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Abstract  
 
 
 
 
 
Mercury (Hg) is one of the most toxic metals. Its toxicity depends on the route of 
exposure, on its chemical form and the dose to which a person is exposed. The most 
susceptible population are pregnant women and children. Epidemiological studies suggest 
neuropsychological dysfunctions in children who were prenatally exposed to monomethyl 
mercury (MeHg). Even at low levels of MeHg exposure subtle neurobehavioural deficits 
were observed. The general population is mainly exposed to MeHg by fish consumption 
and other seafood. Therefore, our aim was to assess the Hg exposure of the most 
susceptible Slovenian population of pregnant women and their foetuses through fish 
consumption. Hg and its species were determined in fish and other seafood consumed by 
the population involved in this study. Data on the frequency of fish consumption and  the 
number of amalgam fillings obtained by questionnaires were used. Exposure was also 
assessed through different biomarkers of exposure such as total mercury (THg) and 
MeHg determined in hair, cord blood and breast milk. In addition, selenium (Se) and  
arsenic (As) levels were determined in the same biological samples as THg and MeHg, 
because seafood can represent a common source of exposure. Furthermore, Se can affect 
the bioavailability of Hg. In addition, our aim was to assess the Hg exposure of the 
population living in a specific contaminated area (Idrija mercury mine area) through 
consumption of local food items. This study was mainly part of the prospective cohort 
study of the EU FP7 PHIME project, which includes 4 recruitment areas in Italy, 
Slovenia, Croatia and Greece involving together 2202 pregnant women. Compared to 
pregnant women from Italy (n=900), Croatia (n=234) and Greece (n= 484), Slovenian 
pregnant women (n=584) have the lowest MeHg exposure levels, due to their low fish 
consumption. Moreover, most fish consumed by these women are probably farmed ones 
with lower levels of Hg than those from wild fisheries. At these low levels of exposure a 
number of factors can influence the strength of the correlation obtained between 
biomarkers of exposure and intake of MeHg through fish consumption. These important 
factors are the accuracy of the data contained in the questionnaire, the high variability of 
MeHg in fish, the presence of inorganic mercury from sources other than fish and 
intraindividual differences. THg and MeHg determined in cord blood or THg determined 
in hair are suitable biomarkers for MeHg exposure. Based on our results, it was concluded 
that THg level in hair is the most appropriate biomarker for exposure assessment for large 
epidemiological studies, because of the simple and practical collection and storage of the 
samples, and the relatively simple, fast and precise analytical determination of THg in 
hair and its relatively high concentration. Significant linear correlations were found 
between log transformed levels of Hg and Se, As and Se, and As and Hg in cord blood, 
mother’s blood and breast milk. In addition, significant correlations were found between 
the frequency of fish consumption and various biomarkers of exposure. Therefore, fish 
consumption, the possible common source of As, Hg and Se exposure, could explain the 
correlations between the elements determined in cord blood, mother’s blood or breast 
milk. While in general Hg levels in foodstuffs are much lower compared to levels in fish, 
levels of Hg in food from the contaminated site of the Idrija mine area are elevated. 
Moreover, the levels of Hg in vegetables, mushrooms, fish and deer have not diminished 
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significantly during the past years, in spite of closure of the mine. In addition, up to 10 
times higher levels of MeHg in some vegetables were found compared to those previously 
determined in earlier studies. However, the exposure levels assessed through biomarkers 
of exposure in this area during pregnancy were on the level of the population that live sin 
uncontaminated area. 
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Povzetek 

Živo srebro (Hg) se uvršča med najbolj toksične kemijske elemente, njegova toksičnost 
pa je odvisna od kemijske zvrsti, odmerka in načina izpostavljenosti. Najbolj občutljiv 
segment populacije so nosečnice in otroci. Dosedanje epidemiološke študije kažejo na 
oslabljene psiho-fizične sposobnosti otrok, ki so bili prenatalno izpostavljeni monometil 
živemu srebru (MeHg). Že pri izpostavljenosti nizkim koncentracijam Hg so se pokazali 
negativni vplivi na razvoj živčnega sistema zarodka. Najpogosteje so ljudje izpostavljeni 
organskemu živemu srebru predvsem preko uživanja rib in druge morske hrane. Zato smo 
se v doktorski disertaciji osredotočili predvsem na izpostavljenost organskemu živemu 
srebru preko uživanja rib. Analizirali smo vsebnosti živega srebra in njegovih spojin v 
ribah in drugi morski hrani, ki jo uživa preiskovana populacija in uporabili podatke o 
frekvenci uživanja morske hrane ter številu amalgamskih zalivk iz vprašalnikov. 
Izpostavljenost smo ocenili tudi preko merjenja koncentracij celokupnega živega srebra 
(THg) in MeHg v različnih telesnih tkivih kot so lasje, popkovna kri in  materino mleko. 
V povezavi s Hg smo v naštetih bioloških tkivih določili vsebnost selena in arzena, saj 
morska hrana predstavlja pomemben vir izpostavljenosti tem elementom. Določitev 
selena v teh vzorcih je pomembna, ker selen lahko vpliva na biološko uporabnost živega 
srebra. Poleg tega smo izpostavljenost ljudi Hg ocenili tudi na kontaminiranem območju. 
Da bi ugotovili obremenjenost hrane s Hg z območja Idrije in s tem pripomogli k oceni 
tveganja lokalnega prebivalstva, smo ribam, vrtninam, gobam in srnjadi določili vsebnost 
živega srebra in njegovih spojin. Večji del raziskave je bil del kohortne študije obširnega 
Evropskega projekta EU FP7 PHIME, ki je vključevala 4 vzorčevalna področja iz Italije, 
Slovenije, Hrvaške in Grčije, v kateri je sodelovalo skupaj 2202 žensk. V primerjavi z 
izpostavljenostjo nosečnic in doječih mater iz Italije (n=900), Hrvaške (n=234) in Grčije 
(n=484), smo v naši raziskavi potrdili, da so nosečnice in doječe matere iz centralne 
Slovenije (n=584) izpostavljene nižjim koncentracijam MeHg. Najverjetnejši razlog je 
redko uživanje rib. Poleg tega so ribe na slovenskem trgu večinoma gojene in vsebujejo 
nižje koncentracije živega srebra v primerjavi s prostoživečimi ribami. Šibka statistično 
značilna povezava med biološkimi kazalci in frekvenco uživanja rib je lahko posledica 
zelo grobe ocene frekvence uživanja rib preko vprašalnikov, raznolikosti koncentracij 
MeHg v ribah ter relativno visokega in variabilnega deleža anorganskega živega srebra v 
popkovni krvi pri nizki izpostavljenosti, ki izvira iz drugih virov kot so ribe. Iz naših 
rezultatov je razvidno, da je THg v laseh glede na enostavnost vzorčenja, shranjevanja in 
enostavnosti analize najbolj primeren biološki kazalec in zadovoljiv pokazatelj 
izpostavljenosti pri tovrstnih epidemioloških študijah, če ga primerjamo s koncentracijami 
THg ali MeHg v popkovni krvi. Linearne korelacije med logaritmiranimi koncentracijami 
živega srebra in selena, arzena in selena, in arzena in živega srebra v popkovni krvi, krvi 
in materinem mleku so bile statistično značilne. Med drugim so bile povezave med 
biološkimi kazalci izpostavljenosti in frekvenco uživanja rib tudi statistično značilne. Iz 
tega sledi, da so korelacije med biološkimi kazalci izpostavljenosti elementov posledica 
skupnega izvora izpostavljenosti in sicer uživanja rib. Medtem, ko so ponavadi 
koncentracije živega srebra v ostali hrani dosti nižje v primerjavi z morsko hrano, so na 
kontaminiranem območju Idrije koncentracije živega srebra v hrani večinoma povišane. 
Glede na podatke, ki so na valjo, lahko trdimo, da se v zadnjih letih koncentracije živega 
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srebra v ribah, gobah, vrtninah in divjačini niso značilno znižale. Poleg tega smo v 
nekaterih vzorcih vrtnin izmerili tudi do 10 krat višje koncentracije MeHg v primerjavi z 
že izmerjenimi koncentracijami MeHg. Vendar pa ocena izpostavljenosti živemu srebru 
preko bioloških kazalcev izpostavljenosti kaže, da nosečnice iz tega območja niso 
bistveno bolj izpostavljene živemu srebru kot prebivalstvo, ki ne živi na kontaminiranem 
območju. 
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Abbreviations  

As = arsenic 
BSID-II = Bayley Scales of Infant Development-II 
Cd = cadmium 
CONTAM = EFSA Panel on Contaminants on the Food Chain (CONTAM) 
DHA = docosahexaenoic acid 
DPA = docosapentaenoic acid 
EFSA = European Food Safety Authority 
EPA = eicosapentaenoic acid 
GSHPx = plasma glutythion peroxidase activity 
Hg = mercury 
Ln = logarithmic transformation 
JECFA = The Joint FAO/WHO Expert Committee on Food Additives 
LOAEHC = Lowest Observable Adverse Effect Hair Concentration  
Med = median 
MeHg = monomethylmercury 
Pb = lead 
PCBs = polychlorinated biphenyls 
PDI = probable daily intake 
PHIME = Public Health Impact of Long-term Low-level Mixed Element Exposure in 
Susceptible Population Strata 
PTWI = provisional tolerable weekly intake 
PUFAs = polyunsaturated fatty acids 
Se = selenium 
THg = total mercury 
TWI = tolerable weekly intake 
UNEP =  United Nations Environment Programme 
US EPA = United States Protection Agency 
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1. Introduction  

This study consists first by of an introductory section which provides some basic facts 
and knowledge on mercury (Hg) related to environmental health. In addition, the 
introduction provides the selting of this doctoral disertation study in its various aspects, 
particularly concerning exposure assessment and its uncertainties. In this section we also 
refer to work already published, as well as what will be covered in articles in preparation. 
The second part of this doctoral disertation consists of published scientific papers and 
those submitted for publication. 
This study was part of a prospective cohort study of the Public Health Impact of Long-
term Low-level Mixed Element Exposure in Susceptible Population Strata  (PHIME)  
project. The aim of this project was to improve the integrated health risk-assessment of 
long-term, low-level environmental exposure to toxic and essential metals via food. The 
study design was established within the project and included 4 recruitment areas: (1) the 
coastal Province of Trieste, Italy; (2) the city of Ljubljana, Slovenia and its surroundings 
(number of samples (n) =513) and Izola, Koper, Piran, Idrija and Kočevje (n=72); (3) the 
coastal city of Rijeka and its county, Croatia; and (4) the Greek islands of Lesvos, Chios, 
Samos and Leros in the Eastern Aegean. At recruitment, eligible women were approached 
for consent following their routine morphological ultrasound scan between the 20th and 
22nd weeks of gestation (Italy), at their 34th-38th week of gestation visit (Croatia), or 
during their hospital stay for delivery (Slovenia, Croatia and Greece). For logistic reasons, 
the timing of the data and sample collection was different among the 4 centres and some 
biological samples were not collected in all countries (see Miklavčič et al., 2013a; Valent 
et al., 2013). Importantly however, the data collection protocol and sampling methods 
were the same in all 4 countries and all analyses of biological samples were performed by 
the same laboratory at the “Jožef Stefan” Institute in Ljubljana. 
The part of this study referring to Hg exposure assessment in the Idrija Hg mine area was 
not part of the PHIME project. However, by including many foodstuff samples (see 
Miklavčič et al., 2013b), this part contributes importantly to the major aim of the doctoral 
study and gives a focus to this exposure assessment research that initially was missing. 
 

 

1.1 Mercury  

 
Hg is a naturally occurring element found ubiquitously in air, water and soil. It is 
distributed throughout the environment by both natural and anthropogenic (human) 
processes. It is found in various inorganic and organic forms such as mercuric sulfide 
(cinnabar ore), mercuric chloride and methyl mercury (MeHg). Hg species are broadly 
classified into three categories: (1) elemental or metallic mercury (Hg0), (2) inorganic Hg: 
mercurous mercury (Hg2

2+), mercuric mercury (Hg2+) and (3) organic forms: MeHg and 
ethyl mercury (NRC, 2000; Horvat et al., 2011a), having different physical and chemical 
properties (Table 1). 
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Table 1: Physical and chemical properties of some toxicologically relevant mercury 
compounds (NRC, 2000). 
 

chemical name elemental 
mercury 

mercuric 
chloride 

mercurous 
chloride 

methyl 
mercuric 
chloride 

dimethyl 
mercury 

molecular formula Hg0 HgCl2 Hg2Cl2 CH3HgCl C2H6Hg 
molecular structure  Cl-Hg-Cl 

 
Cl-Hg-Hg CH3-Hg-Cl CH3-Hg-

CH3 
molecular weight 200.59 271.52 427.09 251.1 230.66 
aqueous solubility 5.6 x 10-5 g/L 

(25 ºC) 
69  g/L 
(20 ºC) 

2.0 x 10-3 g/L 
(25 ºC) 

0.100 g/L 
(21ºC) 

1 g/L 
(20 ºC) 

density 13.534  g/cm3 

(25 ºC) 
5.4 g/cm3 

(25 ºC) 
7.15 g/cm3 

(19 ºC) 
4.06 g/cm3 

(20 ºC) 
5.4 g/cm3 

(20 ºC) 
oxidation state  +2 +1 +2 +2 

 

1.1.1 Elemental mercury  

 
Elemental Hg is the uncombined or pure form of Hg. It is the only metal liquid at 
standard conditions of temperature and pressure, with a melting point of -38,84 ºC and a 
boiling point of 356.58 ºC. At room temperature, some of the elemental Hg will evaporate 
and form Hg vapour, which is colourless and odourless. Elemental Hg forms amalgams 
with gold, zinc and many metals, but not with iron. Hg does not react with most acids. It 
dissolves only in acids such as concentrated sulfuric acid and nitric acids. 

1.1.2 Inorganic mercury species 

 
 In inorganic Hg species, Hg exists as mercurous mercury (Hg2

2+) and mercuric mercury 
(Hg2+). Hg2

2+ is most commonly found as calomel or mercurous chloride, Hg2Cl2. In 
previous centuries it was widely used in medicine (Suzuki et al., 1991). It is sparingly 
soluble in water (Table 2). Hg2+ forms a large number of stable chemical compounds. 
Many salts of Hg2+ are readily soluble in water, such as mercuric chloride (HgCl2), 
sometimes called “corrosive sublimate”. In the past it was commonly used as a 
disinfectant and is well known for its acute toxicity to humans (Suzuki et al., 1991). For 
example the first symptoms were shown at the ingestion of an amount sufficient to reise 
blood Hg concentration to 14.3 mg/L (Magos and Clarkson, 2006). In contrast to HgCl2, 
the water solubility of HgS (cinnabar) is extremely low (NRC, 2000; Horvat et al., 2011a; 
Suzuki et al., 1991). 

1.1.3 Organic mercury 

 
The mercuric ion can form a number of organic Hg compounds also called 
organomercurial compounds in which the Hg atom is covalently bonded to at least one 
carbon atom. The most common organic Hg compounds in the environment are 
monomethyl Hg compounds. To represent these compounds the term “methyl mercury” 
(MeHg) is usually used in the literature. Therefore, it is also used in this text, since in 
many cases, the complete identity of these compounds is not known, except for the 
monomethyl Hg cation, CH3Hg+ (MeHg) which is associated either with a simple anion, 
like chloride, or a large charged molecule (e.g. a protein) (Horvat et al., 2011a; Suzuki et 
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al., 1991). Monomethylmercury chloride is commonly available from chemical suppliers 
and is lipid soluble; this has given rise to the erroneous impression that all forms of MeHg 
are lipid soluble. In contrast, many water soluble compounds are formed in nature (Suzuki 
et al., 1991; NRC, 2000). Another organic Hg compound called dimethyl mercury is an 
uncharged, lipophilic compound that is highly volatile. It is a reference standard for some 
chemical tests and it is very harmful to humans and animals (Horvat et al., 2011a; Suzuki 
et al., 1991). Ethyl mercury is used as a preservative in vaccines in the thimerosal 
molecule, for which only limited toxicological information is available. This is based on 
the assumption that ethyl mercury is toxicologically similar to its close chemical relative, 
MeHg (Clarkson, 2002; Ball et al., 2001). It is used primarily in developing countries and 
its presence has been detected in childrenˋs hair (Dorea et al., 2011), and in adults 
(Barregard et al., 2011). 

1.1.4 Mercury in the environment 

 
Hg is a global pollutant. Its global cycling begins with evaporation of Hg from the land 
and sea surface. Volcanoes can be an important natural source of Hg and the burning of 
fossil fuels is a major anthropogenic source of Hg to the atmosphere. Hg vapour is a 
chemically stable monoatomic gas, which is oxidized in the upper atmosphere to water-
soluble ionic Hg. The process is not yet fully understood. Water-soluble ionic Hg is 
returned to the earth’s surface in rainwater. Hg is transported worldwide before being 
deposited in different ecosystems. Therefore, this global cycling of Hg can result in its 
long range transport to the most remote regions of the planet such as Artic waters 
(Fitzgerald and Clarkson, 1991; Clarkson, 2002; Selin, 2009). Microorganisms in the 
aquatic environment are capable of converting inorganic Hg to MeHg, which 
bioaccumulates in higher organisms via plankton, herbivores fish, and in the top fish 
predators such as sharks and fish-eating marine mammals (EPA, 1997a, 1997b, 2003a; 
UNEP, 2002; 2013). 
 
Because Hg is mostly deposited in the environment in its inorganic form Hg2+ and MeHg 
is more toxic than other stable forms of Hg, the biogeochemical cycling of Hg in the 
environment (Figure 1) plays a key role in modulating Hg toxicity. Direct transformation 
processes involving MeHg in the environment are the methylation of Hg2+ and 
demethylation of Hg2+. The reduction of Hg2+ to Hg0 and the oxidation of Hg0 to Hg2+ 

affect MeHg formation indirectly by controlling levels of Hg2+, the substrate for 
methylation (Barkay and Wagner-Döbler, 2005; Selin, 2009, Parks et al. 2013). The 
biogeochemical cycling of Hg and its transformation processes in the marine environment 
are shown in the Figure 1. 
 
 
 
 



4  
 
 

 
Figure 1: The geochemical cycle of Hg (Barkay and Wagner-Döbler, 2005). 
 
Due to its high chemical activity, global spread, geochemical cycling, its chemical 
transformations in the environment, its bioaccumulation in the food chain and its toxic 
properties, Hg is still a very important issue in Europe and worldwide. Estimates of the 
total annual Hg release resulting from human activities range from one-third to two-thirds 
of total Hg releases (Horvat et al., 2011a). The United Nations Environment Programme 
(UNEP) is dealing with this issue on the global level, and in 2002 prepared a report 
“Global mercury assessment”  which was the basis for the development of an action plan 
to reduce emissions of Hg into the air and control Hg exposure of people and other living 
organisms. An updated report has been prepred in 2013 (UNEP, 2013). Negotiations are 
currently underway at the global level, with the aim of managing the problem on a legal 
basis in the framework of global conventions to be adopted in this year. 

 

 

1.2 Impact of mercury on human health 

 
Nowadays, the general population is exposed to MeHg mainly through the consumption 
of fish or other seafood, and to elemental Hg from dental amalgams (UNEP and WHO, 
2009; UNEP, 2002, EFSA 2012). Moreover, occupational Hg exposure is still important. 
Although concerns about Hg toxicity have led to reduction in the widespread use of Hg, 
because of its unique properties elemental Hg remains in use in artisanal and small-scale 
mining of gold and silver, chlor-alkali production, vinyl chloride monomer production 
and in products such as manometers for pressure measurement and control, thermometers, 
electrical switches, fluorescent lamb bulbs and dental amalgam fillings. Hg compounds 
are used in some batteries, pharmaceuticals, paints and as laboratory reagents and 
industrial catalysts (WHO, 1991; WHO, 2008). 
In  the biogeochemical cycling of Hg following subchapter the main exposure pathways 
of Hg will be first adressed. Moreover, in order to understand the impact of Hg on human 
health, the toxicokinetic properties of Hg will be summarized and finally the impact of Hg 
on human health will be discussed. 
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1.2.1 Exposure pathways 

 
 
People may be exposed to Hg0 or inorganic Hg species from dental amalgams. This 
amalgam is a mixture of several metals including silver and copper, but Hg is the 
important component, usually accounting for about 50% by weight. Dental amalgams 
release Hg vapour that may be inhaled. Although concentrations of Hg vapour in the air 
in the oral cavity were shown to exceed occupational health standards, the vapour 
retained is much less than that when inhaled under conditions of occupational exposure 
(Clarkson, 2002). In this, people may be exposed to Hg0 or inorganic Hg species through 
inhalation of ambient air during occupational activities in which Hg and Hg compounds 
are produced or used. Exposure to elemental Hg or inorganic Hg forms can also occur due 
to use of some skin-lightening creams and soaps, the presence of Hg in some traditional 
medicines, use of Hg in cultural practices, and due to various accidental Hg spills in 
homes, schools or other locations (UNEP, 2002; WHO, 2008). 
People are exposed to MeHg mainly through their diet, especially through the 
consumption of freshwater and marine fish, and the consumption of other animals that 
consume fish (such as marine mammals). The highest levels are found in fish that are 
apical predators of older age such as king mackerel, pike, shark, swordfish, walleye, 
barracuda, large tuna, scabbard, marlin and fish-consuming mammals such as seals and 
toothed whales (EPA, 1997a, 1997c, 2003a; UNEP, 2002; Miklavčič et al., 2011). 
Trimming, skinning and cooking the mercury-contaminated fish does not reduce the Hg 
content of the fillet portion. However, people who consume moderate amounts of a 
variety of fish are not at risk (UNEP, 2002). Minor exposure to other forms of Hg may 
result from the use of thimerosal (ethylmercury thiosalicylate) as a preservative in some 
vaccines and other pharmaceuticals (WHO, 2008, Dorea et al., 2011, Barregard et al., 
2011).  
In the present work exposure to MeHg during pregnancy was assessed in Slovenian 
women and compared to those in Northern Italy, the Croatian coast and Eastern Aegean 
Greek islands. In addition, the exposure of a smaller number of pregnant women from the 
contaminated area in Idrija was assessed from their cumulative exposure to Hg(0) in air, 
and Hg(II) and MeHg in food. 
 

1.2.2 Toxicokinetics 

 
The toxicokinetics of Hg is dependent on the dose, route of exposure (inhalation, oral or 
dermal exposure) and on the form of Hg to which a person is exposed. The toxicokinetics 
of different Hg species was described in detail in Horvat et al. (2011a). 

 

Absorption 
 
Elemental Hg is highly lipophilic (Table 2). Therefore, inhaled Hg vapour can easily 
cross the alveolar membranes of the lungs. Approximately 70-80 % of inhaled Hg vapour 
can be absorbed through the lungs (Hursh et al., 1976; Teisinger and Fiserova-Bergova, 
1965; Sundborgh-Englung et al., 1998). Small amounts of elemental Hg such as that 
contained in a standard thermometer do not produce symptoms of intoxication if 
swallowed, because the absorption of ingested elemental Hg is negligible (Sue, 1994; 
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Wright et al., 1980). Animal studies indicate that the absorption of inorganic Hg 
compounds such as mercuric chloride is approximately 10-30 % (Piotrowski et al., 1992, 
Morcillo and Santamaria, 1995). The rate of oral absorption of Hg2+ compounds in rats is 
dependent on the intestinal pH, compound dissociation, age and diet (Endo et al. 1990). 
Importantly, MeHg is more readily absorbed in the gastrointestinal tract than inorganic 
Hg compounds. About 95 % of MeHg ingested is thought to be absorbed by the oral 
route. However, the absorption and bioavailability of MeHg may be affected by dietary 
components in food such as dietary selenium (Se) (ASTDR, 1999; Chapman and Chan, 
2000; Syversen and Kaur, 2012). From the literature it is still not clear whether the acidic, 
high chloride conditions in the human stomach convert MeHg cysteine or other MeHg S-
conjugates of MeHg present in seafood (EFSA, 2012). While MeHg and elemental Hg 
most likely cross cell membranes by passive diffusion, the methylmercury L-cystein 
complex (MeHgCys) is believed to be transported via amino acid transporters by 
mimicking L-methionine. MeHg L-cysteine and glutathione complexes might also be 
transported by organic anion transporters (EFSA, 2012; Bridges and Zalupes, 2012) 

Distribution 

 
Because of its lipophilic nature, elemental Hg is distributed throughout the body and can 
cross the blood-brain and placental barriers very easily (Clarkson, 1989). The kidney is 
the major organ of Hg deposition after inhalation of elemental Hg vapour (Rothstein and 
Hayes, 1964; Eide and Wasenberg, 1993). In contrast to elemental Hg and MeHg, Hg2+ 

hardly crosses placental barriers (Dencker et al., 1983) due to its limited lipophilicity. 
After oral exposure to mercuric chloride, animal studies showed the highest level in the 
kidneys (Nielsen and Andersen, 1990; Sin et al, 1983). Renal uptake of Hg salts occurs 
from luminal membranes in the renal proximal tubule in the form of cysteine S-
conjugates (Cys-S-Hg-S-Cys), or from the basolateral membrane through organic anion 
transporters (Bridges and Zalupes, 2005). 
MeHg is distributed readily to all tissues, including the brain and foetus (ATSDR, 1999; 
EFSA, 2012). It is bound to thiol-containing molecules such as cysteine, which mimic 
methionine to cross the blood brain barrier and placenta through the neutral amino acid 
carrier (Bridges and Zalupes, 2005). Foetal distribution is similar to maternal distribution, 
with the exception of higher MeHg levels in erythrocytes (Sakamoto et al., 2004, 2008, 
2010). MeHg is also excreted in breast milk. However, unlike the placenta, where MeHg 
moves more easily across the placental barrier than inorganic Hg, inorganic Hg is more 
readily eliminated in breast milk than MeHg (Sundberg and Oskarsson, 1992). 
The distribution in red blood cells and in plasma is dependent on Hg species. After  
exposure to Hg vapour Hg levels in red blood cells are twice those measured in plasma 
(Cherian et al., 1978), after exposure to MeHg 90% of Hg is found in red blood cells 
(Kershew et al., 1980; Berglund et al., 2005), while after administration of mercuric salts  
the level of mercuric ions in plasma is similar to that of mercuric ions in red blood cells 
(ASTDR, 1999). 
In general exposure can be estimated by measuring pollutant levels in various body 
tissues and fluids. These measurements are also known as biomarkers of exposure.  
Selection of media depends on the Hg compound, exposure pattern (e.g. chronic, acute) 
and time of sampling after exposure (Pirrone et al., 2002). As indicators of exposure to 
MeHg from diet generally the concentrations of total mercury (THg) and MeHg in blood 
and hair are used (NRC, 2000). The urinary Hg concentration is another commonly used 
biomarker that reflects exposure to inorganic Hg (Mason et al., 2001). The distribution, 
metabolism, appropriate or possible media for biological monitoring in the case of 
exposure to elemental Hg or inorganic Hg compounds, and in the case of exposure to 
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MeHg, are shown in Figures 2 and 3, respectively. From these figures it is seen that the 
media for biological monitoring of elemental Hg or inorganic Hg compounds are breast 
milk and urine, while in the case of exposure to MeHg the media are blood and hair. 
Different biological media in use are due to different toxicokinetic properties of inorganic 
and organic forms of Hg that have been already described. 
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Figure 2: Distribution, metabolism, and media for biological monitoring in the case of 
exposure to elemental Hg or inorganic Hg compounds (Adopted from Elinder et al., 
1988). 
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Figure 3: Distribution, metabolism, and media for biological monitoring in the case of 
exposure to MeHg (Adopted from Elinder et al., 1988). 
 

