy. The exposure to Hg due to the past mining activities was further assessed for 
the population groups residing in the town of Idrija (Section 3.6), however the sample size 
of the mother-child study group was too low to allow assessment of association between 
the exposure and neurodevelopment in this particular study population. 

 
Findings complying with the specific aims of the thesis are the following: 

 Among the biomarkers recognized as appropriate for determination of Hg and 
other trace element exposure in the general, occupationally non-exposed, 
population, urine concentrations were identified as the most critical due to inter-
individual differences in diuresis and different normalization methods available. 
We confirmed previous findings that SG appears to be a more reliable 
alternative in comparison to creatinine. For the sake of comparability with other 
studies, the reference values in urine are provided as (1) volume expressed, (2) 
creatinine and (3) SG normalized. 

 Moreover, using hematocrit as a confounder in the statistical models, the 
prediction of sources of exposure improved. This suggests that confounding or 
normalizing the blood elemental concentrations for hematocrit improves the 
precision of internal exposure assessment. 

 Breast milk as a biomarker of exposure through breastfeeding in the neonatal 
period showed certain limitations. Elemental concentrations in milk were 
expressed per volume, which is appropriate for general assessment of the 
exposure levels, but for studying associations the concentrations in the samples 
should be normalized for water content. This is particularly important for the 
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exposome approach in the on-going and future studies, in which measurements 
of environmental pollutants are used for environmental wide association studies. 

 The required sample size increased the most on account of variability arising 
from the measurements performed in different laboratories, compared to the 
population variability and measurement uncertainty within one laboratory. We 
therefore propose a single-laboratory approach as a cost-effective compromise. 

 The first national HBM defined the reference population representative for the 
adults of childbearing age living in Slovenia, which enabled to set the national 
reference levels for trace elements. The established reference levels are the first 
available for the postpartum period and represent the background exposure in 
the selected Slovenian population. 

 The Slovenian childbearing population was observed to have generally low to 
moderate exposure to Hg because of low to moderate consumption of fish and 
other seafood, and moderate contribution from amalgam fillings. The seafood 
consumption and consequently the internal Hg exposure were relatively higher 
in the coastal part of the country, where 22% of the study population of women 
exceeded the U.S. EPA threshold level for developmental risk (in other study 
areas altogether 6% of the female participants exceeded the threshold level). Hg 
concentrations in urine, which in the general population indicate mainly the 
exposure from amalgam fillings, were low, with less than 1% of the participants 
exceeding the health-based HBM I value. 

 Prenatal Hg exposure, assessed through cord blood Hg concentrations in the 
population residing in the central part of Slovenia, was moderate, with 12% of 
the samples exceeding the corresponding equivalent of the U.S. EPA reference 
dose. The exposure was significantly lower than in the Croatian study 
population, which reported to consume fish and other seafood more frequently 
than ours. 

 Statistical models confirmed that the majority of internal Hg concentrations in 
adults was associated with seafood consumption and amalgam fillings, a minor 
part also to Hg concentrations in soil and tap water. The prenatal exposure was 
also associated with the frequency of seafood consumption but not with 
amalgam fillings. In the school-age children, the contribution from amalgam 
fillings dominated over the seafood consumption. 

 Exposure to other potentially toxic elements in the adult study population was 
generally low, with few individuals exceeding the health-based values. 

 The status of essential elements was mainly within the expected levels and was 
similar to the levels found in other populations within Europe. No significant 
deficiencies or excessive levels were detected, the observed variability was 
mainly due to the postpartum / lactating status of women, and was associated 
with decreased Se and increased Mn, Cu and Zn levels in the blood. 

 Associations between Hg prenatal exposure and cognitive, language and motor 
scores of the Bayley Scales of the children at 18 months of age have been 
established using multiple linear regression analyses. The associations were 
stratified according to the APOE genotype, differentiating between ɛ4 carriers 
and non-carriers. 

 The overall assessment of association between low-level Hg exposure in 
pregnancy did not show any overall negative associations with cognitive and 
language scales of development. However, a weak but significant inverse 
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association between total Hg levels and developmental motor scores at 18 
months was observed in Croatian and Slovenian study populations with a 
normal range of Bayley scores for the majority of the participating children. 

 Among the non-genetic parameters, the associations were confounded by sex of 
the child, birth weight, mother’s age at delivery, mother’s educational level, 
smoking of the mother, breastfeeding history, mother’s fish consumption during 
pregnancy, child’s consumption of fresh fish, day care attendance at 18 months, 
number of children, home size, co-exposure to Pb, and status of Se. 

 The role of APOE genetic polymorphism was recognized as a significant 
modifying factor of the association: low-to-moderate prenatal Hg exposure 
showed negative association with a cognitive score in ɛ4 carriers, while in non 
ɛ4 carriers, the association was insignificant. 

 Confounding for co-exposure to Pb and status of Se revealed a negative 
association between Pb and motor function; while beneficial role of Se in 
language development was evident. 