Metabolism 

 
When elemental Hg enters the bloodstream, it can undergo rapid oxidation to the Hg2+ 
form by hydrogen peroxide-catalase (Clarkson 1989; Halbach and Clarkson, 1978). 
Because ethanol is a competitive substrate for hydrogen peroxide catalase, the oxidation 
of metallic Hg can be inhibited by ethanol (Nielsen-Kudsk, 1965). Oxidation of metallic 
Hg may occur in the brain, liver, lungs and probably other tissues to some degree (Magos 
et al., 1978; Hursh et al., 1976; Clarkson, 1989). In the literature there is no evidence for 
the synthesis of methylated Hg species in human tissue (EFSA, 2012; Barregard et al., 
1994). 
After absorption, MeHg can be converted into Hg2+ (Dunn and Clarkson, 1980) in the 
presence of reactive oxygen species, which may be formed in liver through the 
involvement of nicotinamide adenine dinucleotide phosphate (NADPH) cytochrome P450 
reductase (Suda and Hirayama, 1992). The intestinal flora can also convert MeHg into 
inorganic Hg species (Nakamura et al., 1977; Rowland et al., 1980). Besides the liver and 
intestinal tract, demethylation can occur in the spleen and to a lesser extent in phagocytic 
cells and brain (EFSA, 2012). Mercuric mercury found in the brain could be a result of 
dealkylation of organic Hg species (Rodrigues et al., 2010), or oxidation of elemental Hg 
(EFSA, 2012; ASTDR, 1999). Demethylation also cannot be excluded in other tissues 
(EFSA, 2012). 
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Elimination and excretion 

 
The main excretory pathways of elemental Hg and inorganic Hg compounds in humans 
are the urine and faeces, with a half-life of approximately 1-2 months (Clarkson, 1989).  
It must be pointed out that excretion of Hg depends on the duration of exposure (Sallsten 
et al., 1995; Hursh et al., 1976; Rice et al., 1989). The predominant excretory route for 
MeHg is the faecal (biliary) pathway, with less than one-third of total Hg excretion 
occurring through the urine (Norseth and Clarkson, 1971; EFSA, 2012). In a study that 
included four Japanese people, the excretion of MeHg into faeces was confirmed, but 
similar concentrations of MeHg were found in the urine compared to concentrations in 
faeces (Ishihara, 2000). Animal studies showed that MeHg is secreted in the bile after 
conjugation with liver glutathione-S-transferase and can be reabsorbed in the intestine 
(Berlin et al., 1975; Norseth and Clarkson, 1971; Tsutomu et al., 1990; Ballatori and 
Clarkson, 1985; EFSA, 2012). Interestingly, an association between certain GST 
genotypes and the retention of Hg has been established (Barcelos et al., 2012).   
Clearance half-times are longer for MeHg (approximately 70-80 days) compared to 
inorganic Hg compounds (ATSDR, 1999; EFSA. 2012).  

 

1.2.3 Health impacts 

 
The toxicity of Hg is highly dependent on the dose, the route of exposure (inhalation, oral  
or dermal exposure) and the form of Hg to which the person has been exposed. In general 
it is necessary to distinguish between low level long-term chronic exposure, short-term 
acute exposure and occupational exposure. Moreover, in terms of evaluating the health 
impacts of Hg, the susceptibility to Hg exposure in different life stages (in-utero, 
postnatal, early life, adolescence, later in life) should be considered. 
 

Elemental and inorganic Hg compounds 

 
Effects on the nervous system appear to be the most sensitive adverse consequences 
following exposure to inorganic Hg. Symptoms include tremour, initially affecting the 
hands and sometimes spreading to the other parts of the body, emotional lability, 
insomnia, headaches, memory loss and performance deficits in tests of cognitive function 
(ATSDR, 1999; EPA 1997c, UNEP, 2002; Kobal and Grum, 2010).  
In general in occupationally non-exposed people, dental amalgams are the main source of 
exposure to Hg vapour, which can be inhaled when released. It was estimated that 10 
amalgam surfaces would raise urinary levels by 1 µg Hg/L. These are far below toxic 
levels or even those causing subtler-neurobehavioural and renal effects. However, 
excessive chewing may lead to urine levels in excess of 20 µg Hg/g creatinine, thereby 
approaching safe limits for health (Kingman et al., 1996; Sallsten et al., 1996). The 
mechanism of action of inhaled Hg vapour on brain function is not known. It is assumed 
that the vapour is first oxidized to inorganic divalent Hg which can become attached to 
thiol groups present in most proteins (Clarkson, 2002). 
The most sensitive adverse effect observed following exposure to Hg2+ is the formation of 
autoimmune glomerulonephritis (inflammation of the kidney). Even in intermittently 
exposed miners with increased absorption of Hg vapour, only a slight glomerular and 
tubular effect of elemental Hg was found (Kobal et al., 2000).  
In terms of identifying the effects of low level elemental Hg exposure, no definitive data 
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on the toxic effects of Hg° on children's mental development have been documented so 
far (WHO, 2003; EFSA, 2013). Some studies suggest an association of occupational 
exposure with reproductive effects in the female, such as toxicosis, spontaneous abortion, 
stillbirth and congenital malformations. However, these effects were not confirmed in 
some other studies (WHO, 1991, 2003). Moreover, few data are available on the health 
effects of long term exposure to low doses, and on the effects of elemental Hg on other 
organs, the heart and blood vessels. A study done on workers from Hg mines and mills 
from Spain, Slovenia, Italy and the Ukraine suggest an association between employment 
in Hg mining or refining and mortality from cardiovascular diseases (Boffetta et al., 
2001). However, exposure to inorganic Hg in mines and mills does not seem strongly 
associated with cancer risk, with the exception of liver cancer (Boffetta et al., 1998). 
Accidental ingestion of mercuric chloride by children resulted in cardiac effects (ATSDR 
1999; EPA 1997c). Accidental drinking or ingestion of inorganic Hg can also cause 
considerable damage to the digestive tract and kidney, even with its limited absorption 
rate. Dermal exposure to ionic Hg can lead to adverse effects to the skin such us 
dermatitis (ASTDR, 1999; MPP and NRDC, 2005). 
Elemental Hg represents the main health problem in people exposed through inhalation of 
ambient air during occupational activities such as artisanal and small-scale mining of gold 
and silver, chlor-alkali production or dental care (UNEP, 2002; WHO, 1991; WHO, 
2008). Artisanal small-scale mining is a major source of gold production and the world’s 
largest employer in gold mining, representing around 15% of the gold supply (around 400 
tonnes) and 90% of the gold mining workforce worldwide. This is especially of concern 
because of the large number of miners involved, estimated to to be around 10-15 million 
in 70 countries (including approximately 3 million women and children), who are 
irresponsibly using Hg, causing helath and evironmental problems (UNEP. 2011). 
In contrast to occupationally exposed people working in the chlor-alkali industry, 
exposure levels in the general population living near chlor-alkali plants are at the level of 
the normal population (Barregard et al., 2006; Gibičar et al., 2009).  

Methylmercury 

 
The major toxic effects of MeHg are on the central nervous system. Its toxic action on the 
developing brain differs in both mechanism and outcome from its action on the mature 
organ. The latent period between exposure and onset of symptoms in adults can be several 
weeks or even months, depending on the dose and exposure period. The mechanism 
underlying this long latent period is still unknown. The first symptom to appear at the 
lowest dose is paresthesia (numbness or a “pins and needles” sensation). This can lead to 
cerebellar atexia (dysfunction of the region of the brain that plays an important role in the 
integration of sensory perception), dysarthria (a motor speech disorder), and constriction 
of the visual fields and loss of hearing. These symptoms are caused by the loss of 
neuronal cells in specific anatomical regions of the brain. The mechanism is still not 
established with any certainty (Bakir et al., 1973; Clarkson, 2002). Cellular defence may 
be decisive in determining the toxic outcome and deserves further study. Thiol 
compounds probably play a key role. Resistant cells have higher levels of the thiol- 
containing peptide glutathione, which also plays a key role in the excretion of MeHg 
(Sarafian et al., 1996; Miura et al., 1994; Miura and Clarkson, 1993). MeHg is converted 
to Hg2+ in the brain. It could be that Hg2+ is responsible for brain damage. However, 
Magos et al. (1985) suggested that the intact MeHg radical is the toxic agent. 
Salonen et al. (2000) found a significant correlation between Hg exposure levels and 
accelerated progression of carotid atherosclerosis. However, stress, which is believed to 
be a major risk factor, was not directly measured. Moreover, outlying and “influential 
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points” may play an important role in this study and it is questionable if the correlation 
would persist if very high Hg levels were excluded (Clarkson, 2002). Another study 
found a correlation between Hg exposure and pulse pressure, indicating that Hg intake 
from marine food might be involved in cardiovascular disease. However, in this case 
genetic factors could be responsible to some extent for the differences in pulse pressure 
between Greenlanders and Danes (Pedersen et al., 2005). 
The foetal brain is more sensitive than the mature organ. The threshold level for 
neurologic effects in adults was estimated at about 50 mg/kg of Hg in hair. This level may 
be compared with an estimated threshold as low as 10 mg/kg for prenatal effects. 
Furthermore, MeHg consumed in diet might represent a risk of prenatal damage (Bakir et 
al., 1973; Cox et al., 1987; Clarkson, 2002). Opposed to the focal lesions seen in adult 
tissue, widespread damage to all areas of the foetal brain was evident. From experimental 
work in animals and in vitro it was suggested that MeHg in foetal brain binds to thiol 
ligands (-SH) groups on the tubulin and block the assembly process. The disassembly 
continues unchanged, thus leading to the complete loss of a tubule. Moreover, this 
inhibits both cell division and migration (Miura and Imura, 1987; Rodier et al., 1984; 
Philbert et al., 2000).  
In low-level Hg exposure Cheuk and Wong (2006) showed that an increased Hg level is 
associated with attention-deficit hyperactivity disorder. However, at these levels of 
exposure other epidemiological studies have found more subtle adverse effects (Davidson 
et al., 1998). In a study that took place in Greenland, neuropsychological tests showed 
possible exposure-associated deficits, though reaching statistical significance only in a 
few cases (Weihe et al., 2002). Another study found that a Hg cord blood of level 0.9 
µg/L is associated with delayed neurocognitive and psychomotor status of children at 12 
months of age, but the association was less visible in subsequent examinations at 24 and 
36 months of age. In this study the authors suggested that the cognitive and psychomotor 
deficits ascertained at 12 months of age that are possibly attributable to prenatal Hg 
exposure are subtle and rather easily reversible over the next 2 years of life (Jedrychowski 
et al., 2007). In addition, Cace et al., 2011 detected the influence of low-level MeHg 
exposure on foetal brain development as a decreased size of the newbornˋs cerebellum.  
Overall, a considerable body of literature exists focusing on the effects of prenatal Hg 
exposure through fish consumption on neurodevelopment. The findings have been 
inconsistent, particularly when assessing the effects of exposures to low Hg levels 
(Schoeman et al., 2009; Karagas et al., 2012). Possible reasons for the inconsistent results 
are different endpoints, the use of different biomarkers (cord blood vs. maternal hair Hg 
concentrations), choice of covariates for the statistical models, differences in the study 
populations and different concentrations of Hg (and other contaminants, e.g. PCBs) in 
fish (Schoeman et al., 2009). More comprehensive studies involving the same data 
collection approach and the same sampling methods in all the selected countries are 
needed to improve comparisons of  Hg exposure and its effects. In studies evaluating the 
effects of low level Hg exposure, proper adjustment for potential negative confounding 
factors seems to be very important. In an overview study on the evidence for the human 
health effects of low level Hg exposure, Karagas et al. (2012) concluded that recent 
evidence suggests that low level MeHg exposure might affect foetal growth, and evidence 
exists that low levels of prenatal MeHg exposure may cause neurocognitive effects in 
early childhood. Evidence of Hg effects on cardiovascular disease have been inconsistent, 
and only few studies exist about the immunological effects of Hg exposure without any 
clear pattern (Karagas et al., 2012).  
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Table 2: Summary of toxic properties of different forms of Hg in humans (Horvat and 
Gibičar, 2006). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Form  Exposure  Effects Biological indication Disposition and mechanism of action 

Hg0 Occupational:  
Chlor-alkali 
industry, 
production of 
thermometers, 
thermostats and 
fluorescent bulbs, 
Hg mining, 
dentistry 
Non-
occupational: 
Dental amalgam 
fillings 

Severe exposure: 
Tremour, gingivitis, 
erethism, loss of 
memory, emotional 
and psychological 
disturbance, damage to 
kidneys. 
Lower exposure: 
Cognitive deficits, 
mild proteinuria, 
insomnia, loss of 
appetite, 
immunological 
disturbances. Damages 
are reversible. 

Hg in Urine: chronic 
exposure, indication of 
Hg levels in kidney  
Hg in Blood: indicator 
of short term exposure 
Exhaled air: indicator 
of short term exposure.  
No good indicators for 
brain. 

Inhaled elemental Hg is absorbed in the lung 
and enters the blood stream, high lipid 
solubility allows it to cross the blood/brain 
and placenta barriers easily, dissolved 
elemental Hg is oxidised in red cells, brain, 
liver, lung, and other tissues where it may 
inhibit the activity of some enzymes that 
contain –SH groups, denaturate proteins, 
damage cell membranes. At high 
concentrations it causes cell death and 
destruction of tissue. Mechanism of damage 
to the central nervous system is still not well 
understood.  

Hg(I) Removed from 
medical use. 
Rarely used. 

Acrodynia (pink 
disease). Damage is 
reversible. 

- Inhibition of enzymes, its action is poorly 
understood. 

Hg(II) Antiseptic, leather 
industry, 
production of 
batteries, 
fungicides, use in 
bleaching soaps 
and creams 

Chronic toxicity: 
neurological disorders 
similar to the effects of 
Hg0. Repeated 
exposure to low doses 
effects the immune 
systems. Acute 
exposure may cause 
irreversible damage of 
kidney and indirectly 
cardiovascular 
collapse. 

Hg in Urine Similar to Hg0, except direct passage through 
the above mentioned biological barriers is 
more difficult. 
 

MeHg Fungicide, food – 
mainly fish and 
other marine 
products 

Immediate damage of 
neuronal cells and 
delayed symptoms of 
sensory disturbance, 
constriction of visual 
field, deafness, motor 
aberrations, mental 
disorders, cramps, 
paralysis 

Hg in blood 
Hg in hair 

MeHg is distributed in all tissues including 
brain. Prenatal damage occurs in all parts of 
the brain while in adults the damage is local. 
Inhibition of protein synthesis. It affects cell 
division and abnormal neuronal migration. It 
causes the destruction of microtubules in 
neuronal and astrocystic cells. MeHg 
damage to the central nervous system is still 
unexplained. 
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1.2.4 What is safe? 

 
In relation to exposure assessment it is necessary to take into account recommended doses 
indicating what is safe. The reference levels set by different organizations and issues 
relating to this area are discussed below. In addition, maximum allowed levels of Hg in 
food set by Slovenian legislation are also given. 
Based on risk assessment and other considerations, several countries and international 
organizations have established daily or weekly MeHg or THg intakes estimated to be safe 
or without appreciable risk to health, based on available information (WHO, 2008; EFSA, 
2013). The US EPA (United States Environmental Protection Agency) reference dose 
estimated in 1997 is 0.1 µg MeHg per kg body weight per day and corresponds to a hair 
Hg concentration of about 1µg/g (NRC, 2000). This reference dose was based on data 
collected after the mass MeHg poisoning in Iraq. The defined threshold toxicological 
level associated with adverse effects to the foetus amount is as low as 10 µg/g in maternal 
hair (Clarkson et al., 2003). However, Schoeman et al., 2009 criticized extrapolation of 
results from the past mass poisoning environmental disaster and stressed that the 
reference dose obtained on this basis does not address the risk-benefit ratio of fish 
consumption by specific components of the general population, especially pregnant 
women. Based on evaluation of cross-sectional studies on the neurodevelopmental effects 
of prenatal MeHg exposure through maternal fish consumption, they suggested the 
Lowest Observable Adverse Effect Hair Concentration (LOAEHC) as 0.3 µg/g of 
maternal Hg. Longitudinal studies yielded an LOAEHC of 0.5 µg/g (Schoeman et al., 
2009). Likewise, another study adjusted the exposure limit about 50% below the 
recommended level set by US EPA (Grandjean et al., 2007). However, it must be pointed 
out that the findings of different studies have been inconsistent (Schoeman et al., 2009), 
particularly when assessing the effects of exposures to low Hg levels and therefore it is 
difficult to provide a sound basis for risk assessment. Moreover, in line with the Joint 
FAO/WHO Expert Committee on Food Additives (JECFA), the European Food Safety 
Authority (EFSA) Panel on Contaminants in the Food Chain (CONTAM) has recently 
established a higher tolerable weekly intake (TWI) for MeHg. They decided to use the 
mean of the apparent NOEL from the Seychelles Nutrition Cohort at 9 and 30 months (11 
mg/kg maternal hair) and the BMDL05 from the Faroese Cohort 1 at age seven years (12 
mg/kg in maternal hair), giving 11.5 mg/kg maternal hair as the basis for derivation of a 
health-based guidance value. Taking into account  variation in the hair to blood ratio and 
interindividual variation in toxicokinetics,  CONTAM established tolarable weekly intake 
for MeHg of 1.3 µg/kg body weight  corresponding to a hair-Hg concentration of about 
1.8 µg/g (EFSA, 2012). 
In addition, CONTAM has established tolerable weekly intakes (TWIs) for inorganic Hg 
of 4 µg/kg body weight (EFSA, 2012) based on studies involving experimental animals. 
As summarized in the EFSA report (2012), the human data on toxicity after oral exposure 
to inorganic Hg were not suitable for dose-response assessment, but they indicated that 
kidney effects observed in experimental animals are relevant for humans.  
Overall, variations among reference levels reflect the different risk assessment 
assumptions, data sets and uncertainty factors employed (NRC, 2000) (Table 3).  
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Table 3: Variation among different intake levels estimated to be safe set by different 
national and international organizations during the last 20 years. 
 

Exposure Intake estimated to be 
safe 

Organization Reference 

THg 4.3 µg Hg per kg body  
weight per week 

 

JECFA, 1987 
 

WHO, 1987 

MeHg 0.1 µg MeHg per kg 
body weight per day 

 

EPA, 1997 EPA, 1997a 
EPA, 1997b 

 

MeHg 1.6 µg MeHg per kg 
body weight per week 

 

JECFA, 2004 WHO, 2004; 
WHO, 2007 

MeHg 1.3 µg MeHg per kg 
body 

 weight per week 

CONTAM, 2012 EFSA, 2012 

Elemental Hg 0.3 µg/m3 air US EPA, 1995a EPA, 1995 

Inorganic Hg 0.3 µg MeHg per kg 
body weight per day 
 

US EPA, 1995b EPA, 1995 

Inorganic Hg 4 µg/kg body kg body 
 weight per week 

JECFA, 2004 WHO, 2004; 
WHO, 2007 

Inorganic Hg 4 µg/kg body kg body  
weight per week 

CONTAM, 2012 EFSA, 2012 

 
Due to the importance of fish consumption in relation to the MeHg exposure of the 
general population, a Slovenian law established the maximum allowed Hg levels in fish; 
according to this, the maximum allowed level of Hg in anglerfish, Atlantic catfish, bonito, 
eel, emperor, grenadier, halibut, marlin, megrim, mullet, pike, plain bonito, poor cod, 
Portuguese dogfish, rays, redfish, sail fish, scabbard fish, seabream, shark, snake 
mackerel, sturgeon, swordfish and tuna is 1.0 mg/kg. For other fishery products and 
muscle of other fish, the maximum allowed level of Hg is 0.50 mg/kg (UL L 364, 20.12. 
2006, p. 5).  

 

1.3 Exposure assessment 

 
Exposure assessment can be defined as measurement of the amount or concentration of a 
chemical(s) coming into contact with the body at potential sites of entry (skin, lung, GI 
tract) (James et al., 2000). The aim is to measure how much of a contaminant can be 
absorbed by an exposed target organism, in what form, at what rate and how much of the 
absorbed amount is actually available to produce a biological effect. Although the same 
general concepts apply to other organisms, the majority of applications of exposure 
assessment are concerned with human health (Zartarian, 2005). Studies of exposure 
contaminants can be designed to identify a specific population at risk, define norms for 
the general population, or examine the long-term effect of the reduction or increase of 
exposure to a contaminant by monitoring selected groups or the general population (Lioy, 
1990). 
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In our study exposure was assessed through food consumption data, Hg levels in 
foodstuffs, and through different biomarkers of exposure (Miklavčič et al., 2011a; 
Miklavčič et al., 2011b; Miklavčič et al., 2013a; Mikalavčič et al., 2013). Different 
approaches to exposure assessment are discussed below in detail. 

 

Mathematically, exposure is defined as: 


2

1

)(
t

t

dttCE
                                                                                        Equation 1 

where E is exposure, C (t) is the concentration of the contaminant, which varies as a 
function of time and dt is an increment of time from t1 to t2 (Lioy, 1990). The EPA 
exposure guidelines for risk assessment define exposure as a potential dose, because the 
units are those of mass (e.g. µg/kg day or mg/kg day) (Greim and Snyder, 2008).  

However, the amount deposited on or absorbed by an organ interface is not estimated by 
equation 1, but is implicitly assumed to be 100% absorbed. If these estimates are 
included, the equation is as follows: 
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I
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                                              Equation 2 

where D is the integrated dose (mass or mass/body weight) at a target tissue or cell D(t) is 
a time-varying function of dose, f(x) is the contact rate, g(ab) is a variable dependent on 
the target organ or system, and the bioavailability that affects the extent of absorption 
(ab). To calculate an internal dose, the variables used for g(ab) require values for  
deposition in the lung, absorption through the epidermal layers of the skin, or other routes 
of exposure (Lioy, 1990). When applying this equitation to different Hg species, one 
should take into consideration that the absorption is different for different Hg species, 
depending on the exposure pathway (see chapter 1.2.2). 

There are two basic methods for quantifying exposure: exposure measurement and 
exposure modelling. Exposure measurement results in the most accurate and realistic 
exposure data that can occur via multiple pathways for an extended period of time. 
However, these accurate measurements are rarely possible. Models are used in those 
cases where monitoring data are unavailable or inadequate for exposure assessment 
(James et al., 2000; Greim and Snyder, 2008). They simulate the behaviour of chemicals 
and predict their concentration in the environment and organisms. Various exposure 
models exist, including atmospheric models, surface-water models, groundwater models 
and food chain models. All of these models are limited by uncertainty in the data input or 
the capability of a generic model to predict a specific exposure scenario. However, they 
can in principle make predictions for an unlimited number of exposure scenarios and 
predict past and future exposure (James et al. 2000). 

If a potential chemical hazard exists, exposure assessment is part of the risk assessment 
process (Greim and Snyder, 2008). Risk assessment is an ever-evolving process whereby 
scientific information on the hazardous properties of chemicals and the extent of exposure 
results in a statement as the probability that exposed populations will be harmed (James et 
al., 2000). The probability of harm can be expressed either qualitatively or quantitatively, 
depending on the nature of the scientific information available and the purposel aim of the 
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risk assessment. Risk assessment is not research per se, but rather a process of collating 
existing data (James et al., 2000). In 1983, the National Research Council described risk 
assessment as a four step analytical process consisting of hazard identification, dose-
response assessment, exposure assessment and risk characterization (Figure 4). 

 

 
Figure 4: Elements of risk assessment and risk management. Risk assessment provides a 
mean to organize and interpret research data in order to inform decisions regarding human 
and environmental health (James et al., 2000). 
 

1.3.1 Biomarkers 

 
A biomarker is a substance used as an indicator of a biological state. It is a characteristic 
that can be objectively measured and evaluated as an indicator of normal biological 
processes, pathogenic processes, or pharmacological response to a therapeutic 
intervention. A biomarker of effect is a measurable biochemical, physiological or other 
alteration within the organism that, depending on magnitude, can be recognized as an 
established or potential health impairment or disease, while a biomarker of exposure is an 
exogenous substance, the metabolites or the product of interactions between a xenobiotic 
agent and some target molecule or cell that is measured in a compartment within an 
organism (NRC, 2000).  
Biomarkers could provide, in some cases, a more accurate method for assessing exposure 
(Figure 5) (Schulte and Waters, 1999). They have the ability to identify if an exposure has 
occurred, the route of exposure, the pathway of exposure, or the resulting effects of the 
exposure (Schulte and Waters, 1999). 
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Figure 5: Rational for using biomarkers to assess risk (Schulte and Waters, 1999) 
 
Figure 5: Rationale for using biomarkers to assess risk (Schulte and Waters, 1999). 
 
When dealing with exposure and effect assessment, three types of biomarkers exist: 
biomarkers of exposure, biomarkers of susceptibility, and biomarkers of effect (Bird, 
2008). 
 
Biomarkers of exposure are the actual chemicals, or chemical metabolites, that are 
measured in the body or after excretion from the body to determine different 
characteristics of a person’s exposure (NRC, 1995; Bird, 2008).  
 
Biomarkers of Hg exposure 
 
Because this work was mainly focused on biomarkers of Hg exposure, the kinds of 
biomarkers appropriate for human biomonitoring of a) occupational exposure, b) 
environmental exposure and c) prenatal exposure are discussed below. 
 
As indicators of exposure to MeHg of dietary origin, generally the concentrations of total 
and organic Hg in blood and hair are used (NRC, 2000). THg in hair reflect past exposure 
to MeHg for up to a year or more, depending on the length of the hair. Thus the Hg 
content in the part of a hair strand closest to the scalp reflects the recent blood Hg levels 
(WHO, 1990). When assessing Hg exposure through THg levels in hair, possible external 
contamination of hair should be taken into account and potential leaching of Hg from the 
hair from hair treatments (Barregård, 2005; Grandjean et al., 2002). Due to the simplicity 
of hair sample collection, storage and THg hair analyses, THg in hair samples is the, 
preferred biomarker for population monitoring purposes. Hg concentrations in hair of a 
populations consuming no fish are normally below 0.5 µg/g; in a population with low to 
moderate fish consumption hair THg varies from below 1 to 2 µg/g, while people with 
frequent consumption (once or more per day) may have THg levels in hair exceeding 10 
µg/g (UNEP and WHO, 2008). The presence of Hg in blood indicates recent or current 
exposure to Hg (UNEP and WHO, 2008; Horvat et al., 2011a). In the general population, 
MeHg from fish and Hg vapour from dental amalgam fillings influence the Hg 
concentrations present in blood. The exceptions are occupationally exposed people for 
whom Hg vapour is the major contributor to blood Hg concentration (Barregård, 1993; 
Langworth, 1992). Especially in blood samples, speciation analyses are important for 
accurate assessment of specific exposure (Horvat et al., 2011a; Vahter et al., 2000). 
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However, sample collection and MeHg determination in blood sample is not as practical, 
simple and fast as is sample collection and analytical determination of THg in hair. 
The THg concentration in cord blood is the preferred biomarker for prenatal exposure, 
since it shows a better association with Hg-related neurobehavioural deficit in the child 
compared to Hg determined in maternal hair (Barregård, 2005; Grandjean et al., 2002).  
Moreover, inorganic Hg compounds are prevented from being transferred to the foetus 
and accumulate in the placenta (Ask et al., 2002). Hg levels in cord blood are in general 
higher than in maternal blood Hg (Horvat et al., 1988 a, b; Vahter et al., 2000; Stern et al., 
2003; Murata et al., 2007), which is a consequence of higher haematocrit levels (Greener 
and Kochen, 1983).  
Urinary Hg concentration is another commonly used biomarker that reflects exposure by 
inhalation of elemental Hg (Mason et al., 2001). Urine is the preferred matrix because 
collection of urine is non-invasive and elemental Hg is mostly excreted through urine. In 
the non-occupationally exposed population, the number of amalgam fillings was found to 
be a predictor for urinary Hg (Vahter et al., 2000; Akesson, 1991). Due to the slow 
extraction of Hg from kidneys through urine, urinary Hg reflects not only recent exposure 
to Hg, but also exposure that occurred sometime in the past (Langworth et al., 1992; 
Barregård, 1993). Although urinary Hg is used as a biomarker of exposure to elemental 
Hg, fish consumption can affect urinary Hg excretion (Soleo, 2003). This is probably not 
just the consequence of inorganic Hg present in fish, but also the result of in vivo 
demethylation of MeHg (Barregård, 2005).  
Other biological media that are not so commonly used for biomonitoring Hg exposure 
purposes are cord tissue, breast milk and toenails. A strong correlation between THg 
levels in cord blood and cord tissue was observed, while the correlation between THg 
levels in maternal hair and cord tissue was weaker (Grandjean et al., 2005). In that study 
of Grandjean et al., 2005 cord tissue was almost as good a predictor of MeHg-associated 
neuropsychological deficits at 7 years of age as was Hg determined in cord blood. Hg 
levels determined in breast milk are used to evaluate past maternal exposure and to 
examine potential exposures for breast-feeding infants. Unlike placental, where MeHg 
moves more easily across the placenta barrier than inorganic Hg, inorganic Hg is more 
readily eliminated in breast milk than MeHg (Sundberg and Oskarsson, 1992). Infant 
exposure to MeHg or inorganic Hg via breast-feeding is low compared to the late foetal 
exposure (Björnberg et al., 2005). In an autopsy study a significant correlation between 
THg in toenails and MeHg in both blood and the occipital lobe was found (Björkman et 
al., 2007). However, there was no significant association between THg in toenails and 
inorganic Hg. The authors concluded that THg in toenails may be an indicator of MeHg 
stored in the body and may be a useful complement to Hg in hair for MeHg exposure 
assessment. 
Our study was mostly focused on biomarkers of MeHg exposure because of the 
importance of MeHg exposure to pregnant women. However, we assumed that at the Hg 
contaminated site other species of Hg also contributed to the total Hg exposure 
significantly. Therefore, in this case we considered not only MeHg exposure through food 
consumption but also elemental Hg exposure through air inhalation and inorganic Hg 
species exposure through food consumption. 
 
Biomarkers of effect are the quantifiable changes that an individual displays, indicating 
exposure to a compound and may indicate a resulting health effect (NRC, 1995; Bird, 
2008). For example, different studies have reported the effects of long term low-level Hg 
exposure, mostly testing the association with early neurodevelopmental disorders using 
tests such as the Denver Developmental test II., the Bayley Scales of Infant Development 
(BSID-II), or the McCarthy Scales of Children s̓ Ability (MSCA) (Barbone et al., 2004; 
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Barbone et al., 2003; Jedrychowski et al., 2006; Steuerwald et al., 2000; Debes et al., 
2006; Freire et al., 2010). Another exsmple are the changes in the composition of proteins 
excreted in urine monitored by electrophoretic analyses that can very sensitively indicate 
early biological effects of occupational exposure to elemental Hg (Kobal et al., 2000). 
Biomarkers of inorganic Hg exposure are positively associated with kidney markers, 
especially with N-acetyl-β-glucosamidase (NAG) and also Alpha-1-microglobulin (A1M) 
and albumin (Jarosińska et al., 2008). 
  
Biomarkers of susceptibility are indicators of the natural characteristics of an organism 
that make it more susceptible to the effects of exposure to a chemical. They can help 
define what sensitivities are more susceptible as well as critical times when exposures can 
be most harmful (NRC, 1995; Bird, 2008). For example vulnerability to prenatal Hg 
exposure might be enhanced or attenuated by differences in genetic susceptibility, diet, or 
exposure to other contaminants (NRC, 2000). Due to the ability of certain substances to 
protect against Hg toxicity, individuals with a dietary insufficiency of zinc, glutathione, 
antioxidants or Se, or those who are malnourished may be more sensitive to the toxic 
effects of Hg. Moreover, individuals with diseases of the liver, kidneys, nervous system 
and lungs are at higher risk of suffering from the toxic effects of Hg (UNEP and WHO, 
2008; NRC, 2000). The sensitivity of an individual could be further influenced by 
polymorphism of the enzymatic activities involved in the metabolism of Hg (Gil and Pla, 
2001). As was described in Chapter 1.2.1, glutathione S-transferase is involved in the 
metabolism of Hg, enhancing its excretion via the bile or urine. Glutathione S-transferase 
genes are a gene family involved in the detoxification of electrophilic compounds by 
conjugation with glutathione. In higher organisms at least five glutathione S-transferases 
gene classes have been well studied. It was shown that glutathione deficiency is 
associated with sensitivity to both mercury chloride and MeHg (Klautau-Guimarães et al., 
2005 Gundacker et al., 2007; 2009).  

For assessing risk the “ideal” biomarker does not exist. A biomarker of exposure may be 
appropriate in assessing exposure at a specific time. However, the health outcomes and 
consequent risk, may be associated at different time from those being assessed. Moreover, 
a biomarker of exposure could be insufficient to assess effects and therefore a biomarker 
of effect may be needed. Furthermore, one should be concerned about differential 
susceptibility in the population and thus a biomarker of susceptibility is needed (Ryan et 
al., 2007)  

In addition, harmonised biomonitoring of Hg among different countries is crucial and 
should be coordinated in the future. A good example is the DEMOCHOPHES (LIFE09 
ENV/BE/000410) project based on harmonised protocols developed in the EU FP6 
COPHES project (Joas et al., 2011). 
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1.4 Mercury exposure assessment through fish consumption 

 
Fish consumption and exposure to MeHg has been studied extensively (EFSA, 2012), and 
represents the most common MeHg exposure route (UNEP and WHO, 2008; EFSA, 
2012). As was described previously, the major toxic effect of MeHg is on the central 
nervous system and the developing foetus is the most vulnerable target (NRC, 2000; 
WHO, 2011). Therfore, MeHg exposure assessment through fish consumption is 
especially important for pregnant women and their fetuses considered in our study. In this 
subchapter Hg assessment through fish consumption is discussed in detail, because of the 
importance of this MeHg exposure route for the most vulnerable population. 
Assessing exposure and then the effects of Hg through fish consumption is complex 
because fish can also contain other chemical contaminants such us As, lead (Pb) and 
cadmium (Cd), polychlorinated biphenyls (PCBs), organochlorine pesticides, aromatic 
hydrohcarbons, dioxin-like polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, 
dibenzofurans, polychlorinated diphenyl, polybrominated diphenyl ethers and 
polychlorinated naphthalenes. Moreover, fish are also an important source of protein with 
essential amino acids, macroelements (calcium, phosphorus, fluorine and iodine in marine 
fish), microelements (Se, zinc), fat-soluble vitamins and unsaturated fatty acids. They 
contain high levels of n-3 fatty acids such a docosahexaenoic acid (DHA), 
eicosapentaenoic acid (EPA) and docosapentaenoic acid (DPA), which play an important 
role in the prevention of the development of cardiac and circulatory disorders, and they 
reduce mortality in patients with coronary diseases (Kris-Etherton, Harris, & Appel, 
2002). Contrary to the negative effect of Hg on the developing nervous system, n-3 fatty 
acids are considered especially important to prenatal development. Rapid brain growth 
occurs primarily during the third trimester in humans (Rice et al., 2000), when DHA 
accumulates rapidly in the central nervous system (Clandinin et al., 1980). 
Little is known about the potential protective effects of nutrients in fish against MeHg 
neurotoxicity in humans (Choi et al., 2008). Davidson et al. (2008) tested the hypothesis 
that the intake of selected nutrients in fish or measures of maternal nutritional status may 
represent important confounders when estimating the effect of prenatal MeHg exposure 
on child development. The study took place in the Republic of Seychelles, where fish 
consumption is high. The primary analysis examined the associations between MeHg, 
maternal nutritional measures and children’s scores on the BSID-II (Bayley Scales of 
Infant Development-II) and showed an adverse association between MeHg and the mean 
Psychomotor Developmental Index scores at 30 month. However, their results contrast 
with those found in studies carried out in the Faroe Islands (Grandjean et al., 1997; 
Grandjean, 1998). There were several differences between these studies and the 
populations in general, but the most important reason for the different results seem to be 
that the diet consumed by Faroe Islandes included whale, while the Seychelles Islanders 
diet did not. The whale is known to contain higher levels of PCBs, methylmercury and 
possible other toxins than other fish (Raymond and Nicholas, 2004). Even though it is 
possible statistically to separate the neurodevelopmental effects of MeHg and PCBs, 
knowledge of the mechanisms and interactions of PCBs and MeHg is still missing 
(Mergler et al., 2007). 
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1.4.1 Fish consumption  

Methods for assessing fish consumption 

 
Different methods exist to assess fish consumption. Dietary intake measurements are 
discussed below in order to elucidate the issues in methods for assessing different 
foodstuffs intake and to better understand the information given by different methods.  

Field methods 

 
Field methods used to measure dietary intake are field methods in the sense that 
information is obtained either at the home of the individual concerned or from an 
individual who is not subject to laboratory restrictions (Rutishauser, 2005). It is possible 
to classify them in different ways. Rutishauser (2005) classified them into those that 
record intake as it occurs (records) and those that recall intake after it has occurred 
(recalls). Records can be descriptive or quantitative. Quantitative description can be 
recorded in household measures, by photographic means or by actual weighing of all the 
foods consumed over the period of study. The information on food intake can be 
converted to nutrient intake by means of food composition tables, by analysis of samples 
of the foods consumed or by laboratory analysis of a duplicate diet. Recalls can be 
quantitative, semi-quantitative and in terms of frequency. Quantitative amounts consumed 
can be described in household measures, by reference to photographs, three-dimensional 
food models and in terms of small, medium or large portions. Recalls can relate to 
specified (yesterday, previous year or longer) or indefinite periods of time. If the 
information on food intake is converted to nutrient intake, it may be presented in terms of 
categories (high, medium and low) rather than as absolute estimates of intake 
(Rutishauser, 2005).  
 

Assessment of food consumption by food frequency questionnaire 
 
A food-frequency questionnaire is a list of foods with a selection of options for reporting 
how often each food is consumed. Respondents indicate the most appropriate frequency 
option for each of the foods on the list by marking the appropriate column in the 
questionnaire. Typical options include daily, 3-4 times per week, 1-2 times per month, 
less than once per month and never. Depending on the focus of the questionnaire, the food 
list may contain only a few items or it may contain up to 200 items. A questionnaire 
designed to capture a high proportion of dietary intake will necessitate a much longer list 
than a questionnaire designed to capture a certain proportion of just one nutrient 
(Rutishauser, 2005). Some of them attempt to quantify the frequency information by 
obtaining additional data on portion size (large, medium, small or portion size in terms of 
a standard portion, or described by reference to a picture atlas of food portions) (Nelson et 
al., 1996; Rutishauser, 2005). They are almost always designed for self-completion so 
that they be optically scanned to save time on data entry and checking procedures 
(Rutishauser, 2005). 
Food-frequency questionnaires are very useful when information on a large number of 
individuals is required, because they provide a relatively inexpensive and standardized 
way of collecting data. However, the data that can be obtained about food are of semi-
quantitative nature with large random errors. Therefore, they only provide a guide and not 
a direct measure of the amounts of energy and nutrients that are ingested by an individual 
(Rutishauser, 2005).  
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In our study, which was part of the PHIME project, the participating women filled out a 
“short” and “long” questionnaire (see the appendix). These were designed at the 
University of Udine, Italy, translated from English into the local language and tested in 
each country. Questionnaires provide sociodemographic and health status information on 
the women and their family, information on the pregnancy and delivery, a detailed 
residential and occupational history of the women, a record of their smoking, drinking 
and general dietary habits, and a detailed food frequency assessment investigating their 
consumption of 138 food items adapted from a validated frequency questionnaire 
(Franceschi et al., 1993; Franceschi et al., 1995; Decarli et al., 1996). A section 
investigating the consumption of over 22 fish species commonly caught or marketed was 
also included in the long frequency questionnaire. Food intake categories in the 
questionnaire were converted to continuous estimates of daily intake: 

1) never: 0 per day 
2) less than once per month: 0.02 portions/day  
3) 1-3 times per month: 0.07 portions/day 
4) once time per week: 0.14 portions/day 
5) 2-4 times per week: 0.43 portions/day 
6) 5-6 times per week: 0.79 portions/day 
7) once per day: 1 portion/day 
8) 2-3 times per day: 2.5 portions/day 
9) more than 3 times per day: 4.5 portions/day  

 
The estimated portions of fish were then converted to grams. One portion of fresh or 
frozen fish was estimated to be around 150 g, while one portion of canned fish was 
estimated to be around 80 g (Valent et al., 2013; Miklavčič et al., 2013a; Miklavčič et al., 
2011b). The questionnaires that were used are appended in the Annex. 
To estimate the MeHg exposure of Slovenian pregnant women from frequencies of fish 
consumption and MeHg levels in the most frequently consumed fish, equation 3 was used 
to calculate the probable daily intake (PDI) (Miklavčič et al., 2011b).  
 

PDIintake (µg/kg body weight/ day)=fish intake(g/day) · [MeHg most frequently eaten fish species]/ body weight        
Equation  3 

 
MeHg levels measured in the most frequently consumed species of fish from the 
Slovenian market from Miklavčič et al., 2011a were used. From previously obtained data 
and from the frequency of the most frequently consumed fish, we obtained an average 
estimate of the MeHg concentration of the most frequently consumed fish species 
([MeHg most frequently eaten fish species]) (Miklavčič et al., 2011b).  
In addition, THg and MeHg concentrations were determined in the fish most frequently 
consumed by the women involved in our study, obtained from different supermarkets 
where this women most often bought fresh fish. The results have not been published yet 
and are listed in the Appendix. The PDI intake were calculated with levels included in 
Table 4. 
In order to compare exposure assessment through fish consumption with exposure 
assessment through biomarkers of exposure the model used by EPA, 1997 was applied 
and the PDI was calculated according Equation 4, which is  explained in details in NRC 
(2000). 
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PDIbiomarkers=
bwfA

VbC




                                                                                                     4 

 
PDIbiomarker: probable daily intake calculated according the biomarkers 
C: concentrations in blood or hair. A ratio of 250:1 was used to convert hair concentration to blood 
concentration 
b:elimination constant (0.014 days-1) 
V: volume of blood in the body (5L)  
A: absorption  factor expressed as the unitless decimal fraction of 0.95 
f: fraction of daily intake taken up by blood (0.05) 
bw:body-weight  

Table 4 shows a comparison of PDIs calculated via different methods is shown. 

 
Table 4: PDIs assessed by different methods. 
 
 Method Calculated value 

µg/day kg bw 
PDI1 Food frequency questionnaire (Miklavčič et al., 2011b), 

MeHg levels in most frequently consumed fish 
(Miklavčič et al., 2011a) 
(Equation 3) 

0.023 

PDI2 Biomarkers of exposure (Miklavčič et al., 2011b) 
(Equation 4) 

0.029 

PDI3 Food frequency questionnaire (Miklavčič et al., 2011b), 
Hg levels in most frequently consumed fish (Miklavčič 
et al., 2011a and additional data appended) 
(Equation 3) 

0.019 

PDI4 
 
 

Food frequency questionnaire (Miklavčič et al., 2011b), 
Hg levels in most frequently consumed fish (only 
additional data appended - without tuna fish) 
(Equation 3) 

0.0054 

  
The assessed PDIs calculated by different methods are roughly comparable. The 
variations among these calculated levels are probably due to uncertainties in the applied 
methods that probably mostly relate to the accuracy of the data contained in the 
questionnaire and the uncertainties contained in the applied model (EPA, 1997; NRC, 
2000). However, when we included only THg levels determined in fish from  
supermarkets that were probably from fish farms and excluded the levels of Hg in tuna, 
the PDI intake was around 4 times lower, indicating that MeHg levels in tuna fish 
comprised the majority of the PDI of the pregnant women involved in the study. 
 

Laboratory methods of assessing dietary intake 

 
In a laboratory study of dietary intake, the individuals whose food intake is being assessed 
have access only to foods that have been prepared under known conditions and for which 
the energy or nutrient composition has been determined. These individuals may live in a 
metabolic facility for the period of time or may live at home and take their meals in the 
metabolic laboratory. In both cases the amount of food provided to each individual is 
carefully measured. This approach enables precise estimation of the amounts of energy 
and nutrients that are ingested by an individual over a fixed period of time, but do not 
include the amounts of nutrients available for metabolism. Therefore, additional 
measurements are needed to determine the proportion of the ingested nutrients that is 
available for metabolism. With these methods, it is possible to measure accurately and 
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precisely, what people eat under certain conditions, but not what they would choose to 
eat, if they were not in a laboratory situation (Rutishauser, 2005). 
The foods that are consumed may be sampled for analyses in a different way. A duplicate 
portion of all foods consumed during the period of the dietary record can be collected. 
Another approach is to collect only samples of the food consumed for analyses. Food 
samples can be reconstructed from the record of the foods that have been consumed 
during the period of the dietary record (Rutishauser, 2005).  

 

Fish consumption in Slovenia 

 
Fish consumption in Slovenia is one of the lowest in the European Union (Figures 6 and 
7). Seafood consumption in Portugal was the highest in 2005 at 56.9 kg/year followed by 
Spain (45 kg/year). The average seafood consumption in the EU-27 is 22 kg/year. That is 
approximately 3 times more than in Slovenia, where the average fish consumption is only 
7 kg/year (EU Seafood Industry Report, 2008). The fish contribution to total protein 
supply was also one of the lowest compared to other countries (Figure 7). Total fish 
catches in 2010 in Slovenia amounted to 1000 tonnes live weight and the same amount 
for aquaculture fish (Eurostat, 2010). Therefore, the annual fish production in Slovenia 
represents approximately only 1/7 of total fish consumption. Overall, actual data about 
different kinds of species consumed in Slovenia are scarce. The main species caught in 
the EU are herring, mackerel, blue whiting and sprat. The combined catches of Denmark 
and Spain represent one third of total EU  catches. In Denmark the main species were 
sand eels, sprat and herring, while in Spain the main species were tuna, crustaceans and 
hake. Spain, France, the UK and Italy are the major contributors to farmed seafood and 
the species most widely produced are blue mussel, rainbow trout and salmon (EU 
Seafood Industry report, 2008). Nevertheless, from these numbers it is difficult to 
determine, which species are the most frequently consumed in Europe. It must be pointed 
out that the European Union is the worldˋs largest seafood market, and if EU-intra trade is 
included, it represented 45% of the world’s total seafood imports in 2006 (EU Seafood 
Industry report, 2008). 
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Figure 6: Annual average per capita fish consumption in European states (EU Seafood 
Industry report, 2008). 
 

 
 
Figure 7: The relation between fish protein and total protein supply in Europe (based on 
data from FAO, 2007). 
  
 

 
 
Figure 8: % of population exceeding 0.58 µg/g, 1.0 µg/g and 2.5 µg/g THg levels in hair 
(based on data from Bellanger et al., 2013)  
 
Figure 8 shows that the exposure levels to MeHg in Europe (from a cross-sectional survey 
of European population exposure to environmental chemicals DEMOCHOPHES with a 
common European protocol involving 17 countries) do not coincide with the relation 
between fish protein and total protein supply in Europe (Figure 7). This indicates that 
MeHg exposure assessment made only through the frequency of fish supply assessed on a 
country level might be insufficient, and that actual Hg levels in fish should be included, 
especially when assessing MeHg exposure on the country level and not in a particular 
region of the country. This issue is further discussed in the next Chapter. 
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1.4.2 Mercury in fish 

 
Because Hg is biomagnified in the aquatic food web, fish higher on the trophic level tend 
to have higher levels of Hg. Other kinds of food represent a minor source of exposure 
containing a negligible quantity of MeHg. The exception is foodstuffs grown on Hg 
contaminated sites (EFSA, 2004; Horvat et al., 2003; Falnoga et al., 2003).  
Although the highest THg and MeHg levels are found in fish higher in the food chain 
(EPA, 1997a, 1997b, 2003a; UNEP, 2002), levels of Hg in fish are variable. The SCOOP 
data used by EFSA (2004) consisting of 14 912 samples resulted in a mean concentration 
of 109 µg/kg THg in fish with a high standard deviation (845 µg/kg). Importantly, due to 
the variability of Hg in fish, MeHg concentrations in fish together with the frequency of 
fish consumption should be included in exposure assessment (Mergler et al., 2007). As an 
example of the variability of Hg in fish within and between species, the levels of THg and 
MeHg in fresh fish and fish products found on different markets are shown in the Table 5.  
The levels of Hg determined in fish can vary according to the fishing area. From the 
literature it is known that fish species from the Mediterranean Sea show higher levels of 
Hg in their tissues compared to the same species from the Atlantic Ocean (Renzoni et. al., 
1997). Moreover, fish from aquaculture have lower Hg levels compared to wild fisheries 
(Kristan et al., 2012; Kelly et al., 2008). In addition, fish bought at the same food market 
can originate from fishing areas in all parts of the world (Kelly et al., 2008). The EU is 
the largest seafood market and if EU-intra trade is included, it represented 45% of the 
world’s total seafood imports in 2006. Norway is the main supplier of seafood products to 
the EU accounting for 17.5% of total EU imports. Other suppliers are China, Iceland, 
Morocco, Argentina, Thailand, Vietnam, Ecuador, and Chile (EU Seafood Industry report, 
2008). However, some populations such as the Faroe Islands (Weihe et al., 2005) and the 
population of the Greek Islands (Gibičar et al., 2006; Miklavčič et. al, 2013a), typically 
consume mostly local fish. 
According to above listed facts, Hg exposure assessment from fish consumption can be 
very complex. Overall, when assessing the exposure through fish consumption, it is very 
important not only to take into consideration the amount of fish consumed, but also the 
type or species of fish consumed and the origin of the fish, since Hg in fish can vary 
greatly according these factors. 
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Table 5: THg in analyzed fresh or/and canned fish samples bought on the Italian, Polish, 
U.S. and Portugese market (Storelli et al., 2010; Cabañero et al., 2005; Usydus et al., 
2008; Sunderland, 2007; EFSA, 2012).  

 
 
The absorption and bio-availability of Hg in fish may be affected by Se in fish (ATDR, 
1999). Hg and Se might bind to form Hg selenides with extremely low solubility, which 
are thought to be metabolically inert (Raymond and Ralston, 2004) 
George et al. (2008) used LIII-edge X-ray absorption spectroscopy to characterize the 

 
Samples 

 
No 

 
Market 

 
Origin 

THg 
(mg / kg wet 

weight) 
Mean±SD 

(range) 

Refernce 

FRESH TUNA 
Thunnus thynnus 

 
20 

 
Italy 

Tyrrhenian Sea 
0.61 

(0.07-1.76) 

 
Storelli et al., 
2010 

FRESH TUNA 
Thunnus spp. 

 Portugal 
 0.31±0.01 

Cabañero et al., 
2005 

FRESH 
SALMON 

69 U.S.  
imports 0.04±0.01 

Sunderland, 
2007 

FRESH 
SALMON 

11 U.S  
Atlantic 0.013±0.17 

EPA, 2003b 

FRESH 
SALMON 

289 U.S.  
Pacific 0.04 ±0.01 

EPA, 2003b 

FRESH 
POLLOCK 

12 U.S.  
imports 0.03±0.002 

Sunderland, 
2007 

FRESH 
POLLOCK 

115 U.S.  
Atlantic 0.02±0.01 

EPA, 2003b 

FRESH 
POLLOCK 

37 U.S.  
Pacific 0.06±0.03 

 
FDA 2006a 

FRESH 
ATLANTIC COD 

5  Greater North 
Sea 0.053 

 
EFSA, 2012 

FRESH PLAICE 
17  Greater North 

Sea 0.045 
 

EFSA, 2012 

GHOSTSHARK 
10  South Adriatic 

Sea 
3.14  

(1-30-5.16) 
 
   EFSA, 2012 

FRESH 
PILCHARD 

300  Central and 
Southern 
Adriatic Sea 

0.130 
(<LOD-0.400) 

 

 
EFSA, 2012 

CANNED TUNA 
8-10 Poland  

0.067 
Usydus et al., 
2008 

CANNED TUNA 
 
45 

 
Italy 

 
0.41 

(0.04-1.79) 

 
Storrelli et al., 
2010 

CANNED 
MACKEREL 

8-10 Poland  
0.062 

Usydus et al., 
2008 

CANNED 
SARDINE 

8-10 Poland  
0.024 

Usydus et al., 
2008 

CANNED 
HERRING 

8-10 Poland  
0.032 

Usydus et al., 
2008 

CANNED 
SPRAT 

8-10 Poland  
0.020 

Usydus et al., 
2008 
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chemical forms of Hg and Se in swordfish samples and to compare them with the 
chemical forms after digestion with simulated gastric fluid. They confirmed that MeHg in 
fish is mostly coordinated by a single thiolate donor, which resembles cysteine. They did 
not find a chemical species that resembles mercury selenide. The Hg species was 
unchanged by treatment with simulated gastric fluid. This indicates that the more toxic 
methylmercury chloride will not be produced in the stomach. These results are in conflict 
with those of Rubenstein and Evens (1978). They thought that because of the high 
chloride ion content and low pH in the stomach, Hg could be converted to methylmercury 
chloride which could then be easily absorbed in the stomach (5).  
 
CH3HgS(Cys) + H+ + Cl- →CH3HgCl+(Cys)SH                                                                 5 
 
Cabañero et al. (2007) found that, depending on the species of fish, a low percentage of 
Hg in the fish is bioaccessible (less than 20%) in both simulated stomach and intestinal 
digestion (in vitro). It was concluded that the low MeHg recovery could be attributed to 
the low ability of enzymes in vitro method to release the Hg existing in the samples, 
perhaps due to the fact that Hg is complexed by Se, rather than a lack of bioaccessibility 
of methylmercury itself. In fact, they obtained a recovery of 89% from in vitro 
enzymolysis of samples spiked with MeHg. These results are consistent with Berntssen et 
al. (2004) findings. They showed higher foecal excretion and lower tissue accumulation 
of Hg in rats fed on contaminated fish than in those fed with methylmercury chloride 
spiked to fish.  

 

1.4.3 The relation between mercury, selenium and arsenic in fish 

 
Fish and other seafood represents an important source of Hg, Se and As intake (UNEP, 
2002; Hughes et al., 2009; Reilly, 1996). Moreover, it is also known that As and Hg 
interact with essential Se. The glutathione-driven formation of compounds with these 
elements in blood links the metabolism of Hg2+ and arsenate with Se (Gailer, 2007). 

 
Selenium 

 

Selenium in the environment 

 
Selenium is widely distributed in the geosphere. It can occur at relatively high 
concentrations in certain sedimentary rocks, such as limestones and coal deposits, where 
it may be associated with pyrite. It is particularly concentrated in the soils of some dry 
regions. The element occurs in alkaline soils in the form of selenates, which are readily 
available to plants. In acidic soils it occurs as selenides and to some extent as elemental 
Se, which are less available to plants (Reilly, 1996). 
Higher plants are primary distributors of Se from soil to foods which provide human 
nutritional needs for this element. However, they themselves appear not to require the 
element for their own metabolism. Low Se soils do not inhibit plant growth and crop 
yields are not affected by a deficiency of the element (Reilly, 1996). However, lower 
plants, such as algae, have been shown to require Se for growth (Lindström, 1948).  
Plants vary greatly in their ability to absorb Se from the soil. Plants that are normally rich 
in sulphur, such as members of the Liliaceae family (onions and garlic) and members of 
the Cruciferae family (including cabbage and broccoli) can be expected to be rich in Se 
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(Brown and Shrift, 1982).  
Foods normally contain only organoselenium compounds. Inorganic compounds of the 
element, such as sodium selenite, only enter the diet as supplements or contaminants. 
Since the level of Se in soil is the primary determinant of the Se content of plant foods 
and animal fodder, and soil concentrations of the element can vary remarkably between 
countries and even between regions within countries, there is considerable variation in the 
levels of Se found in the different foods (Reilly, 1996; Smrkolj et al., 2005). Se levels and 
the variation of Se levels in different food groups are shown in Table 6. 
 
Table 6: Se levels in different food groups (Reilly, 1993; Smrkolj et al., 2005; Smrkolj 
and Stibilj, 2004). 
 

Food group Se 
(µg/g fresh weight) 

 (Reilly, 1993) 

Se in foodstuffs from Slovenia 
(µg/g fresh weight) (Smrkolj 

et al., 2005; Smrkolj and 
Stibilj, 2004) 

Cereals, cereal products 0.01-0.55 0.011; 0.009 
Meat, fish, eggs 0.01-0.36 0.033-0.586 
Milk, dairy products <0.001-0.17 0.012-0.030 
Vegetables, fruit <0.001-0.022 0.0003-0.070 

 
Selenium health impacts and recommended intake 

 
Selenium was recognized as a nutritionally essential trace element in 1950. Until then it 
had only been known for its toxic effects (Reilly, 1996). Se is required for the activity of 
25-35 enzymes with important functions (Rayman, 2000). Although it is normally present 
in all the cells of all higher animals, the functions of these enzymes are especially 
important in the brain (Chen and Berry, 2003; Schweizer et al., 2004) and endocrine 
organs (Kohrle et al., 2005). These enzymes and other Se-containing molecular species 
appear to be important in the prevention of cancer (Clark et al., 1996; Schrauzer, 2000) 
and in supporting a healthy immune system (Beck et al., 2003). 
Se is toxic if is taken in excess. Exceeding the tolerable upper intake level of 800 µg per 
day can lead to selenosis (15 µg per kg body weight) (WHO, 1996). Symptoms of 
selenosis include a garlic odour on the breath, gastrointestinal disorders, hair loss, 
sloughing of nails, fatigue, irritability, and neurological damage. Extreme cases of 
selenosis can result in cirrhosis of the liver, pulmonary edema and death. Elemental Se 
and most metallic selenides have relatively low toxicities because of their low 
bioavailability. Selenates and selenites are very toxic and they have an oxidant mode of 
action similar to that of arsenic trioxide (Reilly, 1996). 
Minimum Se requirements for humans recommended by the World Health Organization 
(WHO) (1996) are 30 and 40 µg per day for adult men and women. These calculations are 
based on the intake necessary to reach two-thirds of the maximal GSHPx (plasma 
glutathione peroxidase) activity. Duffield et al. (1999) calculated an upper minimal 
requirement of 39 µg of Se per day. In Slovenia the recommended dose of Se is 30 to 70 
µg per day for both adult men and women (Referenčne vrednosti, 2004). In Slovenia 
analysis of 20 military total daily diet samples gave an average Se daily intake of 87 µg 
(Smrkolj et al., 2005) indicating an adequate Se daily intake compared to the 
recommended intake (Referenčne vrednosti, 2004). In addition, the levels of Se in whole 
blood of Slovenian residents (87±13 ng/g) were comparable with literature data for the 
general population (Mazej et al., 2003). 
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Selenium in fish 

 
Fish and other seafood are important sources of Se in the human diet (Reilly, 1996; 
Smrkolj et al., 2005). 
Although Se speciation is important in defining the bioavailability, mobility and toxicity 
of Se, and the Se contents in seafood are higher than in terrestrial foodstuffs, little is 
known about the chemical forms of organoselenium species in seafood (Yoshida et al., 
2011). George et al. (2008) found in swordfish muscle a mixture of organic forms that 
resemble selenomethionine and an aliphatic selenyl sulfide such as Cys-S-Se-Cys. They 
found that the local chemical forms of Se do not change upon digestion of the fish with 
simulated gastric fluid. Cabañero et al. (2007) also found no modification of Se species 
during digestion, using chromatographic separation and inductively coupled plasma mass 
spectrometry (ICP-MS) for the quantification of Se species. These authors showed that 
the total amount of selenomethionine varied depending on the type of fish. In swordfish, 
90% of the total Se was found to be selenomethionine, while tuna and sardine had 45% 
and 27% respectively (Cabañero et al., 2007). In fish muscle Kristan et al., 2013 found  
from 47% to 55% of soluble Se and the only species indentified was selenomethionine, 
which represented around 80 % of soluble Se. Moreno et al. (2001) in oyster tissue 
identified the trimethylselenium ion (9.8±0.8%) and selenomethionine (46±6%). 
According to the type of fish, between 50% and 83% of the Se was bioaccessible in  
simulated gastrointestinal digestion. Sardine had the highest Se bioaccessibility and the 
lowest Hg bioaccessibility compared to swordfish and tuna (Cabañero et al., 2007).  