 The exposure of the residents of the Idrija town was similar to the residents of 
the urban area of Ljubljana, but higher than in the rural control areas. Among 
school-age children and pregnant women, there were several individuals with 
elevated levels of Hg in urine, indicating elevated exposure to elemental or 
inorganic Hg. Generally most of the residents of the town of Idrija did not exceed 
the values that could be associated with biological and/or potential adverse 
health effects. 

 No association was observed between blood Hg levels in pregnant women and 
selected oxidative stress biomarkers. The observed changes were similar in the 
Idrija and control study groups and were mainly associated with the normal 
pregnancy status. Although higher plasma Se was observed in the school-age 
children living in the town of Idrija in comparison to other study areas, which 
could be a consequence of moderately elevated exposure to elemental Hg vapor, 
the internal doses of Hg received in children and in pregnant women living in 
the town of Idrija did not decrease the bioavailability of Se. 

In view of the future research activities, the following conclusions are outlined: 
 Biobanked samples obtained in the framework of the HBM studies could be 

exploited and used in the context of the exposomic approach, as they followed 
a well-defined protocol of collection, transportation and storage. 

 In line with the exposomic approach, the exposure assessment in the general 
population should be complemented with other potentially (neuro)toxic 
persistent and non-persistent organic compounds. The data obtained should 
then be explored in view of synergistic and antagonistic effects of environmental 
chemicals. 

 Genotyping of relevant genes involved in the toxicokinetics of Hg should be done 
in the population from the town of Idrija to check the distribution of alleles and 
compare it to the overall Slovenian population. 

 We suggest to replace the collection of mixed cord blood as a biomarker of 
prenatal exposure with venous cord blood sampling. Mixed cord blood consists 
of venous and arterial blood in variable proportions which introduces 
uncertainty to the exposure assessment. This is particularly important in 
association studies, predicting health outcomes. 
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 Use of relevant confounders, non-genetic and genetic, has been demonstrated as 
very important in association studies, however, many of them have not been 
included yet. Among them are parameters which interact crucially with trace 
elements, particularly in the childbearing age (e.g. Fe and vitamin D status), 
PUFAs, which are important for the development of a child, and various other 
genetic polymorphisms which could affect toxicokinetics or toxicodynamics of 
environmental chemicals. 

 External exposure data (concentrations of elements in soil, water, moss, etc.) 
was demonstrated as an important component in predicting overall exposure 
sources, which refines quantification of their contributions. Limitations in their 
use arise from differences in spatial resolutions and the coverage of various 
datasets for HBM and environmental data, respectively. The trend in future 
studies would be towards the collection of individual external exposure data 
using personal sensor devices. 

 Standard neuropsychological assessments offer a sensitive but not a selective 
tool to detect potential effects of exposures. As we are dealing with low but 
chronic exposures throughout the lifespan, early biological responses to detect 
small but significant alternations in biological pathways that are still sub-clinical 
should be monitored on a biochemical level. However, biochemical markers of 
effects have yet to be developed and validated. Exposome approach using non-
targeted analysis to obtain insight into alterations of biological pathways offers 
a promising way towards detecting the potential biomarkers. 

 
Based on the above given conclusions, the hypothesis of the thesis has been confirmed: 

The Slovenian childbearing population and their children have low to moderate 
exposure to Hg, as consumption of fish and other seafood is low to moderate, and 
contribution from dental amalgam fillings is moderate. The exposure of residents of the 
Idrija town is higher than in the residents of other areas, particularly to elemental or 
inorganic Hg, however, the majority of the residents did not exceed the values above which 
the health risk is elevated. However, in the most vulnerable population group, that is 
pregnant women and children, the exposure could still exceed the safe level, therefore, they 
are recommended to avoid consuming locally grown seasonal vegetables and fish from the 
river Idrijca because of their high contents of inorganic and methyl Hg (Kobal et al., 2017). 

Low-level exposure to the organic form of Hg from seafood consumption in the prenatal 
period was found to be associated with cognitive development, but only in carriers of the 
APOE ɛ4 allele, which appears as a susceptible genotype. However, benefits of consuming 
seafood, which contains PUFAs and Se, and at the same time a moderate amount of Hg, 
can prevail over potentially negative effects of Hg. The mechanistic role of APOE 
polymorphism in Hg toxicity is yet to be investigated. One possibility is that the effect 
modification is on account of a lower elimination rate of Hg from the cell binding sites in 
ɛ4 carriers as they have the lowest capacity to bind and remove Hg. The other is related 
to its role in neurite outgrowth and synaptogenesis, but it also shows some contradiction, 
as in general higher developmental scores were observed among ɛ4 carriers in comparison 
to ɛ2 or ɛ3 carriers as reported by Wright et al. (2003). Nevertheless, there is evidence that 
the presence of APOE ɛ4 allele and Hg provoke many common effects, and therefore act 
synergistically (Fonseca Arrifano et al., 2018). Unlike in cases of Hg intoxication, the 
relationship between the two factors in cases of low-level chronic exposure might not be 
enough to explain the mechanistic role of APOE. This means that further epidemiologic 
studies, preferably using the mentioned non-targeted approach, are needed. 
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