 

Arsenic 

Arsenic in the environment 

 
As is a widespread pollutant in many regions of the world, being the 20th most abundant 
element in the earthˋs crust and a component of more than 245 minerals (Flora et al, 2005; 
Mandal and Suzuki, 2002). However, only a few of these are commonly encountered in 
significant amounts. As compounds are mobile in the environment. Weathering of rocks 
converts arsenic sulfides to arsenic trioxide, which enters the As cycle as dust or by 
dissolution in rain, rivers, or groundwater (Mandal and Suzuki, 2002). Therefore, 
groundwater contamination by As represents a serious problem to humans and animals in 
many areas (Mandel and Suzuki, 2002; Hopenhayn, 2006). 
 

Arsenic in foodstuffs  

 
The levels of As vary in different foods and are dependent on different factors such as the 
type of soil, water and geochemical activity (ASTDR, 2007). The provisional tolerable 
weekly intake (PTWI) for inorganic As from drinking water and food is assumed to be 15 
µg/kg bw. Although foods of marine origin such as fish and shellfish have the highest 
levels of As, ranging from 0.3 to 2.7 mg/kg f.w. (Tao and Bolger, 1999; Perelló et al., 
2008), the element is in organic forms such as arsenobetaine, arsenocholine or 
dimethylarsenic acid (Hughes et al., 2009; Šlejkovec et al., 2004) that are considered 
relatively nontoxic (Sakurai et al., 1997; Hughes et al., 2009). Arsenobetaine is rapidly 
excreted by humans unchanged (Vahter, 1994) and is assumed to have negligible toxicity 
due to its high LD50 in mice (> 10 000 mg/kg) (Kaise and Fukuit, 1992). In contrast to 
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organic As, it was demonstrated that inorganic As is associated with increased risk for a 
wide range of diseases such as cancer, diabetes, vascular disease, hypertension, 
neurological disorders, reproductive problems, and the well-known skin damage 
(Hopenhyn, 2006; NRC, 1999; IARC, 2002). Inorganic As is dominant in drinking water 
(Hopenhayn, 2006; van Eltern et al., 2002) and to a lesser extent in foods such as rice, 
flour, grape juice and spinach (Schoof et al., 1999). Some bottled Slovene mineral waters 
had As(V) concentrations around the permitted level of 50 µg/l for As in mineral waters 
(van Elteren et al., 2002). 
Except for As in drinking water for the general population, diet is the major source of As  
(Abernathy et al., 2003). 
 

Biomarkers of arsenic exposure 

 
The biomarkers of As exposure normally used are its levels in urine, blood, hair or nails. 
The most common biomarker of inorganic As exposure is total As in urine. However, 
when using this biomarker caution is necessary, because consumption of seafood 
containing high levels of organic As can be a confounder of inorganic As exposure. As in 
blood is an appropriate biomarker for recent high-dose exposure. This biomarker is not 
reliable for inorganic As exposure, because it is cleared so rapidly, particularly at low 
levels of inorganic As exposure (ASTDR, 2007; Hughes, 2002; Horvat et al., 2011b). 

 

 The interactions between selenium - mercury and selenium - arsenic  

 
Fish and other seafood are important sources of Se and a significant source of Hg. The 
simultaneous presence of Se in sufficient quantities in certain seafood seems to be able to 
counteract the toxic effects of Hg (Raymond and Ralston, 2004; Dyrssen and Wedborg, 
1991). It is well recognized that Hg and Se bind to form mercury selenides with 
extremely low solubility, ranging from 10-58 to 10-65, which is thus thought to be 
metabolically inert (Nuttall, 1987). The affinity constant of selenocysteine Se and Hg is 
high (~10-22), and the free selenides that form during each cycle of selenocysteine 
synthesis have an exceptionally high affinity constant for Hg: 10-45 (Dyrssen and 
Wedborg, 1991). Following the first report on the protective effect of selenite against Hg 
toxicity by Parizek and Ostadalova in 1967, numerous studies have shown Se 
supplementation counteracts the negative impacts of exposure to Hg in all investigated 
species of mammals, birds and fish (Beijer and Jernelov, 1978; Lourdes et al., 1991; 
Whanger, 1992; Suzuki at al., 1998). Therefore, it is reasonable to assume that not only 
does Se have an effect on the bioavailability of Hg, but that Hg may also have an effect 
on the bioavailability of Se. Therefore, selenium’s protective effect against Hg toxicity 
may simply reflect the importance of maintaining sufficient free Se to support normal 
selenium-dependent enzyme synthesis and activity (Suzuki et al., 1991; Raymond and 
Ralston, 2004). Overall, Se may offer protective effects towards Hg induced toxicity 
through several mechanisms such as sequestration of Hg (Magos et al., 1979; Ralston et 
al., 2008), antioxidative effect (Kaur et al., 2009; Ralston and Raymond, 2010), 
glutathione synthesis and increased glutathione peroxidase activity (Burk, 2002), high 
selenoprotein levels (Ralston et al., 2007) and increased demethylation (Khan and Wang, 
2010). 
Because Se and sulphur complex with Hg and both elements tend to be associated with 
sulphur in proteins, it is expected that Se and Hg tend to be bioaccumulated together in 
the tissues of marine organisms (Ganther et al., 1972). Se levels were found to be higher 
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in fish with elevated Hg levels (Kristan et al., 2012). At lower levels of Hg in fish an 
excess of Se in relation to Hg was observed, but no significant correlation was found 
between the two elements (Plessi et al., 2001; Miklavčič et al., 2011a). Moreover, 
different studies indicated Se and Hg co-accumulation in humans and other mammals 
(Falnoga and Tušek-Žnidarič; 2007). The levels of Hg and Se are strongly correlated in 
marine mammals (Ganther et al., 1972; Koeman et al., 1972). In certain human organs 
following exposure to high levels of inorganic Hg the coaccumulastion and retention of 
Hg and Se was established (Falnoga et al., 2000; Kosta et al., 1975). 
As in the case of Hg and Se, antagonistic effects or mutual detoxification between As and 
Se have also been confirmed in many animal species including humans (Levander, 1977, 
Zeng., 2001; Zeng et al., 2005). The interaction between Se and As may occur directly 
and indirectly. This depends on the chemical forms and the dose of each. Increased biliary 
excretion of Se may be the principal mechanism by which As interacts with Se. However, 
the existence of an interaction between As and Se through biliary excretion at low level 
Se and As intakes still remains to be determined (Zeng et al., 2005).  
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1.5 Mercury exposure assessment in the Idrija mercury mine area  

 
 The town of Idrija in Slovenia is well known for its Hg mine. Liquid Hg was discovered 
in 1490. From 1575 to 1994 over 12 million tons of ore was excavated and a total of 
153,000 tons of commercial Hg were extracted. In 1970ˋs information about the hazards 
of Hg and mass poisoning in Minamata (1956) and Iraq (1965) become widely known, 
and hence the price of Hg on the world market fell. Consequently in 1977 mining in Idrija 
was temporally suspended. The mine re-opened in 1983 and worked with minimal 
capacity until 1994 (Miklavčič, 1999). Approximately 500 years of Hg mining in Idrija 
has caused severe pollution in the environment of the town and its surroundings. During 
past years different studies were measuring Hg concentrations in sediments, soil, air, 
vegetation, water and animals (Horvat et al. 1999, 2002; Gosar and Šajn, 2003; Jereb et 
al., 2004; Kotnik et al., 2005; Groenlund et al., 2005; Kocman et al., 2011a, 2011b, 
Gnamuš, 2000) and elevated levels of Hg were found.  
Due to the potential mixed exposure to MeHg, elemental Hg and inorganic Hg species by 
the most susceptible population such as pregnant women in this Hg contaminated area, 
samples of local foodstuff were collected and speciation analyses of Hg were made. 
Potential exposure was assessed through foodstuff consumption (Miklavčič et al., 2013b). 
To better understand the issues ivolved in exposure assessment at this contaminated site, 
work previously performed on Hg in this environment is discussed in the following 
subchapter.  

1.5.1 Mercury in the environment of the Idrija mercury mine area 

 
The concentrations of THg in soil samples vary between 8.4 and 415 mg/kg and are up to 
40-fold higher than the maximum permissible (10 mg Hg / kg) set by Slovenian 
legislation (Kocman et al., 2004). It must be pointed out that these high levels in soil are 
in part due to the natural geological occurrence of Hg and anthropogenic activities. MeHg 
in soil was found in much lower concentrations, e.g.  up to 32 µg/kg (Tomiyasu et al., 
2012). The highest levels of MeHg were found in soil samples with the lowest levels of 
THg, and MeHg concentrations were correlated with the total organic content (Tomiyasu 
et al., 2012). Likewise, Hg in soil, Hg in the river Idrijca and in sedimants remained 
elevated (Hines et al., 2006, Žižek et al., 2007, 2011; Kocman et al., 2011b). Horvat et al. 
(2002) found increased THg levels downstream of the mine from a few ng/L to up to 500 
ng/L. MeHg comprised round 1.5 % of THg above the town of Idrija, 0.2 to 0.7 % below 
Idrija and 2-3 % in river impoundments. Hg in sediments and flood plain soils increased 
by several-fold downstream, with MeHg comprising from 0.01 to 0.1% of THg (Horvat et 
al., 2002). 
Hg is transfered to the river system due to erosion and surface runoff from contaminated 
surfaces located in and around the town of Idrija. Importantly, evidence of transformation 
of Hg exists, because of the increased relative contribution of dissolved Hg species 
downstream from the mine and as well as MeHg levels. Therefore, released Hg becomes 
more available. It was also reported that MeHg levels are spatially and seasonally 
variable, with higher values at the most contaminated sites during summer (Žižek et al., 
2007) and at impounded areas (Hines et al., 2006).  
After closure of the Hg mine in 1994, the levels of Hg in air have diminished significantly 
(Kotnik et al., 2004) from approximately 20 µg/m3 (Kosta et al., 1974) to up to 5 µg/ m3 
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in the contaminated former distillation plant during a hot summer day (Kocman et al., 
2011a).  

 

1.5.2 Mercury in fish 

 
MeHg present in the river Idrijca bioaccumulates and is biomagnified across trophic 
levels from water, algae, periphyton to macroinvertebrates and fish (Žižek et al., 2007). 
Levels in fish from the Idrija Hg mine area are elevated (Horvat et al., 2004; Cvetković et 
al. 2010) compared to fish from non-contaminated areas (Kristan et al., 2012). These 
levels vary from 70 ng/g to 3700 ng/g wet fish muscle of THg and from 92 ng/g to 1172 
ng/g of MeHg according to location and fish species (Horvat et al., 2004). However, it 
might be assumed that the population from this area rarely eat local fish from Idrijca 
river, because they are well informed about the threat from Hg and people buy fish mostly 
from the fish market. 
  
 

1.5.3 Mercury in deer 
 
Levels of Hg in deer are elevated compared to the levels in deer from non-contaminated 
areas (Table 7). General background levels amount from 1.5 ng/g to 5.0 ng/g w.w. in deer 
muscle (Gnamuš et al., 2000) and on average between 30 and 450 ng/g w.w. in deer 
kidney (Pokorny and Ribarič-Lasnik, 2002). Thus on average levels in deer levels in deer 
found in the Idrija Hg mine area are about 30-40 fold higher than background levels 
(Gnamuš et al., 2000). In terms of Hg exposure assessment from deer consumption by the 
population in Idrija, it must be considered that deer in Idrija are eaten rarely mostly by the 
hunter's family (personal communication). Based on PTWI for MeHg (1.3 µg/kg b.w.) 
and based on the maximum level of MeHg determined in deer from this area (72 ng/g) 
(Gnamuš et al., 2000), it can be estimated that a man (60 kg) can eat approximately one 
portion (150 g) of deer meat per day. 
 
 
Table 7: Mean (X), median (Med), minimum (Min) and maximum (Max) levels of THg 
and MeHg in deer muscle from the Idrija Hg mine area (Gnamuš et al., 2000). 

 
 n  X 

ng/g w.w 
Min 

ng/g w.w 
Max 

ng/g w.w. 
Deer 2009 

(our not published data) 
2 THg Roe deer: 72 

Roe calf: 15 
  

MeHg 
 

Roe deer: 58 
Roe calf: 15 

  

Deer (1990-1998) 
 

 

9 
 
 

THg 80 28 143 
MeHg 32 5.0 65.0 

Deer (1990-1998) 
controls 

from area near Ljubljana  
 

6 
 
 

THg 2.8 1.5 5.0 
MeHg 1.0 0.4 1.5 
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1.5.4 Mercury in vegetables 

 
T-Hg concentrations vary in the area of Idrija town considerably (Jereb et al., 2004; 
Falnoga et al., 2003). The highest levels were found in parsley leaves, followed by 
parsley roots, chicory and cabbage (Table 8). These elevated levels should not be 
overlooked especially for the vegetables such as chicory that in season could be eaten 
daily (Falnoga et al., 2001). MeHg in vegetables was low, varying from 0.02 to 2.3% of 
THg concentrations (Kobal et al., 2005). However, it must be pointed out  that MeHg was 
determined in only a few samples. Therefore, in our study the MeHg was determined in 
all vegetables with the highest THg levels. 
 
Table 8: Mean (X), median (Med), minimum (Min) and maximum (Max) levels of THg 
in vegetables collected from different gardens in the Idrija mine area in 2001 (Falnoga et 
al., 2003). 
 

 n X 
(ng/g d.w.) 

Med 
(ng/g d.w.) 

Min 
(ng/g d.w.) 

Max 
(ng/g d.w.) 

onion, pumpkin, 
tomato, carrot 

15 189 63 <LOD 737 

parsley leaves 8 3950 2300 242 13900 
parsley roots 6 2480 1900 214 7680 
cabbage 4 1061 301 241 3400 
chicory  6 1960 1280 374 6430 
 
 

1.5.5 Health studies performed in the Idrija mercury mine 
area 

 
 
In 1572 Theophrastus von Hohenhain (known as Paracelsus) first described the serious 
condition of miners from the Idrija Hg mine area: “All the people who live there are 
deformed and paralysed, asthmatic and benumbed, without any hope of getting well” 
(Lesky, 1956; Kobal and Kobal Grum, 2010). The first physician to be employed in the 
Idrija Mercury Mine in 1754 was Joannes Antonius Scopoli, whose descriptions of 
mercurialism are still relevant today. His most important observations were on the 
interaction between elemental Hg and alcohol, the appearance of lung impairment, and 
depressive mood in mercurialism (Kobal and Kobal Grum, 2010). In 1965 a Health Safety 
Programme was applied in the area of occupational health of the miners, based on 
extensive research activities, and comprising technical protective measures, monitoring of 
Hg levels in the work places, evaluation of individual intensity of exposure, biological 
monitoring, personal protection, rotation of work places, reduction of length of exposure 
and targetted medical examinations. The results of this programme were successful since 
the number of Hg intoxicated workers dropped considerably. Although the areas worked 
where native Hg was present increased, there were no intoxicated workers after 1975 
(Kobal and Dizdarevič; 1997).  
Many studies have been made on the impact of long-term past exposure to elemental Hg 
in this area (Kobal et al.; 2001; Byrne et al. 1995; Boffetta et al.; 1998; Boffetta et al.; 
2001; Falnoga et al.; 2000; Falnoga et al.; 2002; Kobal et al.; 2004; Grum et al.; 2006; 
Kobal et al.; 2008) indicating glomerular and tubular damage to exposed miners (Kobal et 
al.; 2001), the possibility of increased mortality among Hg miners due to ischaemic heart 
disease (Kobal et al. 2004; Boffetta et al.; 2001), no association with cancer risk, with the 
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possible exception of liver cancer (Boffetta et al.; 1998) and depression associated with 
negative self-concept in miners moderately exposed to elemental Hg and high alcohol 
consumption (Grum et al.; 2006).  In addition, the potential effects of remote (past) long-
term intermittent occupational elemental Hg vapour exposure on erythrocyte glutathione 
levels and some antioxidative enzyme activities in ex-Hg miners were studied (Kobal et 
al.; 2008). This study found a significant increase of glutathione levels, glutathione 
reductase and catalase activity in erythrocytes, indicating a possible response to the Hg 
burden accumulated during remote occupational exposure. Another study concluded that 
lifelong exposure to moderately elevated Hg levels of exposure does not have a 
significant influence on plasma Se (Falnoga et al. 2002). In human autopsy samples from 
Hg mine workers Se coaccumulation with Hg was confirmed in samples of thyroid, 
pituitary, kidney cortex and nucleus dentatus (Falnoga et al.; 2000).  
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2. Hypothesis and aims 

 
 
Due to the important issue of MeHg exposure of the most susceptible general population, 
the study was mainly focused on MeHg exposure of Slovenian pregnant women. This 
exposure levels were then compared with Italian, Croatian and Greek population involved 
in the same project. It was expected that in central Slovenia exposure to MeHg is low, 
mainly due to the low frequency of fish consumption. Moreover, the highest exposure 
levels to MeHg would be found in populations living near the sea (such as the populations 
from Italy, Croatia and Greece) consuming more fish compared to inland populations. 
Although fish are the main exposure pathway of MeHg for the general population, they 
are also an important source of essential nutrients such as n-3 fatty acids and Se. 
Therefore, together with Hg levels Se and PUFAs were determined in fish samples 
available on the Slovenian market. In addition, the levels of PCBs in fish available on the 
Slovenian market could represent an issue worth investigating. In our study was also 
assumed, that particularly at low levels of exposure to MeHg from fish consumption, 
speciation analyses could be very important, because inorganic Hg from sources other 
than fish could contribute significantly. It was expected that not only Hg, but also As and 
Se concentrations determined in biological samples are mainly associated with fish 
consumption. In addition, exposure assessment of pregnant women to MeHg and other 
Hg species from the contaminated Idrija Hg site was included. The Hg exposure through 
consumption of home grown vegetables and mushrooms from the contaminated area in 
Idrija was considered. Elevated levels of Hg in vegetables and mushrooms from the Idrija 
Hg mine area have been found in the past. It is also known that vegetables from the 
contaminated area of the Idrija Hg mine contain mainly inorganic mercury, which has a 
very low bioavailability. However, in this thesis was assumed that frequent consumption 
of home grown vegetables from the contaminated site eaten daily could contribute 
significantly to Hg exposure.  
 
 
 
 Thus the aims of the thesis were as follows: 
 
 

• to assess the Hg exposure of the most susceptible Slovenian population through 
fish consumption data, measurement Hg levels in fish from the Slovenian market 
and biomarkers of exposure 

 
• to compare the exposure levels found in Slovenia with exposure levels in 

Mediterranean countries 
 

• to estimate which of the biomarkers of prenatal low-level Hg exposure is the most 
appropriate for use in large-scale epidemiological studies 
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•  to assess exposure of the study population to As and Se 
 

• to assess the Hg exposure of the population living  in the contaminated area (Idrija 
Hg mine area) through consumption of local food items 
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3. Publications 

3.1 Mercury, selenium, PCBs and fatty acids in fresh and canned 
fish available on the Slovenian market  

 
 
In this section, the article (Miklavčič et al., 2011a) entitled “Mercury, selenium, PCBs 
and fatty acids in fresh and canned fish available on the Slovenian market” by Ana 
Miklavčič, Prof. Dr. Vekoslava Stibilj, Prof. Dr. Ester Heath, Dr. Tomaž Polak, Janja 
Snoj Tratnik, Janez Klavž, Dr. Darja Mazej and Prof. Dr. Milena Horvat is presented. The 
article was published in Food Chemistry. 
 
The purpose of this article was to ascertain the safety of fish consumption in Slovenia and 
to contribute to general understanding of the risks and benefits of consuming fish and fish 
products. In this article the levels of THg, MeHg and the levels of PCBs, as well as the 
quantity of some components that are essential for a balanced human diet (Se, n-3 and n-6 
fatty acids) were determined in fresh and canned fish available on the Slovenian market. 
Because it is believed that human exposure to MeHg occurs mainly from eating fish, the 
Hg exposure of pregnant women, mostly from Ljubljana and its surroundings, was 
assessed from determination of THg in hair and from the frequency of fish consumption 
(Miklavčič et al., 2011a). 
 
The research presented in this article was supervised by Prof. Dr. Milena Horvat, Prof. 
Dr. Vekoslava Stibilj, Prof. Dr. Ester Heath and Dr. Tomaž Polak. My contribution to this 
work was to process the Hg data, perform the statistical analyses and draft the manuscript. 
In addition, I carried out the analyses of THg and MeHg. Part of this work was presented 
at the scientific conference: 9th International Conference on Mercury as a Global 
Pollutant, June 7-12, 2009. 
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3.2 Biomarkers of low-level mercury exposure through fish 
consumption in pregnant and lactating Slovenian women 

 
 
 
In this section, the article (Miklavčič et al., 2011b) entitled “Biomarkers of low-level 
mercury exposure through fish consumption in pregnant and lactating Slovenian women” 
by Ana Miklavčič,  Dr. Petra Cuderman, Dr. Darja Mazej, Janja Snoj Tratnik, Mladen 
Krsnik, Petra Planinšek, Prof. Dr. Joško Osredkar and Prof. Dr. Milena Horvat is 
presented. The paper was published in Environmental Research (Elsevier). 
 
In this article MeHg exposure of the most susceptible Slovenian population was assesed 
using detailed fish consumption data in combination with biomarkers of exposure. 
Importantly, this study used the MeHg levels measured in the most frequently eaten 
species of fish of the studied population, and not just THg levels in fish. Moreover, the 
aim was to estimate which of the biomarkers of prenatal low-level Hg exposure is the 
most appropriate for use in large-scale epidemiological studies. The Hg speciation data 
obtained in this study represent valuable information for future large epidemiological 
studies that will deal with Hg risk assessment and are important in the study of the 
toxicokinetics of Hg (Miklavčič et al., 2011b). 
 
This study was part of a research project within the EU 6th Framework Programme 
Public Health Impact of Long-term Low-level Mixed Element Exposure in Susceptible 
Population Strata (PHIME)and all the coauthors of this article collaborated in this project. 
My contribution to this work was first to perform the analyses of THg in hair and cord 
blood samples, and second to carry out the calculations and statistical analyses and 
interpret the data. As first author my task was to draft the manuscript. 
Part of the research included in this article was presented at the scientific conferences: 
15th International Conference on Heavy Metals in the Environment, September 19-23, 
2010 and that on Environmental Health 6-9 Fabruary 2011.  
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3.3 Mercury, arsenic and selenium exposure levels in relation to 
fish consumption in the Mediterranean area 

 

  

In this section, the article (Miklavčič et al., 2013a) entitled “Mercury, arsenic and 
selenium exposure levels in relation to fish consumption in the Mediterranena area” by 
Ana Miklavčič, Anica Casetta, Janja Snoj Tratnik, Darja Mazej, Mladen Krsnik, Dr. 
Marika Mariuz, Katia Sofianou, Dr. Zdravko Spirić, Prof. Dr, Fabio Barbone and Prof. 
Dr. Milena Horvat is presented. The article was published in Environmental Research 
(Elsevier). 
 
In this article Hg, As and Se exposure levels of the most susceptible population of 
Mediterranean areas, namely pregnant women, were assessed through fish consumption 
using detailed fish consumption data in combination with different biomarkers of 
exposure. The main strength of this study was the high number of women (over 2000) 
from whom different biomarkers of Hg, As and Se exposure and nutritional status data 
were collected. This is a comprehensive study that involves the same data collection 
approach and the same sampling methods in all four countries (Italy, Slovenia, Croatia 
and Greece) and in which analysis of all biological samples was performed by the same 
laboratory. Furthermore, in terms of simultaneous low-level exposure to a group of 
elements that can interact with each other, this study represents an invaluable data base 
for future risk assessment studies. In addition, the Hg speciation data obtained in this 
work are of great importance for studying the toxicokinetics of Hg. Given the cost of 
analyses of MeHg at low levels of exposure in epidemiological studies, this is a uniquely 
extensive study in which speciation of Hg was determined in a large number of biological 
samples (Miklavčič et al., 2013a). 
 
This study was part of a research project PHIME within the EU 6th Framework 
Programme. My contribution to this work was first to evaluate all data, carry out the 
calculations and supervised by Prof. Dr. Barbone and Anica Cassetta, perform the 
statistical analyses. I interpretated the data and drafted the manuscript. In addition, I 
carried out the analyses of THg in more than 2000 samples. I was supervised by Prof. Dr. 
Milena Horvat. 
Part of this work was also presented and published at scientific conferences: the 3rd 
International Symposium on Trace Elements & Health, 24-27, May, in 2007 and the 11th 
International Symposium on Neurobehavioral Methods and Effects in Occupational and 
Environmental Health, June 5-10, 2011. 
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3.4 Mercury in food items from the Idrija mercury mine area 
 
 

 

In this section, the article (Miklavčič et al., 2013b) entitled “Mercury in food items in the 
Idrija mercury mine area” by Ana Miklavčič, Dr. Darja Mazej, Dr. Radojko Jaćimović, 
Tatjana Dizdarević and Prof. Dr. Milena Horvat, in press in the Special Issue “Hg in the 
contaminated sites” of Environmental Research (Elsevier), is presented. 
 
In this article the potential exposure to Hg species of the population living in the 
contaminated Idrija area was assessed through analyses of local food items consumed. 27 
different kinds of vegetables were collected in 10 individual domestic gardens selected 
randomly in Idrija town and its surroundings. Besides checking the present situation in 
these samples, levels of THg and MeHg were also determined in mushrooms and fish 
from the Idrija Hg mine area, since in the past elevated levels of Hg were found in these 
kinds of foodstuffs collected in this area. In addition, Cd and Se concentrations were 
determined in selected vegetable samples in order to assess exposure levels to these 
elements. Determination of Se was included in the analyses due to its detoxifying role as 
an essential component of antioxidative enzymes and in forming insoluble complexes 
with metals and metalloids, either in food, especially of animal origin, or after ingestion 
in humans. Moreover, the results presented in this study are important in checking the 
present situation regarding the contents of Hg in various selected local vegetables, 
mushrooms and fish samples, and in following any changes resulting from closure of the 
mine and environmental remediation measures (Miklavčič et al., 2013b). 
 
In this study I prepared all the samples and carried out the analyses of THg and MeHg, 
performed the calculations, statistical analyses and interpreted the data. As first author I 
drafted the manuscript. Part of this work was presented and published at the 6th SETAC 
World Congress, 20-24 May, 2012. 
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Abstract 

 

As a consequence of 500 years of mining and smelting activities (1490-1995), and of its 

natural geological occurrence, the soil in the Idrija region is highly contaminated with Hg. 

In order to assess the present situation regarding the Hg contents in local food samples, 

concentrations of total mercury (THg) and monomethyl mercury (MeHg) were 

determined in selected vegetables, mushrooms and fish from the Idrija Hg mine area. Hg 

levels in the foodstuffs analysed were not very high but were elevated compared to the 

levels in food from non-contaminated areas. The study showed that THg accumulates in 

mushrooms (X=5680 ng/g dry weight, Min=346 ng/g dry weight, Max=17100 dry 

weight) and chicory (X=1950 ng/g dry weight, Min=86 ng/g dry weight, Max=17100 

ng/g dry weight). In addition, Se and Cd concentrations were determined by ICP-MS in 

those vegetable and mushroom species in which the highest Hg levels were found. The 

levels of Cd and Se were below the threshold levels. Based on previously available data, 

we can conclude that the levels of Hg in food have not diminished significantly during the 

past 15 years after closure of the Hg mine. Special attention should be given to vegetables 

such as chicory representing a local seasonal vegetable eaten frequently.  

 

Keywords: mercury, monomethylmercury, exposure assessment, mercury contaminated 

area  
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1 Introduction 

 

Idrija is a small town in Slovenia that is well known for its Hg mine. Hg was discovered 

in 1490 and mining was taken over by the government in 1575. Over the years, 

generations of miners excavated over 12 million tons of ore and an estimated total of 

about 153,000 tons of commercial mercury was extracted. The mine operated effectively 

until the 1970s, when information about the harmful effects and mass poisoning with Hg 

(Minamata 1956, Iraq 1965) become widely known. Consequently, the price of Hg on the 

world market fell and in 1977 mining in Idrija was temporally suspended. The mine re-

opened in 1983 and worked with minimal capacity until 1994 (Miklavčič, 1999). 

As a result of 500 years of mining and smelting activities, intense pollution of Hg of 

nearly all environmental compartments occurred in the Idrija area. Hg measured in water, 

sediments and soil from the mercury mine area showed very high levels, the values of 

THg content in soil samples taken in the wider Idrija area varying between 8.4 and 415 

mg/kg, up to 40-fold higher than the maximum permissible (10 mg Hg / kg) set by 

Slovenian legislation (Kocman et al., 2004). These high levels are in part due to the 

natural geological occurrence of Hg, as well as anthropogenic activities. The 

concentrations of MeHg in soils were up to 32 µg/kg. The lowest levels of MeHg were 

found on the riverside and the highest levels on hill slopes, which was the opposite that 

for THg determined in the same soil samples (Tomiyasu et al., 2012). Moreover, the 

distribution of MeHg was correlated with the total organic content (Tomiyasu et al., 

2012). THg in the river Idrijca increased downstream of the mine from a few ng/L to up 

to 500 ng/L with MeHg accounting for 1.5 % above the town of Idrija, 0.2 to 0.7 % below 

Idrija and 2-3 % in river reservoirs. Hg in sediments and flood plain soils also increased 

by several fold downstream, with MeHg ranging from 0.01 to 0.1% (Horvat et al., 2002). 
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Hg can be harmful even at very low levels, especially for the most susceptible population 

comprising pregnant women and children. Importantly, the toxicokinetics of Hg is 

dependent on the route of exposure (inhalation, oral or dermal exposure) and on the form 

of mercury to which a person is exposed (Horvat et al., 2011a). Organic Hg compounds 

are more readily absorbed in the gastrointestinal tract than inorganic Hg (IHg) 

compounds. While 95 % of MeHg is thought to be absorbed in the gastrointestinal tract, 

animal studies indicate that the absorption of IHg is approximately 10-30 % (Piotrowski 

et al., 1992; Morcillo and Santamaria, 1995, ASTDR, 1999). The major toxic effect of 

MeHg is on the central nervous system and the developing foetus is the most vulnerable 

target (NRC, 2000). Inorganic species of Hg can give rise to kidney damage, including in 

some cases the nephritic syndrome. Inhaled Hg vapour can also cause damage to the 

central nervous system due to its ability to cross the blood-brain barrier (Clarkson and 

Magos, 2006). 

Because most people from this region eat home and locally produced food, special 

attention should be given to vegetables grown in this area. Therefore, 27 different kinds 

of vegetables were collected in 10 individual domestic gardens selected randomly in 

Idrija town and its surroundings. Besides checking the present situation in these samples, 

levels of THg and MeHg were also determined in mushrooms and fish from the Idrija Hg 

mine area, since in the past elevated levels of Hg were found in these kinds of foodstuffs 

collected in this area (Kosta et al., 1974; Byrne and Kosta, 1970; Stegnar et al., 1973; 

Byrne et al., 1979; Byrne et al., 1976; Horvat et al., 2004). In addition, Cd and Se 

concentrations were determined in selected vegetable samples in order to assess the 

exposure levels of Cd and Se. Determination of selenium was also included in the 

analysis due to its detoxifying role as an essential component of antioxidative enzymes 

and in forming insoluble complexes with metals and metalloids, either in food, especially 
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of animal origin, or after ingestion in humans (Raymond and Ralston, 2004; Levander, 

1977; Zeng., 2001; Zeng et al., 2005).  

Thus the aim of this study was to assess the potential exposure to Hg species of the 

population living in the contaminated area through consumption of local food items. 

Moreover, the results presented in this study are important in checking the present 

situation regarding the contents of Hg in various selected local vegetables, mushrooms 

and fish samples, and in following any changes resulting from closure of the mine and 

environmental remediation measures. 

 

2 Methods 

 

2.1 Study area 

  

The Hg mine is located in the town of Idrija, which lies on the alluvial deposit at the 

confluence of the Nikova and the Idrijca Rivers. The location can be taken as marking the 

dividing line between the Alps to the north and the Karst plateau to the south (Kocman, 

2008). This study area is shown in the Figure 1. Ten sampling sites were selected in 

individual domestic gardens in the town and its surroundings (Figure 1), from which 

vegetables and soil samples were collected. Samples of fish were collected at 4 different 

locations on the river Idrijca (Figure 2). 

 

2.2 Collection and storage of samples 

 

2.2.1 Vegetables and mushrooms 
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10 sampling sites in individual domestic gardens were selected in the town of Idrija and 

its surroundings (Figure 1) in which the sampling of different vegetables was performed. 

Samples of cabbage (n=5), kale (n=5), chicory (n=7), parsley leaves (n=6), carrot (n=5), 

leek (n=3), cucumber (n=3), zucchini (n=1), pumpkin (n=1), pepper (n=2), chili pepper 

(n=1), Brussels sprouts (n=1), mangold (n=1), broccoli (n=1), red beet (n=2), egg plant 

(n=1), red cabbage (n=2), celery (n=1), tomato (n=1), corn salad (n=1) and mushrooms 

(Hydrum Repandum (n=1), Lactarius deliciosus (n=2), Kuehneromyces mutabilis (n=1), 

Macrolepiota procera (n=1)) were collected in August 2008, while samples of cabbage 

(n=5), kale (n=1), chicory (n=5), parsley leaves (n=4), carrot (n=4), leek (2), cucumber 

(2), zucchini (n=2), pepper (n=1), lettuce (n=2), mangold (n=3), melon (n=1), corn (n=1), 

beans (n=3), chives (n=3), celery (n=2), tomato (n=4) and onion (n=2) were collected in 

August 2009. In addition, samples of parsley leaves (n=1), chicory (n=1), cabbage (n=2), 

onion (n=1) and mushrooms Kuehneromyces mutabilis (n=1) were collected in Orle 

village, outside the city of Ljubljana, where the soil is not contaminated with Hg and 

which served as a background or control area. The cleaning procedure was selected to 

resemble domestic food preparation. Samples were washed with cold tap water and frozen 

at -18°C. Before analysis samples were freeze dried (ALPHA 1-4 Freeze drier) at -47 ºC 

(0,05 mbar) for 72 hours and homogenized in an agate micro mill (Fritsch, Pulverisette 7).  

 

2.2.2 Fish samples 

 

44 fish samples comprising the 8 different species Mediterranean barbel (Barbus 

meridionalis), three different kinds of trout (Salmo marmoratus, Salmo trutta, Salmo sp.), 

rainbow trout (Oncorhynchus mykiss), grayling (Thymallus thymallus), souffia (Leuciscus 

souffia) and bullhead (Millerigobius macrocephalus) were collected at 4 different 

locations on the river Idrijca in 2009 (Figure 2).  
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From sampling sites 1, 2, 3 and 4 we collected 10, 13, 6 and 16 different fish samples 

respectively (see Table 1). 

Fish were cleaned, gutted, scaled and skinned and the residue stored in a freezer at -18°C. 

Only the edible part (muscle) of the fish was used for analysis. 

 

2.2.3 Soil samples 

 

1 kg of each soil sample was collected from the selected domestic gardens in the town of 

Idrija in 2011 at the depth of 20 cm (Figure 1). A soil sample from Orle village was 

collected in 2010, at the same time as vegetables were collected from this reference 

garden. All soil samples were dried to constant weight at 35°C in a drying oven for 

approximately 3 days. Samples were then ground and homogenized in an agate mortar, 

and sieved through a mesh of 200 µm pore size. In addition, a separate aliquot of each 

fresh sample was dried at 105°C to constant weight for the determination of moisture 

content, and results were expressed on a dry weight basis. 

 

2.3 Study methods 

 

2.3.1 Determination of THg in fish  

 

0.030 g to 0.200 g of fish tissue was weighed into 50 ml volumetric flask, to which 1 ml 

of distilled water, 2 ml of a mixture of 65 % HNO3 (Merck, Germany, p.a.) – HClO4 

(Merck, Germany, Suprapur) (1:1, v/v) and 5 ml of 96 % H2SO4 (Merck, Germany, 

Suprapur) were added. The open flasks were heated on a hotplate for 20 minutes. After 

cooling, the digested samples were filled up to the 50 ml mark with distilled water. A 
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semi-automated Mercury Analyser based on cold vapour atomic absorption spectrometry 

was used for determination of THg in the digested samples (Akagi, 2007). 

The accuracy of the results was checked by analysing Dogfish Muscle CRM (Certified 

Reference Material) for Trace Metals DORM-2 from the National Research Council 

Canada. Levels of THg determined in the CRM (4510 ± 140 ng/g) were in good 

agreement of the certified level (4640 ± 260 ng/g). All samples were prepared and 

measured in duplicate (except CRMs) and the deviation between them was less than 10 

%. The limit of detection (LOD) calculated as 3 times the standard deviation of the blank 

sample was 0.1 ng/g and the limit of quantification (LOQ) was estimated at 1 ng/g.  

Akagi (1997) described the procedure in detail. 

 

2.3.2 Determination of THg in vegetables and mushrooms 

  

THg in vegetables and mushrooms was determined by thermal combustion at 650 °C, 

amalgamation and atomic absorption spectrometry using a Direct Mercury Analyzer 

(Milestone, USA). The procedure, using about 0.020 g of freeze dried sample has been 

described in detail elsewhere (EPA Method 7473, 1998). BCR-679 CRM (No 165 (white 

cabbage) from the Institute for Reference Materials and Measurements in Belgium was 

used to check the accuracy of the results for THg in vegetables and mushrooms and the 

values found (6.0 ± 0.7 ng/g, n=16) were in good agreement with the certified reference 

value (6.3 ± 1.4 ng/g). All other samples were measured in duplicate and the deviation 

between them was less then 10%. 

The LOD of the method calculated as three times the standard deviations of the blank 

sample was 0.2 ng/g sample, while the LOQ calculated as ten times the standard deviation 

of the blank sample was 0.7 ng/g sample. 
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2.3.3 Determination of MeHg in fish 

 

0.030-0.100 g of fish tissue was weighed into 50 mL Teflon distillation vial to which 9 

mL of distilled water, 1 mL of  4M H2SO4 (Merck, Germany, Suprapur) and 50 µL of 

20% KCl (analytical grade, Merck) solution were added. Distillation was then carried out 

with a Tekran 2750 distillation apparatus at 145 °C for about 1h 15 minutes until 85-90% 

of the vial content was distilled.  The procedure has been described in detail elsewhere 

(Horvat et al., 1993). 

After distillation MeHg was determined by aqueous phase ethylation and gas 

chromatography  followed by cold vapour atomic fluorescence detection using a Tekran 

2700 Methyl Mercury Analysis System (EPA 1630). 

The accuracy of the results was checked by analysing the Fish Protein CRM for Trace 

Metals DORM-3 from the National Research Council of Canada. Levels of MeHg found 

in the CRM (344 ± 65 ng/g) were in good agreement with the certified level (355 ± 56 

ng/g). All the other samples were measured in duplicate and the deviation between them 

was less than 10 %. The LOD calculated as 3 times the standard deviation of the blank 

sample was 0.02 ng/g of fish sample and the LOQ was estimated at 0.06 ng /g of fish 

sample.  

 

2.3.4 Determination of MeHg in vegetables and mushrooms 

 

Approximately 0.030 g of freeze dried vegetable or mushroom was weighed into 50 mL 

Teflon distillation vial to which 9 mL of distilled water, 1 mL of  4M H2SO4 (Merck, 

Germany, Suprapur) and 50 µL of 20% KCl (analytical grade, Merck) solution were 

added.  Distillation and MeHg determination was then carried out as described previously 

(Section 2.2.3).  
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The accuracy of the results was checked by analysing the Seaweed (Fucus sp.) reference 

material (RM) 140/TM from the IAEA, Vienna. Levels of MeHg determined in this RM 

(0.52 ± 0.10) ng/g were in agreement with the reference level (0.626 ± 0.107). All the 

samples were measured in duplicate and the deviation between them was less than 10 %. 

The LOD calculated as 3 times the standard deviation of the blank sample was 0.03 ng/g 

of foodstuff  and the LOQ was estimated at 0.09 ng/g.  

 

 

2.3.5 Determination of Se and Cd in vegetables by ICP-MS 

 

About 0.2 g of sample was weighed into a quartz tube. 3 mL 65 % HNO3,(Merck, 

Germany, suprapur) and 1 mL 30 % H2O2, ,(Merck, Germany, suprapur) were added and 

the sample subjected to closed vessel microwave digestion (Microwave system ETHOS 1, 

Milestone 130471) at max. power of 1500 W: ramp to 130 °C 10 min, ramp to 200 °C 10 

min, hold 20 min, cooling 20 min. Digested sample solutions were diluted to 20 mL. 

Before measurements, samples were further diluted if necessary. Measurements of 

concentrations of elements in digested solutions were made by an Octapole Reaction 

System (ORS) Inductively Coupled Plasma Mass Spectrometer (7500ce, Agilent) 

equipped with an ASX-510 Autosampler (Cetac). Two different modes of ORS (hydrogen 

and helium) were used. Quantification on all isotopes was performed using three central 

points of the spectral peaks. Instrumental conditions: nebulizer Micro Mist, spray 

chamber Scott-type, spray chamber temperature 5 C, plasma gas flow rate 15 L/min, 

carrier gas flow rate 0.8 L/min, make-up gas flow rate 0.1 L/min, nebulizer pump 0.1 rps, 

RF power 1500 W, reaction cell gases: H2 4 mL/min and He 4 mL/min, tuning of the 

instrument was made daily, and the isotopes monitored were 78Se, 111Cd. 
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CRM-679 (White Cabbage) from the Institute of Reference Materials and 

Measurements in Belgium and Standard Reference Material (SRM) 1570a (Spinach 

Leaves) from the National Institute of Standards & Tehnology of the United States of 

America were used to check the accuracy of the results and the values found were in 

agreement with the certified reference values. 

 
 

2.3.6 Determination of THg by ko INAA 

 

0.17-0.19 g of soil was sealed into a pure polyethylene ampoule (SPRONK system, 

Lexmond, The Netherlands). Sample and standard (Al-0.1%Au IRMM-530R disc 5 mm 

in diameter and 0.2 mm high) were stacked together and fixed in the polyethylene 

ampoule in sandwich form and irradiated for 13 hours in the carousel facility (CF) of the 

Institute’s 250 kW TRIGA Mark II reactor at a thermal neutron flux of 1.1×1012 cm-2 s-1 

(Jaćimović, 2003; Jaćimović et al., 2003a). 

Following irradiation, the samples were measured after 3, 10-13 and 25-28 days cooling 

time on two absolutely calibrated HPGe detectors (40 and 45% relative efficiency). The 

HyperLab (HyperLab 2002 System 2002) program was used for peak area evaluation, 

whereas for determination of f (thermal to epithermal flux ratio) and  (epithermal flux 

deviation from the ideal 1/E distribution), the "Cd-ratio" method for multi monitor was 

applied (Jaćimović et al. 2003a). The values f = 28.6 and  = -0.001 were used to 

calculate the elemental concentrations. The THg concentrations and effective solid angle 

calculations were carried out on the software package Kayzero for Windows (User’s 

Manual Kayzero for Windows Version 2, 2005). The method applied is in accordance 

with the ISO 17025 standard and also accredited by the Slovenian Accreditation system 

(Accreditation certificate LP-090). 
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For quality control purposes BCR-320R Channel Sediment was used. The results 

were in good agreement with the certified values. 

 

2.3.7 Statistical analysis 

 

All data obtained were analysed using STATA11/SE software. 

The distribution of THg, and MeHg values in fish and vegetables, and Se and Cd values 

in vegetable samples was assessed using the Shapiro-Wilk test. Since the data were not 

normally distributed, the Wilcoxon-Mann Whitney test was used for comparison of two 

different groups and the Kruskal-Wallis test was used for comparison of more than two 

groups. The level of statistical significance was set to p< 0.05. 

 

2.3.8 Exposure assessment 

 

To estimate the potential exposure to MeHg and IHg (obtained as the difference between 

THg and MeHg) of the population from the consumption of local food items, the 

equations 1 and 2 were used to calculate the probable daily intake (PDI):  

 

PDIintakeMeHg (µg/kg body weight/ day)= food intake (g/day) · [MeHg]/ body weight    …1 

 

PDIintakeIHg (µg/kg body weight/ day)= food intake (g/day) · [IHg]/ body weight    …2 

 

Data on the average annual intake of various foodstuffs by the Slovenian population was 

taken from the Statistical Office of the Republic of Slovenia (SORS), estimated for the 

year 2010.  
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3 Results and discussion 

 

3.1 Mercury in fish 

  

The concentrations of THg and MeHg found in fish from different locations on river 

Idrijca are shown in Table 1. 

 
Fish from the most polluted sampling site (sampling site 2) contained on average higher 

levels of THg and MeHg than fish from other sampling sites. A statistical test (Wilcoxon-

Mann Whitney test) showed that these differences were significant (Z=-3.732, p < 0.001 

for THg levels from sampling site 2 compared to THg levels from other sampling sites; 

and Z=-3.193, p = 0.001 for MeHg levels from sampling site 2 compared to MeHg levels 

from other sampling sites). Furthermore, fish from the most polluted site contained the 

lowest percentage of MeHg and the difference between the percentages of MeHg in fish 

from sampling site 2 and other sampling sites was significant (Wilcoxon-Mann Whitney 

test: Z=2.692, p=0.007). The average levels of Hg in fish from the least polluted sampling 

site (sampling site 1) are comparable with the average levels of Hg in fish available on the 

Slovenian market (Miklavčič et al., 2011a).  

On comparing the concentrations of THg and MeHg according to species at the same 

sampling site, we did not find any statistically significant differences with the exception 

of differences in MeHg levels between rainbow trout (Oncorhynchus mykiss) and grayling 

(Thymallus thymallus) at sampling site 2 (Wilcoxon-Mann Whitney test: Z=2.309, 

p=0.0209). The lack of significant differences in Hg levels between fish species could 

also be due to the low number of samples of the same species of fish.  

The Hg levels in fish found in this study are comparable with the levels from the same 

sampling sites measured in 2003 (Horvat et al., 2004), with the exception of fish from 
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sampling site 4. The higher levels in fish from sampling site 4 measured in 2003 could be 

due to a difference in the species sampled and analysed. In 2003 higher levels were found 

especially in grayling (X=1350 ng/g, Med= 1560 ng/g, n=4), which in the present study 

was not included in the samples available from sampling site 4. Moreover, the higher 

levels in grayling could be due to the weight of fish being above average.  

The data available from previous studies (Kosta et al.., 1974; Horvat et al., 2004) and the 

present work show that the levels of Hg in fish have not changed in the past decades, 

while the levels of Hg in air after closure of Hg mine in 1994 have diminished 

significantly (Kotnik et al., 2004).  

Based on the provisional tolerable weekly intake (PTWI) for MeHg (1.6 µg/kg body 

weight) of the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (WHO, 

2004) and based on the 95th percentile level of MeHg in fish from the sampling sites 2, 3 

and 4 on the river Idrijca  (1170 ng/g), it can be estimated that the MeHg in one portion of 

fish (150g) for a 70 kg man exceeds the PTWI by approximately 60%. However, a 70 kg 

man could eat a portion of fish from the least polluted sampling site 1 approximately 

twice a week. Unfortunately, there is no data on the consumption of fish from the river 

Idrijca by the population of Idrija. Therefore, it is impossible to estimate the potential 

exposure from fish caught in the Idrijca. Nevertheless, because the population of Idrija 

town are well informed about the threat from Hg and people buy fish mostly from the fish 

market, a considerable exposure to MeHg from consumption of fish from the Idrijca can 

be excluded.  

 

 
3.2 Mercury in vegetables and mushrooms 
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THg levels in vegetables were not very high (Table 2), but elevated compared to the 

levels in vegetables from non-contaminated areas which are usually very low. The 

average background level of THg determined in parsley leaves, chicory, cabbage and 

onion samples from Orle village near Ljubljana city was 6.6 ng/g d.w. (Min=1.2 ng/g 

d.w., Max=17 ng/g d.w.) and these results are in accordance with the literature (Falnoga 

et al., 2003). Our study showed that Hg accumulates in mushrooms and chicory (Table 4). 

These higher results found in chicory or mushrooms are in the same range as THg 

concentrations found in some plants in an abandoned cinnabar mining area in Spain or in 

the Almadén mining area in Spain (García-Sánchez et al., 2009; Millán et al., 2006). 

From past measurements it is also known that Hg accumulates in mushrooms from the 

Idrija mine area (Kosta et al., 1974; Byrne et al., 1979; Byrne et al., 1976), partly as 

MeHg (Stegnar et al., 1973). Moreover, the levels of THg we found in chicory are 

comparable with the levels measured in 2001 in the Idrija Hg mine area (Table 2). 

Therefore, the data indicate that the levels of Hg in vegetables have not diminished in the 

past 6 years. 

Overall, the high concentrations of Hg in vegetables such as chicory and in mushrooms 

should not be overlooked, as in season these are consumed daily or frequently. Further 

and more regular monitoring of Hg levels in different species of mushrooms and chicory 

from the Hg mining area should be carried out in the future. 

As mentioned, the vegetable samples were collected from 10 different gardens located 

above the smelter, near the smelter, in the other parts of Idrija town and in its 

surroundings. In addition, soil samples from these gardens and from the reference garden 

located in the village of Orle near the city of Ljubljana were sampled and THg levels 

were determined (Table 3). The THg levels from the contaminated Idrija area were much 

higher than the levels found in the reference soil. Importantly, THg levels in soils varied 

according to the location of the garden. The range of THg levels (Table 3) in soils from 
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the Idrija Hg mine area is in accordance with previously measured levels (Kocman et al,. 

2004) and comparable with THg in soils measured in Hg polluted areas of the province of 

Guizhou in China (Horvat et al., 2003).  

Although THg in soil varied according to garden position (Table 3), there were no 

significant differences observed in THg levels in vegetables from the 10 different gardens 

(Kruskal-Wallis test: p=0.43). This is in accordance with the results of studies where THg 

and MeHg levels determined in contaminated soils were not predictive of the THg and 

MeHg levels in rice (Rothenberg et al., 2012; Horvat et al., 2003). Not only is THg in soil 

not the most favorable predictor for MeHg levels in soil due to the number of biotic and 

abiotic factors influencing Hg(II)-methylation (Kelly et al., 1995; Ullrich et al., 2001), but 

also the contamination of Hg in vegetables is affected by factors such as the specific 

binding form in soil (Quevauviller, 2002), and the different ability of various vegetables 

species or different ability of different varieties of a foodstuff species (Rothenberg et al., 

2012) to accumulate Hg from the soil. The levels of THg in soil can only be one, and not 

the most important of the variables. Furthermore, the situation in Idrija is complicated by 

the inhomogeneous natural occurrence and anthropogenic inputs of elemental Hg and Hg 

as cinnabar. In our study Hg levels determined in vegetables can additionally reflect 

surface contamination due to the deposition of Hg on the surface of the leaves from the 

atmosphere or due to other factors. 

 

3.3 MeHg, Se and Cd levels in certain vegetables higher in THg 

 

After finding higher THg levels in some vegetables and mushroom samples, MeHg and 

some other elements were additionally determined in all chicory, cabbage, parsley and 

mushroom samples (Table 4). Surprisingly, in some samples MeHg levels were 

sometimes up to 100 times higher than those previously determined in vegetables (Kobal 
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et al., 2005) from the Hg contaminated Idrija region. The highest levels of MeHg found in 

some of the vegetable samples were of the same order of magnitude as the levels in 

polluted areas of the Guizhou province in China (Horvat et al., 2003). Moreover, the 

mean overall percentage of MeHg in vegetables found in our study (X=13.5%, 

STD=17%) is comparable with the mean percentage of MeHg (X=10.8 %, STD=21.1%) 

found in vegetables (cabbage, salad, fennel, tomato, beet, basil, parsley, garlic) grown 

near a chlor-alkali plant (Gibičar et al., 2009). But it must be pointed out that the levels of 

THg in vegetables were much lower in the vicinity of the chlor-alkali plant than the levels 

found in the Idrija mine area, and moreover the mean percentage of MeHg found in 

cabbage and parsley near the chlor-alkali plant was much lower and less variable than that 

found in cabbage and parsley from the Idrija mine area. Therefore, further monitoring of 

vegetables from the Idrija mine area should be conducted and further studies should be 

made to confirm this result and to assure the safety of local vegetable consumption.  

No significant differences were observed in MeHg levels in vegetables among the 10 

different gardens in the contaminated area (Kruskal-Wallis test: p=0.18), while 

differences were observed if the levels of MeHg in vegetables from the reference garden 

were included (Kruskal-Wallis test was marginally significant p=0.038). In addition, no 

significant differences were observed for As (Kruskal-Wallis test: p=0.60), Se (p=0.18) 

and Cd (p=0.10) in vegetables from all 11 different gardens. It must be pointed out that 

the study design (including the sample preparation) was not intended to study the uptake 

of Hg or other elements. Therefore, it is impossible to conclude anything about the 

elemental uptake mechanisms. Furthermore, the uptake of Hg is influenced by a number 

of factors such as the element species and binding form in soil, the soil type and 

conditions, etc. To evaluate all these factors extensive studies are needed with large 

numbers of samples of a certain species, grown in varying soil conditions. A recent study 

(Rothenber at al., 2012) showed that MeHg concentrations in polished white rice were 
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strongly associated with the rice genotype.  Therefore, future research should be focused 

on foodstuff varieties with low Hg-accumulating ability.  

In terms of identifying the presence of elevated levels of some contaminants in 

vegetables, our results indicate elevated Cd levels in mushrooms compared to Cd levels 

found in vegetables (Table 4). However, these levels are still slightly below the threshold 

level for Cd in mushrooms set by European Commission Regulation ES no. 1881/2006. 

Se is sometimes present at elevated levels in chicory and cabbage from Idrija town and its 

surroundings. It is well known that Se is essential in small concentrations, but can be 

toxic at larger ones, and the range between essentiality and toxicity is only about one 

order of magnitude. According to the highest levels of Se found in chicory or cabbage in 

this study and according to the tolerable upper intake set by the Word Health 

Organization (WHO, 1996),  approximately 400 g of chicory or cabbage may be 

consumed daily. At high levels antagonistic effects or mutual detoxification between Hg 

and Se have been confirmed in animal species (Parizek, 1967; Ng et al., 2001). Se could 

have an antagonistic effect on Hg in vegetables from the contaminated site of Idrija. 

However, not many studies have attempted to elucidate the influence of Se on biological 

processes involving Hg in plants and further studies are needed to investigate this. 

 

Since this study was focused mainly on estimation of Hg exposure in the contaminated 

area due to the contamination of local food items, the 95th percentile of MeHg levels (46 

ng/g w.w.) found in vegetables and the 95th percentile of IHg (466 ng/g w.w.) were used 

to calculate the PDIs (Equations 1 and 2). On the assumption that the population of Idrija 

does not consume local fish, Hg contamination of fish was neglected. The calculated PDIs 

for MeHg and IHg were 166 ng of MeHg/ kg day and 1.66 µg of IHg/kg day, 

respectively. It was calculated from our results that the weekly intake of MeHg did not 

exceed the PTWI of 1.6 µg/kg body weight (WHO, 2004). Nevertheless, the PDI for 
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MeHg estimated in this study is about 7 times higher than the PDI estimated for a 

population of pregnant women mainly from the Ljubljana region (Miklavčič et al., 

2011b). Although the PTWI is relatively high, in the literature it is suggested that the 

absorption of IHg is only approximately 10%-30% (Piotrowski et al., 1992; Morcillo and 

Santamaria, 1995). Further, it must be pointed out that our PDI’s are only rough exposure 

assessments, since it must be taken into account that we did not have accurate data on the 

consumption of local food items and only a few species of vegetables were included. 

Moreover, the PDIs assume the worst case scenario that the population in Idrija eat all 

year round only vegetables from their gardens and only vegetables higher in THg levels. 

Based on the data collected in the PHIME project for Slovenian pregnant women in 2008, 

about 33 % of subjects eat home-grown cabbage, Savoy cabbage or broccoli, only 12 % 

eat mushrooms collected in the forest and 51 % of the population eat home grown green 

or red lettuce. Overall, the worst case scenario estimated in this study is hardly probable. 

However, special attention should be given to foodstuffs such as chicory that represent a 

seasonal vegetable eaten daily. 

 

 

4 Conclusions 

 

Levels of Hg in food from the Idrija mine area were elevated compared to non-

contaminated sites. Based on previous data, we can conclude that the levels of Hg in local 

food have not diminished significantly during the past 15 years after the closure of the Hg 

mine. Importantly, our study showed that Hg is accumulated in mushrooms and chicory 

and these high levels should not be overlooked, because chicory in particular represents a 

seasonal vegetable eaten daily. Levels of Cd and Se determined in vegetables with 

elevated Hg contents were below the threshold levels.  
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Table 1: Mean (X) ± standard devation (STD), Minimum (Min) and Maximum (Max) (in 

parentheses) concentrations of THg and MeHg in fish collected at four different locations 

on the river Idrijca.  

 
Location Species n THg 

(ng/g wet weight) 
 

MeHg 
(ng/g wet weight) 

 

MeHg 
(%) 

Sampling site 1 Salmo trutta 7 182±97 
(92-330) 

153±84 
(92-301) 

84±17 
(92-330) 

Oncorhynchus mykiss 2 166, 
137 

126, 
125 

76, 
91 

Barbus meridionalis 1 247 179 72 
 Total 10 183±83 

(92-330) 
148±68 
(92-301) 

83±15 
(61-100) 

Sampling site 2 Oncorhynchus mykiss 4 882±469 
(463-1440) 

610±230 
(350-834) 

74±14 
(58-93) 

Salmo marmoratus 2 1450, 
205 

1044, 
205 

72, 
100 

Salmo trutta 3 439±113 
(336-559) 

320±55 
(319-421) 

89±25 
(57-100) 

Thymallus thymallus 4 478±119 
(321-571) 

277±68 
(190-349) 

58±3 
(54-61) 

 Total 13 647±412 
(205-1450) 

452±264 
(190-1044) 

74±18 
(54-100) 

Sampling site 3 Salmo sp. 1 410 410 100 
Salmo marmoratus 1 755 246 33 

Oncorhynchus mykiss 4 237±85 
(149-350) 

211±113 
(78-410) 

84±22 
(52-100) 

 Total 6 352±218 
(149-755) 

250±118 
(78-410) 

84±22 
(33-100) 

Sampling site 4 Leuciscus souffia 4 147±37 
(112-189) 

146±36 
(112-189) 

99±3 
(94-100) 

Millerigobius macrocephalus 2 96, 
203 

203 100 

Barbus meridionalis 5 295±75 
(180-381) 

301±78 
(180-381) 

102±3 
(100-106) 

 Salmo marmoratus 5 604±382 
(105-1150) 

581±379 
(105-1172) 

95±12 
(75-102) 

 Total 16 337±309 
(96-1150) 

346±312 
(105-1172) 

99±7 
(75-106) 
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Table 2: Comparison of THg levels in vegetables collected from different gardens in the 

Idrija mine area in 2001 (Falnoga et al., 2003) and in 2008, 2009 (this work).  

 
 
 
 
 
 

 
 
 
Table 3: THg levels in soil samples from different gardens in Idrija.   
 
 

 n X 
(ng/g d.w.) 

Med 
(ng/g d.w.) 

Min 
(ng/g d.w.) 

Max 
(ng/g d.w.) 

cabbage 2008, 2009 10 228 174 53 627 
chicory 2008, 2009 12 1950 603 86 12700 
parsley 2008, 2009 10 373 378 125 759 

mangold 2008, 2009 12 362 236 196 781 
mushrooms 2008 5 5680 1370 346 17100 

lettuce 2009 2 336, 
642 

   

vegetables without chicory, cabbage, 
parsley, mushrooms, mangold and lettuce 

2008, 2009 

59 87 31 2 860 

onion, pumpkin, 
tomato, carrot 2001 

12 240 109 4,7 737 

parsley 2001 8 3950 2300 242 13900 
chicory 2001 6 1960 1280 374 6430 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 1 2 3 4 5 6 7 8 9 10 11 

 above 
the 

smelter  

near 
smelter 
 

 
Idrija town and its surroundings 

Orle 
referen
ce area 

THg (mg/kg 
d.w.) 

121 254 33.0 46.5 484 421 310 364 41.4 48.8 0.26 
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Table 4: Results (X, Min, Max levels) of THg, MeHg, As, Se and Cd levels in cabbage, 

chicory, parsley and mushrooms. 

*The table shows mean values, while the Max and Min values are shown in parentheses. 

 

 

 Cabbage Chicory Parsley Mushrooms 
Smelting 
facility 

 
n=2 

Idrija 
town 

       
       n=8 

Ref. 
area 

 
n=1 

Smelting 
facility 

 

Idrija 
Town 

 
n=10 

Ref. 
area 

 
n=1 

Smelting 
facility 

 
n=2 

Idrija 
Town 
n=5 

Ref
. 
 

n=1 

near 
Idrija 
area 

 

Ref. 
area 

THg 
(ng/g 
d.w.) 

280 
(164-
393) 

215 
(53-627) 

2.4 762 
(656-
869) 

2188 
(86-

12713) 

16 
 

510 
(471-
548) 

376 
(125-
760) 

11 346 75 

MeHg 
(ng/g 
d.w.) 

26 
(7-44) 

25 
(3-88) 

0.4 21 
(18-23) 

136 
(0.9-623) 

0.2 248 
(206-
291) 

28 
(1.2-127) 

0.5 44 20 

Se 
(ng/g 
d.w.) 

1124 
(94-

2153) 

261 
(23-

1450) 

26 116 
(65-170) 

287 
(9.5-
2186) 

19 35 
(11-60) 

16 
(8.1-29) 

22 58 76 

Cd 
(ng/g 
d.w.) 

123 
(58-189) 

150 
(79-390) 

80 447 
(309-
586) 

228 
(105-
497) 

55 80 
(51-109) 

109 
(63-188) 

52 1990 1206 
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3.6 Economic benefits of methylmercury exposure control in 
Europe: Monetary value of neurotoxicity prevention 

 
 
 
 
In this section, the article (Bellanger et al., 2013) entitled: “Economic benefits of 
methylmercury exposure control in Europe: monetary value of neurotoxicity prevention” 
by  Martine Bellanger, Céline Pichery, Dominique Aerts, Marika Berglund, Argelia 
Castaño, Mája Čejchanová, Pierre Crettaz. Fred Davidson, Marta Esteban, Marc E 
Fischer, Anca Elena Gurzau, Katarina Halzlova, Andromachi Katsonouri, Lisbeth E 
Knudsen, Marike Kolossa-Gehring, Gudrun Koppen, Danuta Ligocka, Ana Miklavčič, M 
Fátima Reis, Peter Rudnai, Janja Snoj Tratnik, Pál Weihe, Esben Budtz-Jørgensen and 
Philippe Grandjean is presented. The article was published in Environmental Health. 
 
Based on harmonised protocols developed in EU FP6 COPHES, the hair-Hg 
concentrations in women of reproductive age groups in 17 European countries from the 
DEMOCHOPHES project (LIFE09 ENV/BE/00410) were used in conjunction with 
literature data to generate estimates of the economic impacts of MeHg exposures in 
Europe. An assessment of the economic benefits of preventing developmental 
neurotoxicity is necessary for any cost-benefit analysis (Bellanger et al., 2013). 
 
My contribution was to review the published data on MeHg exposure. 
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3.7 Mercury: Biomarkers of Exposure and Human 
Biomonitoring 

 
 
In this section entitled: »Mercury: Biomarkers of Exposure and Human Biomonitoring«  
by Prof. Dr. Milena Horvat, Janja Snoj Tratnik and Ana Miklavčič a contribution 
published in the book: Biomarkers and Human Biomonitoring, Volume 1: Ongoing 
Programs and Exposures, edited by Lisbeth E. Knudsen and Domenico Franco Merlo is 
presented. 
 
Overall, this work represent a review about biomarkers of exposure and human 
biomonitoring. Hg is one of the most toxic metals and occurs throughout the environment 
as a consequence of natural sources and human activity. Hg species are broadly classified 
into three categories (the metallic or elemental form, divalent inorganic forms and organic 
Hg compounds), having different toxicokinetic properties.The selection of biological 
media to assess human exposure depends on the Hg compounds, the exposure pattern 
(e.g. chronic, acute) and time of sampling after the exposure. Exposure to elemental Hg is 
well represented by the presence of Hg in urine. Scalp hair has been widely used as a 
good indicator of MeHg exposure through the diet. As a biomarker of prenatal exposure, 
Hg inumbilical cord blood and not maternal blood is preferentially measured. In blood, 
MeHg accumulates mainly in the red blood cells, while exposure to elemental Hg leads to 
an increased concentration of Hg in the plasma. Therefore, through the analysis of total 
Hg in these blood samples it is possible to differentiate between exposure to elemental 
and MeHg. Although the toxic nature of acute exposure to Hg is well acknowledged, less 
known are the effects of Hg on humans as a consequence of long term chronic exposure 
to low concentrations. In many cases the use of biomarkers, such as Hg concentrations in 
blood and urine, are not sufficient to assess the internal doses and potential effects on the 
central nervous system, kidney, the immune system, and other possible targets. Therefore, 
a better understanding of the risks to human health, especially to persons living close to 
potentially contaminated sites and those exposed to low levels over a long period of time, 
is needed (Horvat et al., 2011a). 
  
As a co-author of this work I contributed in reviewing the exposure pathways and 
toxicokinetic of Hg. 
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1 BACKGROUND 

1.1 Chemical structures, compound classes 

Mercury in the environment exists in several forms. These forms can be grouped under 

three headings: 

metallic mercury (also known as elemental mercury), 

inorganic mercury 

organic mercury. 

Several forms of mercury occur naturally in the environment. The most common natural 

forms of mercury found in the environment are metallic mercury, mercuric sulfide 

(cinnabar ore), mercuric chloride, and methyl mercury. Some microorganisms and natural 

processes can change mercury in the environment from one form to another. The most 

common organic mercury compound that microorganisms and natural processes generate 

from other forms is methyl mercury. Methyl mercury is of particular concern because it 

can build up in certain edible freshwater and saltwater fish and marine mammals to levels 

that are many times higher than the levels in the surrounding water, thus resulting in 

exposure among fish eating populations, often at levels exceeding what is regarded as 

safe. 

1.1.1 Metallic mercury (or elemental mercury) 

Metallic mercury is a heavy, shiny, silver-white metal that is a liquid at room temperature. 

Metallic mercury is the elemental or pure form of mercury. Metallic mercury is the liquid 

metal used in thermometers and some electrical switches. At room temperature, some of 

the metallic mercury will evaporate and form mercury vapour. Mercury vapour is 

colourless and odourless. 

1.1.2 Inorganic mercury 

Many salts of divalent mercury (Hg2+) are readily soluble in water, such as mercury 

sublimate (HgCl2), and thus highly toxic. In contrast, the water solubility of HgS 

(cinnabar) is extremely low, and, correspondingly, HgS is much less toxic than HgCl2. 

The extremely high affinity of Hg2+ for sulfhydryl groups of amino acids such as cysteine 

and methionine in enzymes explains its high toxicity. 
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Monovalent mercury is found only in dimeric salts such as Hg2Cl2 (calomel), which is 

sparingly soluble in water and, again correspondingly, much less toxic than HgCl2 

(sublimate). 

1.1.3 Organic mercury compounds 

When mercury combines with carbon, the compounds formed are called "organic" 

mercury compounds or organomercurials. There is thus a potentially large number of 

organic mercury compounds; however, by far the most common organic mercury 

compound in the environment is monomethyl mercury (known as methyl mercury). The 

term "methyl mercury" is used throughout this text to represent monomethyl mercury 

compounds. In many cases, the complete identity of these compounds is not known 

except for the monomethyl mercury cation, CH3Hg+, which is associated either with a 

simple anion, like chloride, or a large charged molecule (e.g. a protein). In the past, the 

aryl organic mercury compound phenyl mercury was used in some commercial products. 

Ethyl mercury is used as a preservative in vaccines. Another organic mercury compound 

called dimethyl mercury is also used in small amounts as a reference standard for some 

chemical tests. Dimethyl mercury is very harmful to humans and animals. 

1.2 Production and use 

Mercury is available as a commodity on the world market from several sources: 

Mine production of primary mercury (extracted from ore) is still carried out in Algeria, 

Kyrgyzstan, and until only recently in Spain and China. There are also reports of small-

scale artisanal mining of mercury in China, Russia (Siberia), Outer Mongolia, Peru and 

Mexico, mainly serving local demand. 

Mercury occurs as a by-product of mining or refining of other metals (such as zinc, gold, 

and silver) or minerals, as well as refining of natural gas. 

- Reprocessing or secondary mining of historic mine tailings containing mercury. 

Recycled mercury recovered from spent products and waste from industrial processes. 

Private stocks (such as mercury used in the chlor-alkali and other industries). 

Examples of the uses of mercury, in no particular order, include: 

As a metal (among others): 

- For extraction of gold and silver (for centuries) 
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- As a cathode in the mercury-cell process for chlor-alkali production 

- In electrical and electronic switches 

- In fluorescent lamps 

- In discharge lamps (e.g. streetlights and some automobile headlights) 

- In thermometers 

- In thermostats 

- In manometers for measuring and controlling blood pressure 

(sphygmomanometers) 

- In barometers 

- In dental amalgam fillings 

Metallic mercury is still used in some herbal or religious remedies in Latin America and 

Asia, and in rituals or spiritual practices in some Latin American and Caribbean religions 

such as Voodoo, Santeria, and Espiritismo. These uses may pose a health risk from 

exposure to mercury both for the user and for others who may be exposed to elemental 

mercury vapour in contaminated air. 

As a chemical compound (among others): 

- In batteries 

- Vaccines (as a preservative in the form of ethyl mercury in thimerosal) 

- Biocides/fungicides in the paper industry, paints and on seed grain 

- In pharmaceutical antiseptics 

- Laboratory analysis reagents 

- Catalysts (e.g. to produce vinyl chloride monomer) 

- Pigments and dyes (may be historical) 

- Detergents (may be historical) 

- Soaps and creams (as a bactericide and/or whitening agent) 

- Explosives (mercury fulminate detonators; may be historical) 
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Most of these uses have been reduced significantly in many industrialised countries, 

particularly during the last two decades because of their adverse impacts on humans and 

the environment. However, many of the uses discontinued in OECD countries, are still 

alive in other parts of the world. 

1.3 Sources of mercury in the environment 

Mercury is a naturally occurring element found throughout the environment. It enters the 

environment as the result of the normal breakdown of minerals in rocks and soil from 

exposure to wind and water, forest fires, and from volcanic activity. Mercury releases 

from natural sources have remained relatively constant in recent history, resulting in a 

steady rise in environmental mercury. However, it should be noted that a part of today’s 

emissions from soil and water surfaces is composed of previous deposition of mercury 

from both anthropogenic and natural sources. The mercury found today in air, water, soil 

and biota may come from both natural sources and human activity. 

Human activities since the start of the industrial age (e.g., mining, burning of fossil 

fuels) have resulted in additional release of mercury to the environment. Estimates of the 

total annual mercury release that result from human activities range from one-third to 

two-thirds of the total mercury releases. 

A major uncertainty in these estimates is the amount of mercury that is released from 

water and soils that were previously contaminated by human activities as opposed to new 

natural releases. 

The level of mercury in the atmosphere is very low and does not pose a health risk; 

however, the steady release of mercury has resulted in current levels that are three to six 

times higher than the estimated levels in the preindustrial era. 

Approximately 80 % of the mercury released from human activities is elemental mercury 

emitted to the air, primarily from fossil fuel combustion, mining, and smelting, and from 

solid waste incineration. About 15 % of the total is released to the soil from fertilizers, 

fungicides, and municipal solid waste (for example, from waste that contains discarded 

batteries, electrical switches, or thermometers). An additional 5 % is released from 

industrial wastewater to water bodies in the environment. 

With the exception of mercury ore deposits, the amount of mercury that naturally exists in 

any one place is usually very low (Figure 1). In contrast, the amount of mercury that may 
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be found in soil at a particular hazardous waste site because of human activity can be very 

high (over 200,000 times natural levels).  

1.4 Environmental fate 

Most of the mercury found in the environment is in the form of metallic mercury and 

inorganic mercury compounds. Metallic and inorganic mercury enters the air from 

mining deposits of ores that contain mercury, from the emissions of coal-fired power 

plants, from burning municipal and medical waste, from the production of cement, and 

from uncontrolled releases in factories that use mercury. Metallic mercury is a liquid at 

room temperature, but some of the metal will evaporate into the air and can be carried 

long distances. In air, mercury vapour can be changed into other forms of mercury, and 

can be further transported to water or soil in rain or snow. Inorganic mercury may also 

enter water or soil from the weathering of rocks that contain mercury, from factories or 

water treatment facilities that release water contaminated with mercury, and from 

incineration of municipal waste that contains mercury (for example, in discarded 

thermometers, electrical switches, or batteries). Inorganic or organic compounds of 

mercury may be released to water or soil if mercury-containing fungicides are used. 

Microorganisms (bacteria, phytoplankton in the ocean, and fungi) convert inorganic 

mercury to methyl mercury. Methyl mercury released from microorganisms can enter 

water or soil and remain there for a long time, particularly if the methyl mercury becomes 

attached to small particles in the soil or water. Mercury usually stays on the surface of 

sediments or soil and does not move through the soil to underground water. If mercury 

enters the water in any form, it is likely to settle to the bottom where it can remain for a 

long time. 

Mercury can enter and accumulate in the food chain. The form of mercury that 

accumulates in the food chain is methyl mercury. Inorganic mercury accumulates up the 

food chain to a much smaller degree. When small fish eat the methyl mercury in food, it 

accumulates in their tissues. When larger fish eat smaller fish or other organisms that 

contain methyl mercury, most of the methyl mercury originally present in the small fish 

will then be stored in the tissues of the larger fish (bio-magnification). As a result, the 

larger and older fish living in contaminated waters build up the highest amounts of methyl 

mercury in their bodies. Seawater fish (especially sharks and swordfish) and marine 

mammals (e.g. dolphins, whales, seals) that live a long time and can grow to a very large 

size tends to have the highest levels of mercury in their tissues. 
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Plants (such as corn, wheat, and peas) have very low levels of mercury, even if grown in 

soils containing mercury at significantly higher than background levels. Rice, however, 

grown in contaminated sites can contribute a large portion of the daily dose of inorganic 

and methyl mercury in countries dependent on a diet rich in rice1. Also, mushrooms can 

accumulate high levels if grown in contaminated soils. 

 

1. EXPOSURE PATHWAYS 

This global cycling of mercury results in its distribution in the most remote regions of the 

planet such us Arctic waters2,3. Microorganisms in the aquatic environment are capable of 

converting inorganic mercury to methyl mercury, which bio-accumulates and 

biomagnifies in food webs. As a consequence, the organisms higher organisms  such as 

sharks and fish-eating marine mammals contain highest mercury concetrations. This 

implies that humans must have consumed methyl mercury in fish dating back to times 

before Homo sapiens evolved4. 

Because mercury is mostly deposited in the environment in its inorganic form of Hg (II) 

and methyl mercury is more toxic than other stable forms of mercury, the biogeochemical 

cycling of mercury in the environment plays a key role in modulating mercury toxicity. 

Direct transformation processes involving methyl mercury in the environment are the 

methylation of inorganic mercury and the degradation of methyl mercury. The reduction 

of inorganic mercury to elemental mercury and the oxidation of elemental mercury to 

inorganic mercury affect methyl mercury formation indirectly by controlling levels of 

inorganic mercury, the substrate for methylation5. 

 

2.1 Exposure to elemental or inorganic mercury 

People may be exposed to elemental or inorganic mercury from dental amalgams and 

through inhalation of ambient air during occupational activities where mercury and 

mercury compounds are produced6. Occupational exposures have been reported from 

chlor-alkali plants, mercury mines, mercury-based small-scale gold and silver mining, 

refineries, thermometer factories, dental clinics with poor mercury handling practices and 

production of mercury-based chemicals. Furthermore, small scale or artisanal mining, 

using gold-mercury amalgamation to extract gold from ore, is a significant source of 

exposure for the workers and nearby populations7. 
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Amalgams release mercury vapour that can be inhaled. Concentrations of mercury vapour 

in the air in the oral cavity were shown to exceed occupational health standards. 

However, the quantity of vapour is small because the volume of the cavity is small. 

Furthermore, the vapour retained is much less than that inhaled under conditions of 

occupational exposure. Levels of mercury vapour in ambient air are low and the intake 

from this source is negligible. Therefore, with the exception of certain occupational 

exposures, dental amalgam is the main source of human exposure to mercury vapour3. 

Exposures to elemental mercury or inorganic mercury can also occur due to the use of 

some skin-lightening creams and soaps, the presence of mercury in some traditional 

medicines, use of mercury in cultural practice, and due to various accidental mercury 

spills in homes, school or other locations. Moreover the use of mercuric compounds as 

fungicides in latex paint and to disinfect grain seeds can result in exposure to inorganic 

mercury, but such use is prohibited in many countries7. 

2.2 Exposure to organic mercury 

People are exposed to methyl mercury mainly through their diet, especially through the 

consumption of freshwater and marine fish and consumption of other animals that 

consume fish (such as marine mammals). The highest levels are found in fish of older age 

that are apical predators such as the king mackerel, pike, shark, swordfish, walleye, 

barracuda, large tuna, scabbard, marlin and fish-consuming mammals such as seals and 

toothed whales8-12. Trimming, skinning and cooking mercury-contaminated fish does not 

reduce the mercury content of the fillet portion. However people that consume moderate 

amounts of a variety of fish are not at risk0. For example, based on the levels of MeHg in 

fish available on the Slovenian market and the JECFA provisional tolerable weekly intake 

(PTWI) for methyl mercury, a 70 kg man can eat a portion (150 g) of fish at the top of the 

food chain approximately once per week or approximately three portions (150 g) of fish 

lower on the food chain12. 

Minor exposure to other forms of mercury may result from the use of thimerosal (ethyl 

mercury thiosalicylate) as a preservative in some vaccines and other pharmaceuticals. 

However, the use of thimerosal in vaccines is being discontinued, or significantly reduced 

in many countries, especially in vaccines intended for children7. 
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2. TOXICOKINETICS 

The toxicokinetics of mercury is dependent on the route of exposure (inhalation exposure, 

oral exposure or dermal exposure) and on the form of mercury to which the person has 

been exposed. 

3.1 Absorption 

Metallic mercury is highly lypophilic, and absorption of the inhaled vapour, followed by 

rapid diffusion across the alveolar membranes of the lungs into the blood, has been 

reported to be substantial. Exposure to 0.1-0.4 mg/m3 elemental mercury vapour can 

result in approximately 70-80 % of inhaled mercury vapor13,14. 

Ingesting small amounts of metallic mercury such as contained in a standard thermometer 

does not produce symptoms of intoxication, because the absorption of ingested metallic 

mercury is negligible15,16. Animal studies indicate, that the absorption of inorganic 

mercury such as mercuric chloride is approximately 10-30 %17,18. The rate of oral 

absorption of inorganic mercury compounds in rats is dependent on intestinal pH, 

compound dissociation, age and diet19. 

Organic mercury compounds are more readily absorbed in the gastrointestinal tract than 

inorganic mercury compounds. About 95 % of methyl mercury ingested is thought to be 

absorbed by the oral route. However, the absorption and bio-availability of methyl 

mercury may be affected by dietary components in food such as dietary fibre found in 

cereal products or selenium in fish20,21. Depending on the species of fish a low percentage 

of mercury in the fish is bio-available (less than 20 %) in both simulated stomach and 

intestinal digestion. The low methyl mercury absorption could be attributed to the low 

ability of enzymes in the in vitro method to release mercury contained the samples, 

perhaps due to the fact that mercury is complexed by selenium rather than a lack of bio-

availability of methyl mercury itself. In fact, a recovery of 89 % from in vitro 

enzymolysis of a sample spiked with methyl mercury was obtained22. Higher faecal 

extraction and lower tissue accumulation of mercury in rats from contaminated fish than 

from methyl mercury chloride added to fish was demonstrated23. 

3.2 Distribution 

Because of its lypophilic nature, metallic mercury is distributed throughout the body and 

can cross the blood-brain and placental barriers very easily. It is distributed in all tissues 

and reaches peak levels within 24 hours, except in the brain where peak levels are 
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achieved within 2-3 days13. The mercury concentration in red blood cells in humans is 

twice that measured in the plasma0. The kidney is the major organ of mercury deposition 

after inhalation exposure of rats to metallic mercury vapour25,26. In chronic long-term 

occupational exposure to mercury vapour by mercury miners, the organs accumulating 

and retaining the highest concentrations were thyroid and brain, and this was associated 

with a one-to-one molar mercury:selenium ratio27. 

In contrast to metallic mercury, inorganic mercury hardly crosses the placental barrier. In 

the plasma the mercuric ion binds to albumin and globulins. After administration of 

mercuric salts levels of mercuric ions in the plasma are similar to mercuric ions in red 

blood cells. Binding also occurs in tissues, with the brain retaining mercury the longest20. 

After oral exposure to mercuric chloride, animal studies showed the highest level in the 

kidneys28,29. Renal uptake of mercury salts occurs from luminal membranes in the renal 

proximal tubule in the form of the cysteine S-conjugates (Cys-S-Hg-S-Cys), or from the 

baso-lateral membrane through organic anion transporters30. 

In humans, the distribution of methyl mercury is similar to that of metallic mercury, 

because is readily transferred to all tissues, including the brain and foetus. Methyl 

mercury is bound to thiol-containing molecules such as cysteine, which mimic 

methionine to cross the blood-brain barrier and placenta through the neutral amino acid 

carrier30. Approximately 90 % of methyl mercury was found in red blood cells31,0. The 

highest levels of organic mercury are found in the kidneys33-35. Concentrations of methyl 

mercury in hair are proportional to simultaneous concentrations in blood and are in 

average 250 times higher. They are also proportional to concentrations in the target tissue, 

the brain. Levels in cord blood are proportional to but slightly higher than levels in 

maternal blood36. Methyl mercury is also excreted in breast milk. However, unlike 

placenta, where methyl mercury moves more easily across the placental barrier than 

inorganic mercury, inorganic mercury is more readily eliminated from breast milk than 

methyl mercury37. 

The distribution, metabolism, media or possible media for biological monitoring in the 

case of exposure to elemental mercury, inorganic mercury and methyl mercury are shown 

in Figures 3 and 4 

3.3 Metabolism 

When metallic mercury vapour is inhaled through the lungs and rapidly enters the 

bloodstream, the dissolved vapour can undergo rapid oxidation to its inorganic divalent 
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form by hydrogen peroxide-catalase39. Because ethanol is a competitive substrate for the 

hydrogen peroxide catalase, the oxidation of metallic mercury can be inhibited by 

ethanol40. The oxidation of metallic mercury may occur in the brain, liver, lungs and 

probably other tissues to some degree41,42,43. Some studies suggest that the divalent 

inorganic mercury cation might be reduced by mammalian tissue to metallic mercury 

after its oxidation44,45. 

After absorption, methyl mercury can be converted into inorganic mercury in tissues, 

specially the divalent cation45. After methyl mercury exposure several studies have 

reported high levels of inorganic mercury in tissues and faeces46-48. Intestinal flora can 

also convert methyl mercury into inorganic mercury49,50. 

3.4 Elimination and excretion 

The main excretory pathways of metallic and inorganic mercury in humans are the urine 

and faeces, with a half life of approximately 1-2 months41. In a study of former chlor-

alkali workers long term exposed to metallic mercury, the elimination of mercury in urine 

was well characterized by a one-compartment model, with an estimated half-life of 55 

days. A tendency toward longer half lives with shorter duration exposure compared to 

long term exposure was also observed51. Therefore the excretion of mercury depends on 

the duration of exposure. Furthermore, after acute mercury exposure in humans, urinary 

excretion accounts for 13 % of the total body burden, while after long-term exposure 

urinary excretion increases to 58 %. Elimination of metallic mercury also occurs through 

expired air. After human exposure to mercury vapour for less than an hour, excretion 

through expired air accounted for 7 %. The half life for this elimination pathway was 

estimated to be 14-25 hours13,0. In a group of chlor-alkali workers long term exposed to 

metallic mercury, a two compartment model was used to estimate the half lives of whole 

blood and plasma. In whole blood the half-lives were 3.8 and 45 days for the fast and 

slow phase, respectively, while for plasma the half lives were 2 and 36 days for the fast 

and slow phase, respectively. 

After an acute exposure to a high level of mercuric chloride, the elimination half life in 

urine was estimated to be 25.9 days52. The overall half life of inorganic mercury from the 

body was estimated to be 60 days and is eliminated with the same rate as from the 

kidneys, where most of the body burden is localized20. 

The predominant excretory route for methyl mercury is the faecal pathway, with less than 

one-third of total mercury excretion occurring through the urine53. In a study that included 
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four Japanese people, the extraction of methyl mercury into faeces was confirmed, but 

they found similar concentrations of methyl mercury in the urine compared to 

concentrations in faeces54. 

Animal studies showed that methyl mercury is secreted in the bile and can be reabsorbed 

in the intestine. Clearance half-times are longer with methyl mercury than with inorganic 

compounds. The half-time in the blood is estimated to be 50 days20. Elimination of 

methyl mercury compounds generally follows first order kinetics because excretion, it is 

directly proportional to body burden and independent of the route of administration55. 

Duration of exposure may affect the extraction process of mercury. A two compartment 

model was establish for a single oral dose in monkeys, while following repeated dosing 

for two years a one-compartment model was considered a more reasonable fit for the data. 

Therefore the average study-state blood levels of mercury after chronic-duration exposure 

should not be estimated on the basis of short-term exposure data33. 

 

3. SAMPLING, SAMPLE HANDLING AND ANALYSIS 

Hundreds of papers have been published in recent years on the development and 

validation of sensitive analytical methods for total mercury and mercury speciation. 

Several review papers have also been published summarizing the advantages and 

disadvantages of various analytical protocols56, therefore only brief notes are provided in 

this chapter. While much has been done on the measurement techniques, relatively little is 

known about the effects of storage on the stability of methyl mercury in biological 

samples. Significant external contamination of samples with methyl mercury is unlikely 

to occur; however extreme precautions are necessary to avoid contamination by inorganic 

mercury. 

Blood and hair samples are often analysed in order to estimate exposure of humans to 

mercury and its compounds. Blood should be taken by venipuncture. Since some 

commercial containers may contain mercury compounds added as preservatives, it is 

advisable to check each commercial batch before use. Samples should be refrigerated but 

not frozen, as it is sometimes useful to measure mercury in plasma and red blood cells 

separately. The separation of plasma and red blood cells should be performed as soon as 

possible to avoid haemolysis of the sample. If extensive haemolysis has occurred, the 

sample should be homogenized before an aliquot is taken for analysis. Blood samples 

may also be heparinised for total blood, serum, and red blood cell analyses. If 
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unavoidable, samples may be stored deep frozen. However, repeatedly frozen and 

unfrozen blood samples showed a remarkable decrease in methyl mercury 

concentrations57. There is some evidence that methyl mercury may be destroyed during 

lyophilisation of blood samples. 

Analysis of human hair offers several advantages over analysis of blood samples: e.g. 

ease of sampling and sample storage, the concentration of methyl mercury is 

approximately 250 times higher than in blood, and analysis of different longitudinal 

sections of hair can give information on the history of exposure to methyl mercury 

ingested through food. Adhering dust and grease should be removed by one of the 

following solvents: hexane, alcohol, acetone, water, diethylether, or detergents. IAEA and 

WHO recommend the use of only water and acetone58. Long-term storage of human hair 

samples has shown that methyl mercury is stable for a period of a few years if stored dry 

and in darkness at room temperature. 

Biological samples are preferably analysed fresh or after lyophilisation. Deep-freezing of 

fresh samples, especially with long storage, should be avoided, since it has been noticed 

that in some organisms methyl mercury may decompose with repeated freezing and 

thawing (particularly in bivalves and blood)57. Methyl mercury and total mercury in 

lyophilized biological samples, such as biological certified reference materials (CRMs), 

are stable for years. CRMs are, however, sterilized either by autoclaving or by gamm ray-

irradiation. This important step prevents bacteriological activity, which may otherwise 

lead to methylation/demethylation processes. In general, very little is known about the 

effects of sterilization on the stability of methyl mercury compounds. More studies are 

needed to investigate the stability of organic mercury compounds in biological samples, 

particularly under various sample preparation and long-term storage conditions. 

 

4.1 Analytical methods 

4.1.1. Total mercury 

Most methods for the determination of total mercury in solid samples require preliminary 

digestion of the sample. They are classified as wet (oxidizing digestion) and dry 

(combustion/pyrolysis) decomposition methods. 

For the determination of low level mercury concentrations, a number of instrumental 

analytical methods can be used. Among the most frequently employed are the following: 
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CV AAS, CV AFS, ICP-MS, electrochemical methods, and neutron activation analyses 

(NAA). During the last two decades CV AAS and CV AFS have replaced most of other 

techniques. The relative detection limits of some techniques are presented in Table 1. It 

should be noted, however, that the detection limits reported are dependent on the overall 

analytical procedure including sample preparation prior to the final quantification step. 

 

4.1.2 Speciation of mercury 

In general, methods are classified according to the isolation technique and the detection 

system. Most methods for the isolation/separation of organic mercury compounds are 

based on solvent extraction, differential reduction, difference calculations between "total" 

and "ionic" mercury, derivatization, or on paper- and thin layer chromatography. The 

most common approaches to organic mercury separation and detection are schematically 

presented in Figure 5. 

There are also a few methods that are based on differential reduction. In the method 

developed by Magos59 the inorganic mercury in an alkaline digested sample is selectively 

reduced by stannous chloride, while organic mercury compounds are reduced to 

elemental mercury by a stannous chloride-cadmium chloride combination. Elemental 

mercury released can be measured by CV AAS. 

Quality assurance refers to those procedures that ensure that analytical results are valid, 

traceable, reproducible, representative, complete and accurate, i.e. close to the “true 

value”. It also includes measures developed to assess performance. It is generally 

accepted that mercury analysis and speciation must be done by well trained staff who, in 

principle, should be involved in the measurement process from sampling to the 

production of final results, particularly if speciation of mercury is intended. The use of 

reference materials certified for mercury and its compounds plays an important role in 

method validation and demonstration of traceability. At present there are many reference 

materials certified for total mercury concentrations in various matrices (sediment, soil, 

ash, water, plants, and tissues) of different origin. Unfortunately, only a few reference 

materials are certified for methyl mercury compounds56,60. 

 

4. HUMAN BIOMONITORING OF MERCURY EXPOSURE 
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Exposure to mercury is estimated by measuring mercury in human tissues (hair, blood, 

urine), which are considered forms of biomonitoring. These measurements are also 

known as biomarkers of exposure. The selection of media depends on mercury 

compounds, exposure pattern (e.g. chronic, acute) and time of sampling after exposure0. 

The presence of mercury in blood indicates recent or current exposure to mercury and 

does not give information on the historical exposure and seasonal (or other peak) 

variations. In the general population, methyl mercury from fish and mercury vapour from 

dental amalgam fillings influence mercury concentrations measured in blood, but this is 

not true for occupationally exposed people – in this case mercury vapour is the major 

contributor to blood mercury concentration62,0. Exposure to elemental mercury is well 

represented by the presence of mercury in urine. As inorganic mercury is slowly excreted 

from kidneys through urine, urinary mercury reflects not only recent exposure to 

elemental mercury, but also exposure that occurred some time in the past62,64. In the non-

occupationally exposed population, the number of amalgam surfaces was found to be the 

best predictor for urinary mercury. Interestingly, in previously exposed chlor-alkali 

workers, more than one year after the exposure ceased no association between the number 

of amalgam surfaces and urinary mercury concentration was found65. Since the 

concentration of waste product in urine can vary significantly due to dilution with water, 

mercury in urine is preferably adjusted for creatinine or specific gravity. 

Scalp hair is a matrix of choice in studies assessing environmental mercury exposure, as it 

provides a simple, integrative, and non-invasive sample for estimating long-term average 

exposure to methyl mercury. Assessment of methyl mercury exposure through measuring 

total mercury in hair is based on the assumption that methyl mercury in hair is 

proportional to the methyl mercury blood concentration and that almost 100 % of total 

mercury in hair is methyl mercury66,0. However, the exact relationship between mercury 

exposure and mercury excretion in hair follicles is not known, and can vary highly 

between individuals and ethnic groups. 

 

5.1 Human biomonitoring of occupational exposure 

In certain working environments workers are exposed to mercury by inhaling metallic 

mercury vapour. Exposures in the working environment are monitored by measuring 

inorganic mercury in urine or blood. Urine has been used as the prefered matrix because 

metallic mercury is mostly excreted through urine (see section 3.4) and also because 

collection of urine is non-invasive. The maximum urine mercury concentration set by 
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WHO (1991)67 is 50 μg/g creatinine. Mercury urine levels rarely exceed 5 μg/g creatinine 

in persons who are not occupationally exposed to mercury0. Individual human 

biomonitoring studies in eight Swedish chlor-alkali plants showed that urinary mercury 

excretion in workers has declined from about 200 μg/L in the 1950s to 150 μg/L in the 

1960s and less than 50 μg/L in 1990s62. Decrease in exposure has also been observed in 

the UK since the 1980s and 1990s64. In 1990s, workers from chlor-alkali plants had in 

general an approximately 10 times higher Hg concentration in urine, as well as in blood, 

than non-exposed controls0,68. The occupational mercury contribution from dental work is 

generally low; however, individuals can show urinary mercury concentrations close to a 

level of 15 µg/L69. Peak exposures have been reported to occur mainly during the 

insertion and removal of amalgams and during polishing of amalgam surfaces0. 

However, as mentioned above, urinary mercury reflects average long-term exposure, 

while blood mercury is a good indicator of recent exposure peaks62,64. Urinary mercury is 

an integrating marker of exposure to metallic and inorganic mercury over many previous 

months. In long-term workers, 60-70 % of mercury was found in urine, while in workers 

exposed less than 6 months, only 20-25 % of mercury contributed to urinary mercury. 

Moreover, previous weeks of exposure contributed only 10 % to urinary mercury64. When 

monitoring temporal occupational exposure, it should be born in mind that peak urinary 

mercury may occur a few weeks after exposure. It has been reported that there was a 2-3 

weeks delay in peak urinary mercury in people without previous exposure, which was 

explained by the time taken for renal uptake and subsequent excretion70,64. In contrast to 

urinary mercury, blood mercury increased immediately after temporal exposure - urine-

to-blood ratios for the temporally exposed workers (maintenance engineers) were <0.02 

compared with ~0.4 usually found in those chronically exposed64. 

When blood total mercury is used for monitoring exposure to mercury vapour, methyl 

mercury from fish consumption can be a disturbing factor62. The results of the above 

described studies0,68 have demonstrated clearly that inorganic mercury in blood is a better 

marker for occupational exposure than total or organic mercury. Furthermore, in the case 

of measuring total mercury in blood, significantly higher difference between exposed and 

non-exposed groups were observed in serum samples than in whole blood samples (3-fold 

vs. 11-fold). 

If the exposure is stable, natural intra-individual variation for mercury in blood is 

moderate (about 10 %), but rapid changes caused by change in exposure can occur. In 
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urine, the day-to-day variation is relatively high, even when 24-h samples are used under 

stable exposure conditions62. Variability in individual urinary mercury results was 

reported to be due to different methods of correction, diurnal variation of mercury 

excretion and levels of laboratory analytical precision64. A consistent diurnal variation of 

urinary mercury concentration (creatinine corrected) has been demonstrated in 36 

occupationally exposed workers, the concentration being highest in the morning and 

lowest in the late evening71. A fixed time point for sample collection has been suggested 

to remove the effects of diurnal variation in excretion of mercury64. Creatinine correction 

of mercury concentration significantly reduced the mean intra-individual variation, both 

between and within days, to ~50 % of the variation in uncorrected urine values64. When a 

correction for specific gravity or creatinine is made, typical coefficients of variation are 

15-20 %, and the levels on two consecutive days often differ by 25-50 %62. 

 

5.2 Human biomonitoring of environmental exposure 

In most epidemiological studies, total mercury in hair is used as a biomarker of methyl 

mercury exposure, as it provides a long-term biomarker of exposure to methyl mercury 

through fish consumption. Mercury concentrations in hair of populations consuming no 

fish are normally below 0.5 µg/g; in populations with low to moderate fish consumption, 

hair total mercury varies from below 1 to 2 µg/g, while people with frequent consumption 

(once or more per day) may have total mercury levels in hair exceeding 10 µg/g0. 

It is usually assumed that total mercury in hair is about 250 times higher than the blood 

mercury concentration at the moment hair is formed and that almost 100 % of total Hg in 

hair is methyl mercury66,0. The latter is only true in populations with high fish 

consumption, whereas in populations with relatively low fish consumption, inorganic 

mercury might constitute a larger fraction of hair mercuryError! Reference source not found.. 

Relatively high inter-individual variability in the hair-to-blood MeHg ratio was reported, 

ranging from 140 to 3700 and from 150 to 69072, related with low-to-medium exposure 

levels. Furthermore, high variability in the relation between mercury levels in hair and 

methyl mercury exposure through fish consumption was reported by Canuel et al73. 

Therefore, it is suggested that in the general population hair mercury to be used as an 

approximate indicator of long-term MeHg exposure from fish consumption, while blood 

mercury as a more accurate indicator of recent exposure to mercury (organic and/or 

inorganic). 
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Mercury in blood is present as methyl mercury and inorganic mercury, therefore it is 

important to perform speciation analyses for accurate assessment of specific exposure. 

Especially in cases of low-to-moderate level of exposure to methyl mercury from fish 

consumption, inorganic mercury from dental amalgam fillings or other sources (vaccines, 

food,…) might constitute a substantial proportion of total mercury – from 0 to 80 %74,72. 

However, there is no need to perform mercury speciation at very low exposure levels, as 

such exposure presents little risk. The NRC identifies 2 µg/L as the normal mean 

concentration for populations with little or no fish consumption in the US66. It should also 

be mentioned that speciation of mercury at levels below ~ 1 µg/L is demanding and 

requires additional clean-up steps. Therefore, in terms of cost-effectiveness, it is sufficient 

to measure total mercury. Speciation analysis is required when total mercury levels above 

1 µg/L are detected. 

Levels of mercury found in biological samples of various populations worldwide are 

presented in Table 2. 

  

Mixed occupational and environmental exposure 

A good example of a mixed occupational and environmental exposure is the gold mining 

area in the Tapajos river basin of the Amazon, where inhabitants are exposed to metallic 

mercury by direct inhalation of Hg vapour (gold miners and gold shop workers) and to 

methyl mercury in fish from rivers downstream of the gold-mining sites. Akagi et al84 

reported that total mercury levels in blood were not correlated with total mercury levels in 

urine, but inorganic mercury levels were. On average 73 % of the total mercury in blood 

was in the form of methyl mercury, not associated with occupational exposure. 

Abnormally high levels of mercury mostly in inorganic form were found in the urine of 

gold shop workers (162 ± 95 µg/g creatinine), while hair total mercury in gold shop 

workers was significantly lower (4.1 ± 1.3 mg/kg) than in the inhabitants of the fishering 

villages (around 30 mg/kg). 

 

5.3 Human biomonitoring of prenatal exposure 

Methyl mercury and metallic mercury move freely across the placenta from maternal to 

foetal blood, while inorganic mercury is prevented from being transferred to the foetus 

and accumulates in the placenta52,72,75,0. Various studies reported cord blood methyl 

mercury to be almost twice as high as maternal blood methyl mercury72,74,86,87, which is a 
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consequence of higher haematocrit levels88 and also higher haemoglobin concentrations 

in cord red blood cells. 

As a biomarker of prenatal exposure, mercury in umbilical cord blood and not maternal 

blood mercury is preferentially measured. Despite the strong association between cord 

blood methyl mercury concentration and maternal blood methyl mercury concentration, 

high variation in the cord blood-to–maternal blood ratio methyl mercurywas found in 

several studies: 1.0-3.5)72, 1.8 (0.88-3.1, 95 % CI)74, 1.7 ± 0.5686 and 1.72 (1.44-2.01, 

95% CI)87. As concluded by Murata et al0, the high variation indicates that cord blood 

mercury should be used as a more useful and valid biomarker of prenatal exposure to 

methyl mercury than maternal blood mercury. 

In addition to cord blood mercury, which was demonstrated as the best biomarker of 

prenatal methyl mercury exposure89, the suitability of umbilical cord tissue mercury was 

assessed and discussed. These studies showed a strong correlation between cord blood 

and cord tissue mercury, while the correlation between maternal hair and cord tissue 

mercury was not as strong. In addition, cord tissue mercury was almost as good a 

predictor of methyl mercury-associated neuropsychological deficits at 7 years of age as 

was cord blood mercury89. 

Infant exposure to methyl mercury and inorganic mercury via breast-feeding is low 

compared with late foetal exposure90. Based on the reported milk-to-plasma ratios of 

about 0.2 for methyl mercury and 0.6-1.0 for inorganic mercury, it seems that inorganic 

mercury is more easily transported to breast milk than is methyl mercury. The association 

between inorganic mercury in maternal blood and mercury in breast milk indicates 

transport of inorganic mercury into milk as well90. 

 

5. PREDICTORS AND IDENTIFICATION OF HIGH RISK 

POPULATIONS 

There are two general types of susceptible subpopulations: (1) those that are more 

sensitive to the effects of mercury and (2) those that are exposed to higher levels of 

mercury, such as those that frequently consume locally caught fish from mercury-

contaminated water bodies or long-lived predatory oceanic species, individuals with 

dental amalgams, and occupationally exposed workers (miners, workers in chlor-alkali 

plants, dentistry and industries for the production of batteries, thermometers and 

fluorescent lamps)0. 
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A sensitive population is a group that may experience more severe adverse effects at 

comparable exposure levels or adverse effects at lower exposure levels than the general 

population. For mercury, the most sensitive subpopulations are developing organisms, 

particularly the foetus, because of the sensitivity of the developing nervous system20. 

Among mercury species, methyl mercury and metallic mercury reach the foetus during 

pregnancy by passing the placenta91. Trans-placental passage may occur by mimicry of 

essential compounds or by binding to such compounds for which a transport mechanism 

exists. Prenatal exposures to environmental chemicals interfere with the above described 

processes, adversely affecting the structural integrity of the nervous system, which results 

in altered functioning92,93. Exposure to methyl mercury and metallic mercury during early 

foetal development can cause sub-clinical brain dysfunction at doses much lower than 

those affecting adult brain functions. Although these chemicals might have caused 

impaired brain development in million of children worldwide, these latent impairments 

could not be unmasked until the natural neuronal attrition associated with ageing occured. 

Numerous studies have shown that Parkinson’s disease and Alzheimer’s disease are of 

purely genetic origin in only a minority of cases and appear in most instances to arise 

through interactions among genetic and environmental factors. Exposure of the 

developing brain to environmental toxic agents during windows of vulnerability in early 

life may be an important contribution to causation of these diseases94. 

The susceptibility of infants and children is further enhanced by their increased 

exposures, increased absorption rates and diminished ability to detoxify many exogenous 

compounds relative to those of adults95. Selective susceptibility may be due to differences 

in metabolizing enzymes, rates of excretion and binding affinity to target proteins. Partial 

lack of a blood-brain barrier in the foetus91 is also of great importance, because it fails to 

prevent some selected molecules from entering the nervous system93. Small lypophilic 

particles (e.g. metallic mercury) can be easily passed transcellularly93, while methyl 

mercury can enter the brain by conjugating with L-cysteine (methyl mercury-L-cysteine 

complex), and thus exploiting the L-methionine uptake pathway (mimicry) to traverse the 

protective blood-brain barrier95. A methyl mercury-glutathione complex was proposed, 

although it is expected that this complex be water soluble66. The blood-brain barrier itself 

can be subject to damage by mercury - it accumulates in endothelial cells and damages 

their membranes, leading to brain haemorrhage and oedema93. It was observed that high-

dose exposure disrupts the blood-brain barrier. 
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Individuals with diseases of the liver, kidneys, nervous system and lungs are at higher risk 

of suffering from the toxic effects of mercury. Individuals with a dietary insufficiency of 

zinc, glutathione, antioxidants or selenium and those who are malnourished may be more 

sensitive to the toxic effects of mercury because of the diminished ability of these 

substances to protect against mercury toxicity. There is also limited population variability 

in regard to elimination of MeHg0,66,. 

The sensitivity of individuals is further influenced by alterations in chromosomal 

structure and polymorphism of enzyme activities involved in the metabolism of 

mercury0. Glutathione S-transferase is a gene family involved in the detoxification of 

electrophilic compounds by conjugation with glutathione, therefore enhancing the 

excretion of mercury via the bile or urine. In higher organisms at least five glutathione S-

transferases gene classes have been well studied. It was shown that glutathione deficiency 

is associated with sensitivity to both mercury chloride and methyl mercury0. As was 

observed in two tribes living in the same area of the Amazonian region subjected to 

intensive gold prospecting, and with the same dietary habits based on fish, the GSTM1 

gene could be involved in mercury metabolism or could be associated with reduced 

mercury levels: in the study an association between a high frequency of the GSTM1+ 

allele and lower mercury contamination was found0. 

Furthermore, the processes of cysteine and glutathione synthesis were shown to be 

reduced in autistic children98. Autistics have 20 % lower plasma levels of cysteine and 54 

% lower levels of glutathione, which, among other things, adversely affect their ability to 

detoxify and excrete metals like mercury. Decreased capacity of mercury excretion in 

autistic children was supported by the finding that mercury levels in the hair of the first 

haircut of autistic children were about 8-fold lower than in normal children, although 

autistic children had been exposed to significantly higher mercury levels through maternal 

dental amalgams and thiomersal98. 

 

6. ASSOCIATIONS OF BIOMONITORING DATA AND 

ADVERSE EFFECTS 

A number of adverse health effects associated with environmental exposure to mercury 

have been identified in humans and in animal studies. Most extensive are the data on 

neurotoxicity, particularly in developing organisms. At high exposures, mercury can 

cause cerebral palsy, seizures, microcephaly, mental retardation and also death. The most 
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severe effects were seen in Minamata and Niigata, Japan, where children were born with 

severe cerebral palsy in a population that consumed seafood contaminated with methyl 

mercury from industrial discharges99. Neurological disorders were also observed in 

populations exposed chronically to low doses of methyl mercury, especially in children of 

mothers whose diet included substantial quantities of fish and other seafood. 

As most toxicological studies aim at deriving information that may be used to establish a 

virtually safe dose for regulatory purposes, the U.S. EPA derived a Reference Dose (RfD) 

in 200121 based on analysis of the health effects of methyl mercury by the National 

Research Council66. The RfD is the dose below which no unacceptable risk of adverse 

effect is expected100. It was evaluated based on three epidemiological studies suitable for 

quantitative analysis. These longitudinal prospective developmental studies were 

conducted in the Seychelles Islands, the Faroe Islands and New Zealand. 779, 900 and 

237 mother-child pairs, respectively, were selected from fish-eating populations living in 

these Islands. Children were assessed at different ages on a number of standardized 

neuropsychological endpoints, which were compared with maternal hair mercury 

concentration or cord blood mercury concentration (Faroe Islands) as the biomarker of 

exposure. Investigators in the Seychelles Islands study reported no evidence of 

impairments related to prenatal methyl mercury exposure, whereas the other two studies 

found exposure-related effects in a number of neuropsychological endpoints101. In the 

assessment described by the NRC, emphasis was placed on the results of the Faroe 

Islands study, the larger of the two studies that identified methyl mercury -related 

developmental neurotoxicity. 

To identify a biomarker concentration that is associated with a dose affecting a certain 

proportion of a selected population, the relationship between the neuropsychological 

performance (endpoint) and exposure has to be modelled. The NRC used a linear dose-

effect relationship using five endpoints that had been reported as significantly affected by 

methyl mercury exposure102. The benchmark dose (BMDL05) was established, which 

represents an estimate of the lower confidence limit (5th percentile) of the dose that affects 

a small percentage of the population compared to the control group103. That methyl 

mercury concentration was than translated into the RfD. That determination requires the 

back-calculation of dose using a pharmacokinetic model. A one-compartment 

pharmacokinetic model was used to convert cord blood (or maternal hair) mercury to 

maternal intake. A one-compartment model is a significant simplification of the 

pharmacokinetics of methyl mercury in the maternal body and maternal-foetal unit, which 
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does not address the variance in the parameters (e.g. body weight, blood volume, hair-

blood partition coefficients). Each of the model parameters is a variable whose possible 

values in a population can be described by a probability distribution. The ingested dose of 

methyl mercury corresponding to a measured biomarker concentration, therefore, should 

also be described by a probability distribution. The ingested dose used as the basis for the 

RfD should be at the lower range of doses that could result in a given biomarker 

concentration. In order to address inter-individual toxicokinetic variability in the 

derivation of the RfD, an uncertainty factor of the central-tendency estimate of the 

ingested dose was applied. The dose was divided by an uncertainty factor of 10, which 

was derived from probabilistic analysis of the distributions of the parameters of the one-

compartment pharmacokinetic model66,101. 

Based on integrative analysis of all three studies and all endpoints, a BMDL05 of 32 ng/g 

methyl mercury in maternal whole blood was calculated, giving an RfD of 0.1 µg/ kg 

body weight /day as an exposure without recognized adverse effects21. Cord blood total 

mercury level equivalent to the the RfD is 5.8 ng/mL. The corresponding maternal hair 

total mercury concentration would than be about 1 µg/g. 

Reassessing each of the input parameters in the one-compartment model, taking into 

account cord blood-to-maternal blood ratio and reducing the uncertainty in the estimate of 

the central tendency of the maternal dose, Stern104 has revised the U.S. EPA reference 

dose. The cord blood-to-maternal blood ratio had a significant influence on the estimate 

of a maternal dose: maternal intake dose corresponding to the fetal cord blood mercury 

concentration of 58 ng/mL was assessed to be half the value previously reported by the 

U.S. EPA. 

Other levels of daily or weekly methyl mercury or mercury intakes estimated to be safe 

have also been established by several countries and international organizations based on 

the available information. All levels represent exposure that protects the most susceptible 

part of population. The estimates are given in Table 3. 

The expected constant and linear relation between methyl mercury oral dose and body 

burden is used by government officials to establish guidelines on safe levels of methyl 

mercury exposure. However, the mercury level in hair, which is used in most 

epidemiological studies as the only indicator of human exposure, does not always reflect 

the reported level of methyl mercury intake via fish consumption. As reported by Canuel 

et al73, the expected constant and linear relation between methyl mercury oral dose and 
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body burden seemed to vary among ethnic groups, most probably due to differences in 

specific genetic characteristics and/or interactive effects of other dietary components. The 

reported difference between expected and actual hair concentration was up to 14-fold73. 

Moreover, Budtz-Jørgensen et al103 have demonstrated that imprecision in the exposure 

variable is likely to lead to underestimation of the exposure effect. 

To summarize, all these studies lead us to the conclusion that the accurate assessment of 

exposure itself is crucial in risk assessment studies. For example, hair mercury can 

provide a good assessment of exposure to methyl mercury, but excretion of methyl 

mercury from blood to hair depends significantly on the metabolism of individuals. In this 

case blood methyl mercury is the preferred matrix of choice. Also, a considerable body of 

literature exists focusing on the effects of prenatal mercury exposure through fish 

consumption on neurodevelopment. Yet, findings have been inconsistent, particularly 

when assessing the effects of exposures to low mercury levels. 

 

7. GEOGRAPHICAL VARIATIONS - IDENTIFICATION OF 

"HOT SPOTS" 

Depending on the mercury source and how it was released into the environment, mercury 

may be present in concentrated "hot spots" or dispersed over extensive areas. “Hot spots” 

are defined as sites containing high mercury concentrations relative to the local levels in 

soils and sediments. Hot spots may result from a single well-delimited pollution source. 

The area concerned may be small – a few hundred square metres – but the potential 

consequences in terms of human exposure are significant for the local population. Hot 

spots may also result from several associated single-source releases. The area concerned 

is much more extensive than in the previous case, and the associated pollution impact can 

be regional with a radius exceeding the tens of kilometre scale. The contamination is 

more diffuse and may affect the whole population living in the area. 

Altogether, more than 1200 sites have currently been identified109 where mercury ore was 

mined and/or processed, 220 sites where mercury has been used in the chlor-alkali 

industry (both active and converted plant were taken into account), approx. 500 locations 

where precious metals (gold and silver) are processed in large-scale mining activities and 

more than 600 locations where non-ferrous metals ore is processed (including zinc, 

copper, lead and nickel). As Artisanal Small-scale Gold Mining (ASGM) activities are 
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conducted at hundreds of small sites they are considered as point sources, and cannot be 

individually identified. Estimates of mercury releases from ASGM activities based on 

country data were made in the report of Telmer and Veiga110. 

 

From a global perspective, most mercury contaminated sites identified (>70 %) are 

concentrated in industrial regions of Europe and North America that are adjacent to the 

Atlantic Ocean and Mediterranean Sea. In contrast to Europe and North America, the 

number and extent of mercury contaminated sites in other parts of the world (especially 

Asian countries and India) are increasing due to rising use of mercury in various products 

and processes. 

The recent UNEP/WHO publication “Guidance for identifying populations at risk from 

mercury exposure”0, summarizes the risks of mercury exposure to public health in general 

and provides guidelines for identification of populations at risk.  

People living in contaminated sites are exposed to elevated levels of mercury, frequently 

exceeding safe levels. The release of mercury to the environment from mineral deposits 

enriched in mercury can impact humans and biota through direct and indirect pathways. 

Direct pathways include ingestion of tailings and soils contaminated with mercury and 

respiration of mercury vapour and enriched particles. Ingestion is primarily of concern for 

young children who may eat soil directly, or be exposed by a high level of hand-mouth 

activity. Indirect pathways that impact humans are more important and include 

consumption of fish and, more rarely, edible plants that have been contaminated with 

methyl mercury. 

The factors that determine the occurrence and severity of adverse health effects include 

the chemical form of mercury, the dose, the age or developmental stage of the person 

exposed (the foetus is considered to be the most susceptible), the duration of exposure, 

and the route of exposure (inhalation, ingestion, and dermal contact). Dietary patterns can 

increase exposure, e.g. in a fish-eating population when fish and seafood are 

contaminated with mercury. 

The primary targets of toxicity of mercury and mercury compounds are the nervous 

system, the kidneys, and the cardiovascular system. It is generally accepted that 

developing organ systems (such as the foetal nervous system) are the most sensitive to the 

toxic effects of mercury. At the same time, studies have indicated that levels of mercury 

in the foetal brain appear to be significantly higher than those in maternal blood. Other 
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systems that may be affected include the respiratory, gastrointestinal, haematological, 

immune and reproductive systems. 

Although the toxic nature of mercury is well acknowledged, little is known of the effects 

of mercury on humans as a consequence of long-term exposure to low concentrations, 

which are often seen in contaminated sites. In many cases, the use of biomarkers, such as 

mercury concentrations in blood and urine, are not sufficient to assess the internal doses 

and potential effects on the central nervous system, kidney, the immune system, and other 

possible effects. Therefore, better scientific understanding of risks to human health, 

especially to those people living close to potentially polluted sites, is needed. 

In addition, there are many important gaps in knowledge defining the benchmark dose for 

significant effects due to uncertainties associated with epidemiological studies carried out 

so far: 

- Exposure assessment is imprecise. In the case of methyl mercury, calculation of 

the intake is complex because it is based on the conversion of biomarker data such 

as hair levels into daily intake. 

- The effect of a single factor has been assumed (in this case a single form of 

mercury) in a situation where many covariates may affect the final impact. There 

are a large number of potential confounding factors in major epidemiological 

studies on methyl mercury, such as the source and pattern of methyl mercury 

exposure (or elemental mercury exposure), the nature of the populations, the 

influence of nutrition, and the presence of other pollutants such as PCBs, which 

make comparison of studies and interpretation of the data difficult. 

- In numerous contaminated sites/regions, humans are simultaneously exposed to 

elemental mercury through inhalation, and to inorganic mercury and methyl 

mercury through food consumption. So far, very little is known of the effects of 

these combined exposures on adults and children. Further studies are needed to 

develop safe limits of exposure for the most vulnerable groups. 

 

Most human health related studies in contaminated sites were carried out in mercury 

mining areas111, artisanal gold mining sites (GEF-UNIDO project)112,113 and chlor-alkali 

sites (Kazakhstan, Albania, Italy and Sweden)114-116. Unfortunately, these studies mainly 

addressed exposure. Risk characterization, however, is the integration of the hazard 

identification, dose-response assessment, and exposure assessments to describe the nature 
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and magnitude of the health risk. Risk characterisation of the relevant populations in the 

above mentioned studies have not been addressed adequately. This prevented the 

development and implementation of effective programmes to protect the populations. 

Only limited information on exposure to mercury in contaminated sites is available. 

Exposure to methyl mercury has recently been addressed by numerous groups as a 

consequence of long-range transport, deposition and availability. A few studies 

implemented in contaminated sites indicate that direct exposure to elemental, inorganic 

and methyl mercury in contaminated sites significantly exceed that in background areas 

and contributes to the exposure of wildlife. It is documented that wild fish, mammals and 

birds that live on fish may be at risk from elevated dietary methyl mercury intake and 

toxicity. In controlled feeding studies, a diet that contained mercury (as methyl mercury) 

at environmentally realistic concentrations resulted in a range of toxic effects in fish, 

birds, and mammals, including behavioural, neurochemical, hormonal, and reproductive 

changes. A limited number of field-based studies support laboratory-based results 

demonstrating significant relations between methyl mercury exposure and various 

indicators of methyl mercury toxicity, including reproductive impairment117. 

Very limited information is available on the effects of mercury released from 

contaminated sites on candidate wildlife species. Limited (but useful) guidelines for 

ecosystem response to mercury contamination is available118, but these are commonly not 

included and implemented in the monitoring strategies, particularly for existing 

contaminated sites. Further development of monitoring strategies is needed to improve 

our knowledge and prevent negative impacts. 
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4. Conclusions 

 

1. Based on our results and the current JECFA PTWIs for MeHg, it can be 
concluded that the levels of MeHg in fish available on the Slovenian 
market consumed by Slovenian pregnant women do not represent a health 
risk to the woman and their susceptible developing foetuses. Our study also 
confirmed that fish lower in the food chain contain relatively low levels of 
MeHg. The concentrations of THg in cord blood (median (Med)=1.5 ng/g), 
hair (Med=297 ng/g) and breast milk (Med=0.2 ng/g) in Slovenian women 
are low, due to the low frequency of fish consumption and probable 
prevalent consumption of farmed fish with lower levels of THg and MeHg 
compared to wild fisheries (Miklavčič et al., 2011a,b). 

 
2. The calculated PDI based on the frequency of fish consumption and MeHg 

levels in the most frequently consumed fish (0.023 µg/day kg) (Miklavčič 
et al., 2011b) was comparable with the PDI calculated from THg levels in 
hair (0.029 µg/day kg). However, when we included only THg levels 
determined in fish from  supermarkets that were probably mostly 
aquacultured and excluded the levels of MeHg in tuna, the PDI intake was 
round 4 times lower (0.0054 µg/day kg), indicating that MeHg levels in 
tuna fish comprised the majority of the PDI. 

 
3. Compared to pregnant women from Italy, Croatia and Greece, pregnant 

women mainly from central Slovenia have the lowest MeHg exposure 
levels. The highest levels of Hg were found in cord blood and breast milk 
from Greek women. The differences in Hg exposure between the countries 
were probably due to the different amounts of fish consumption and the 
consumption of different species of fish of different origin (Miklavčič et 
al., 2013a). 

 
4. The percentages of MeHg in biological samples did not differ between the 

four countries, with the exception of the percentages of MeHg in breast 
milk. The lower percentages of MeHg in breast milk from Greece could 
be due to different sources of Hg exposure, or might be a consequence of 
a more efficient metabolism of MeHg elimination in women from Greece 
(Miklavčič et al., 2013b).  

 
5. It was confirmed that fish available on the Slovenian market represent an 

important source of Se and n-3 fatty acids. The concentrations of n-3 fatty 
acids in fish lower on the food chain tend to be higher compared to the 
levels of n-3 fatty acids in fish at the top of the food chain (Miklavčič et 
al., 2011a). 
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6. Considering the PCB tolerance limit recommended by the FDA, we 

conclude that edible fish from the Slovenian market pose a minimal health 
risk for humans (Miklavčič et al., 2011a). 

 
7. Fish consumption should not be discouraged, but it should be advised that 

the most vulnerable population such as pregnant women consume fish low 
in MeHg. Furthermore, regular monitoring of Hg levels in fish, 
particularly fresh fish, should be performed and the results communicated 
to the public, together with trustworthy advice for various population 
groups on the safety of fish consumption.  

 
8. At low levels of exposure a number of factors can influence the strength of 

the correlation between biomarkers of exposure and intake of MeHg 
through fish consumption. The important factors are the accuracy of the 
data contained in the questionnaire, the high variability of MeHg in fish 
and the presence of inorganic Hg from sources other than fish (Miklavčič 
et al., 2011b).  

 
9. Inter-individual differences might play an important role, especially at 

these low Hg exposure levels. In terms of science-based questions related 
to the safety of fish consumption for the most susceptible groups of the 
population, more studies are needed to better understand the role of 
genetic factors influencing the use of different biomarkers of MeHg 
exposure through fish consumtion (Miklavčič et al., 2011b).  

 
10. THg in hair and THg or MeHg in cord blood are suitable biomarkers of Hg 

exposure from fish consumption. Moreover, for large epidemiological 
studies the THg level in hair is the most appropriate biomarker for 
exposure assessment, because of its simple and practical collection, ease 
of storage of the samples, and the relatively simple, fast and precise 
analytical determination of THg in hair (Miklavčič et al., 2011b). 

 
11. Significant linear correlations were found between logarithmic 

transformation (ln) of THg levels and ln Se levels, ln As and ln Se levels, 
and ln As and ln THg levels in cord blood, mother’s blood and breast 
milk. In addition, significant correlations were found between the 
frequency of fish consumption and different biomarkers of exposure. Fish 
consumption, the possible common source of As, Hg and Se, could 
explain these correlations between the elements determined in cord blood, 
mother’s blood or breast milk (Miklavčič et al., 2013a). 

 
12. The highest levels of As were found in cord blood and breast milk from 

Greek women, while the highest Se levels were found in cord blood from 
Italy. The differences in As exposure between the countries were probably 
due to the different amounts of fish consumption and the consumption of 
different species of fish of different origin. Since speciation analyses of 
As were not included in this study, it is still not clear whether As levels 
came mainly from fish or in part also from some sources other than fish, 
which could also influence the differences in As levels between countries. 
Because Se levels in different food items also depend on the origin of 
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food, the highest levels of Se in Italy are probably the consequence of 
more frequent consumption of various food items in Italy that have higher 
Se levels (Miklavčič et al., 2013a).  

 
13. The levels of As found were far below the threshold levels for acute or 

chronic toxicity even assuming it was all inorganic As. However, it is still 
unknown if such low long-term exposure levels could affect the most 
susceptible population (Miklavčič et al., 2013a). 

 
14.  Levels of Hg in food from the Idrija mine area were elevated compared to 

non-contaminated sites. Moreover, the levels of Hg in local food have not 
diminished significantly over the past 15 years since the closure of the Hg 
mine. Importantly, our study confirmed that Hg is accumulated in 
mushrooms and chicory (Cichorium intybus), and these high levels should 
not be overlooked, because chicory in particular represents a seasonal 
vegetable eaten daily. In addition, higher levels of MeHg in some 
vegetables were found compared to those previously found (Miklavčič et 
al., 2013b). However, the exposure levels assessed through biomarkers of 
exposure in this area during pregnancy were on the level of the population 
that live sin uncontaminated area (see the Appendix). 

 
15.  Overall, next step is to better understand the bioavailability of different 

Hg species and the role of genetic factors influencing the use of 
biomarkers of Hg exposure (Miklavčič et al., 2011a, 2011b, 2013a). A 
further monitoring of vegetables from the Idrija mine area should be 
conducted and additional studies made to confirm these results and to 
assure the safety of local vegetable consumption (Miklavčič et al., 2013b). 
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PHIME Project 
 
Brief questionnaire for mothers 
 
 
 

Code No 
 |_|_|_|_| 

 
 
Q1 Mother’s name (First name and Last name)   
……………………………………………………………...………………………………………… …………….. 
Q2 Mother’s date of birth                                  |__|__|  |__|__|  |__|__| 
                                                                               mm         dd          yy 
Q3 Mother’s place of birth (Town and Country) 
................................................................................................................................................................... 
Q4 Address………………………………………………...…………………………….…………………………  
Q5 Telephone number ………….…………...… 
 
Q6 Since what year have you been resident in Friuli-Venezia Giulia?    I__|__|__|__| 
 
Q7 Do you plan to move out of the region within the next 2 years?     1.YES   2. NO 
 
Q8 Mother’s usual  occupation held in the past year …………………………………….…………..…. 
Q9 Years of schooling                                             |__|__| 
 
Q10 Number of children                                            |__|__| 
Q11 Birth date of youngest child                       |__|__|  |__|__|  |__|__| 
                                                                                mm         dd         yy 
 
Q12 Father’s name  ...…………………………….……………………………………..……. 
Q13 Father’s date of birth                               |__|__|  |__|__|  |__|__| 
                                                                               mm        dd          yy 
Q14 Father’s current occupation …….………………………………………....………………..…………… 
Q15 Years of schooling                                             |__|__| 
 
Q16 Due date                                                    |__|__|  |__|__|  |__|__| 
                                                                              mm       dd          yy 
Q17 Pregnancy problems                                                                     1.YES 2. NO 
 
Q18 What problems? ………………….…………………….…………………………………... 
 
Q19 Are you being treated for any illnesses?                                   1.YES 2. NO 
 
Q20 What illnesses? ……………………………………………………………………….………. 
 
Q21 Weight before pregnancy (kg)     |__|__|__| 
Q22 Height (cm)     |__|__|__| 
 
Q23 Smoking status: 
Before pregnancy                                                                                     1.YES 2. NO 
Currently                                                                                                   1.YES 2. NO 
 
(only for current smoker) 
Q24 How many cigarettes do you smoke per day?                           |_|_| 
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Q25 How many times do you eat the following foods and beverages? (fill circle) 
 

 FREQUENCY 
 
FOODS 

Never Less 
than 
once 
per 

month 

1-3 
per 

month 

1 
per 

week 

2 
per 

week 

3 
per 

week 

4 
per 

week 

5 
per 

week 

6 
per 

week 

At 
least 
once 
per 
day 

Vegetables* 
(1 serving) 

1 2 3 4 5 6 7 8 9 10 

Milk products° 
(1 serving) 

1 2 3 4 5 6 7 8 9 10 

Egg (one) 1 2 3 4 5 6 7 8 9 10 
Meat 
(1 serving, 150g) 

1 2 3 4 5 6 7 8 9 10 

Fresh fish 
(1 serving, 150g) 

1 2 3 4 5 6 7 8 9 10 

Frozen fish 
(1 serving, 150g) 

1 2 3 4 5 6 7 8 9 10 

Tinned fish 
(1 can, 80g) 

1 2 3 4 5 6 7 8 9 10 

Alcoholic 
beverages^ 
(1 serving) 

1 2 3 4 5 6 7 8 9 10 

*For Vegetables: all vegetables except potatoes 
°For Milk products: 1 serving = 1 yogurt or 1 slice of cheese (100g) or 1 cup/glass of milk (200g) 
^For Alcoholic beverages: 1 serving = 1 glass of wine (125ml) or 1 can of beer or 1small glass of spirits (30ml) 
 
 
Q26 Intake of alcoholic beverages: 
Before pregnancy                                                                                  1.YES 2. NO 
Currently                                                                                                1.YES 2. NO 
 
Q27 Is your alcohol intake concentrated during  
certain days of the week ?                                                                     1.YES 2. NO 
 
Q28 If YES, how many day(s) per week?                1 2 3 4 5 
 
Q29 Were you away from your current home 
during the past year?                                                                           1.YES 2. NO 
 
Q30 How long?              1. number of weeks  |__|__| 
                                        2. number of months  |__|__| 
Q31 Where? ………………………………………………………………………………..……… 
 
Q32 Date of Hair Sampling                                  |__|__| |__|__| |__|__| 
                                                                                  mm      dd         yy 
 
Q33 Place ……………………………………………………………………..………………… 
 
Q34 Measurements 
Hgtot                                        |__|__|__|__| 
 
Q35 Date of measurement                                  |__|__| |__|__| |__|__| 
                                                                                  mm      dd         yy 
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INSTRUCTIONS FOR COMPLETION 
 
 
The objective of this study is to obtain information on the dietary habits of women during pregnancy.  
 
The first part of this questionnaire consists of a series of general questions and following this section, 
there will be a series of questions that refer to the frequency with which you consume a portino of the 
foods listed. We ask that you compile these sections  as clearly and completely as possibile using  short 
answers when specifically requested and  leaving fields blank where marked with an asterisk (*). All data 
will be used for scientific purposes only and according to the laws of privacy and confidentiality (D.Lgs 
n.196, 30 giugno 2003) 
 
To respond you must place a single ‘X in the box corresponding to your habits, if possible using only red, 
green, or blue ink. With the exception of some questions  (indicated clearly on the  questionnaire) there 
should be only  one ‘X’ per line. 
 
We request that you respond to all questions including for those food items you do not consume, by 
putting an ‘X’ in the box corresponding to ‘never’ . Before beginning we ask that you read attentively the 
various categories of foods indicated in the questionnaire and keep track of the time required  to 
complete the questionnaire. 
 
SOME EXAMPLES 

General Questions 

Indicate your response to each question by marking an ‘X’ or circling the corresponding number  

Example:  

Sex: 

1. Male  or    1. Male 

2. Female     2. Female 
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University of Udine - Chair of Hygiene and Epidemiology 
EPIDEMIOLOGIC STUDY OF MATERNAL AND NEONATAL HEALTH 

 
Questionnaire  ID Number          /_/_/_/_/* 
 
Start Date dd /_/_/     mm /_/_/     yy /_/_/_/_/ 
Start time   hh/_/_/:mm/_/_/ 
 
GENERAL DATA -- MOTHER 
 
Family Name & Name ________________________________________________ 
Home Address: Street _____________________________________ n° _______ 
City _____________________________________  /_/_/_/_/_/_/* 
Province ____________________________________________  /_/_/_/_/_/_/* 
Postal Code   /_/_/_/_/_/ 
 
Date of birth:  dd_/_/     mm /_/_/     yyyy /_/_/_/_/ 
 
Place of Birth: 
City ______________________________________/_/_/_/_/_/_/* 
Province______________________________________________/_/_/_/_/_/_/* 
Postal Code /_/_/_/_/_/* 
 
Country of Birth _______________________________________/_/_/_/_/* 
 
Marital Status:          

1. married/living together 
2. widow 
3. separated/divorced 
4. single/never married 

 
HEIGHT AND WEIGHT 
 
Height  (in cm) /_/_/_/ 
Weight (in kg)    before pregnancy /_/_/_/   at delivery /_/_/_/ 
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EDUCATIONAL TITLES 
1. none 
2. elementary school diploma 
3. middle school diploma 
4. high school diploma 
5. university degree 

 
OCCUPATION 
Currently you are:            

1. employed on maternity leave/leave of absence 
2. employed worker 
3. housewife 
4. in search of employment 
5. student 
6. resigned from work 
7. other conditions (please specify)__________________________/_/_/_/_/ 

 
If you have worked during this pregnancy, please indicate your occupation               
___________________________________________________/_/_/_/_/* 
 
 and the sector_____________________________________/_/_/_/_/* 
 
To which of the following employment categories do you belong? 

1. manager/entrepreneur 
2. professional/specialist 
3. technician/associate professional  
4. clerk 
5. service worker or shop and market sales worker  
6. craft worker/skilled and related trade worker 
7. plant and machine operators and assemblers  
8. elementary occupations 
9. armed forces 
10. farmer/animal farmer 
11. fisherman 

 
Until which month did you work ? mm /_/_/ 
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HUSBAND/LIVE-IN MATE 
 
Nazione di nascita _________________________________________/_/_/_/_/* 
 
Highest educational title  

1. none 
2. elementary school diploma 
3. middle school diploma 
4. high school diploma 
5. university degree 

 
Currently he is:            

1. employed worker/leave of absence 
2. househusband 
3. in search of employment 
4. student 
5. resigned from work 
6. other conditions (please specify)__________________________/_/_/_/_/ 

 
If he works/worked, please indicate his occupation 
______________________________________________________/_/_/_/_/* 
   and the sector__________________________________________/_/_/_/_/* 
 
To which of the following employment categories does he belong? 

1. manager/entrepreneur 
2. professional/specialist 
3. technician/associate professional  
4. clerk 
5. service worker or shop and market sales worker  
6. craft worker/skilled and related trade worker 
7. plant and machine operators and assemblers  
8. elementary occupations 
9. armed forces 
10. farmer/animal farmer 
11. fisherman 

 
Height (in cm) /_/_/_/ 
Weight (in kg)  /_/_/_/ 
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LIVING CONDITIONS 
The house in which you live is: 

1. owned 
2. rent/lease 
3. guest 
4. live with parents/in-laws 

 
How many bedrooms are there in your home? /_/ 
 
What is the surface area of your home? 

1. less than 50 m2 
2. 50-100 m2 
3. more than 100 m2 

 
How many persons live in your home (including you and your newborn)? 
Adults (of age) /_/ 
Children (under age) /_/ 
 
In the family, how many cars do you have? (if none, write 0) /_/ 
 

INFORMATION ON YOUR CHILD 
 
Family Name & Name ______________________________________________ 
 
Date of birth:  dd /_/_/     mm /_/_/     yyyy /_/_/_/_/ 
Sesso 

1. Male 
2. Female 

 
Birthweight    gm /_/_/_/_/ 
 
Length at Birth     cm /_/_/ 
 
The delivery was: 

1. Spontaneous vaginal delivery 
2. Induced with medications 
3. Planned Cesarean Section 
4. Emergency Cesarean Section  
5. Vacuum 
6. Rotation of breech presentation 
7. Forceps 

 
After delivery did your newborn have any of the following conditions? 
 

 yes no 
jaundice    

infection   

respiratory difficulty   

convulsions   
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Since birth has he/she been readmitted to the hospital? 
1. Yes 
2. No 

 
If yes, please indicate the details relative to each admission: 

Age in weeks Reason for admission 
Ward and 
hospital 

Treatments 

    
    
    

 
Excluding any hospital admissions, has your newborn required medical treatment? 

1. Yes 
2. No 

 
If yes, please indicate the details relative to each episode: 
Problem Treatment  
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HEALTH STATUS AND MEDICAL HISTORY 
 
Was the recent pregnancy your first? 

1. Yes  
2. No 

 

      If no, how many pregnancies have you had previously? /_/ 

      Please indicate the year and outcome of each previous pregnancy:   

Pregnancy Year Outcome 

1 /_/_/_/_/ 
1.live full term birth     2.live pre term birth      3.live underweight birth    4.live birth with malformations/genetic syndromes    5. 

miscarriage     6.still birth 

2 
/_/_/_/_/ 1.live full term birth     2.live pre term birth      3.live underweight birth    4.live birth with malformations/genetic syndromes    5. 

miscarriage     6.still birth 

3 
/_/_/_/_/ 1.live full term birth     2.live pre term birth      3.live underweight birth    4.live birth with malformations/genetic syndromes    5. 

miscarriage     6.still birth 

4 
/_/_/_/_/ 1.live full term birth     2.live pre term birth      3.live underweight birth    4.live birth with malformations/genetic syndromes    5. 

miscarriage     6.still birth 

5 
/_/_/_/_/ 1.live full term birth     2.live pre term birth      3.live underweight birth    4.live birth with malformations/genetic syndromes    5. 

miscarriage     6.still birth 
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What is the actual health status of: 

 

 
 

Father of the 
child 

1.    living in good health 
2.    living with illness:  _________________ 
3.    deceased: cause _________________ 
 age at death: years ____ 

Other Chidren (excluding the newborn) 
Child 1 1.    living in good health 
 2.    living with illness:  _________________ 
 3.    deceased: cause _________________ 
  age at death: years ____ 
 
Child 2 1.    living in good health 
 2.    living with illness:  _________________ 
 3.    deceased: cause _________________ 
  age at death: years ____ 
  
Child 3 1.    living in good health 
 2.    living with illness:  _________________ 
 3.    deceased: cause _________________ 
  age at death: years ____ 
 
Child 4 1.    living in good health 
 2.    living with illness:  _________________ 
 3.    deceased: cause _________________ 
  age at death: years ____ 
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Has anyone in your family suffered, or died from:  

Cardiovascular Disease 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
Neurologic Disease 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
Genetic Disease 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
Tumours 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
Diabetes mellitus 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
Hypertension 1.no one       2.father of the child        3.other child        4.grandparent of child       5.aunt/uncle of child                
 
Prima della gravidanza soffriva o in gravidanza ha sofferto di:  

Diabetes  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Asthma  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Allergy  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Epilepsy  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Hypertension (high blood 
pressare) 

 1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    

Vomiting   1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Hypothyroidism  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Hyperthyroidism  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Lupus  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Rheumatologic Disease  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Urinary Infections  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Infections  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Fever  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Convulsions/Seizures  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Anemia  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Cardiovascular Disease  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Neurologic Disease  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Genetic Disease  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    
Tumours  1.no, never     2.yes, only in pregnancy      3.yes, only before the pregnancy     4.yes, both before and during pregnancy    



200  
 
 

  

Have you taken any medications in pregnancy? 
1. Yes  
2. No 

If yes, which? 
Brand/Commercial Name Reason for taking? From (month)  To (month) Times per day 
     
     
     
     
     
     
 

How many prenatal visits did you have during the pregnancy?  /_/_/ 

How many sonograms did you have during the pregnancy?  /_/_/ 

During pregnancy, did you have any dental visits?   

1. Yes  
2. No 

     If yes, did you have any work on dental fillings?  

1. Yes  
2. No 

How many fillings do you have? 
1. less than 3 
2. from 3 to 5 
3. from 5 to 9 
4. 10 or more 
5. I don’t know



 

  

SMOKING 
 
Are you a smoker? 

1. No, I have never smoked 
2. Yes, I smoke  
3. Ex-smoker: I smoked but I quit before the last pregnancy 
4. Ex-smoker: I smoked but I quit after the last pregnancy 

     If you smoke or smoked, at what age did you start? /_/_/ 
 
       How much do you smoke/smoked on average daily? 
 Before pregnancy During Pregnancy Now 
Cigarette /_/_/ /_/_/ /_/_/ 
Cigars /_/_/ /_/_/ /_/_/ 
Pipe /_/_/ /_/_/ /_/_/ 
 
     If you smoke or smoked, did you quit during the pregnancy? 

1. Yes, in the /_/  month 
2. No 

    
     If you are an ex-smoker, at what age did you quit smoking? /_/_/ 
 
Do you identify yourself with one or more of the following situations? 
 
 Before 

pregnancy 
During Pregnancy Now 

I live with a smoker(s)    

I work in an environment in which 
many people smoke 

   
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Breastfeeding                                                                                                           
 
Until now, how has your baby been breastfed in each week? 
 

Type of Breastfeeding Week  

 EXCLUSIVE BREASTFEEDING 
Maternal milk  sucked or expressed manually, drops or medicinal syrups (vitamins, minerals and 
medications) and nothing else 

1  2  3  4  5  6  

PREDOMINANT BREASTFEEDING  
Maternal milk sucked or expressed manually, drops or  medicinal syrups (vitamins, minerals and 
medications) with the addition of non nutritive liquids (plain or sweetened water, water based 
drinks like tea, cammomile, herbal infusions, oral rehydration solutions) 

1  2  3  4  5  6  

PARTIAL BREASTFEEDING  
Maternal milk sucked or expressed manually, drops or  medicinal syrups (vitamins, minerals and 
medications) with the addition of nutritive liquid foods (liquid orpowdered milk) 

1  2  3  4  5  6  

ARTIFICIAL FEEDING  
Nutrition without maternal milk 

1  2  3  4  5  6  



 

  

 

GENERAL CHARACTERISTICS OF DIETARY HABITS 
 
 
 
 
During the pregnancy did you happen to eat differently than use for any period of time? 

1. Yes 
2. No 

 
If yes, for which reasons (external to the pregnancy) ? 

1. I changed jobs 
2. I was following a particular diet (please specify the reason for the diet................................................................................................. ) 
3. I was ill 
4. other, please specify....................................................................................................................................................................... 

 
If yes, for which reasons (linked to the pregnancy) ? 

1. nausea 
2. vomiting 
3. abdominal pain/reflux/heartburn 
4. other, please specify.......................................................................................................................................................................... 

 

 

 

never 
 

Less 
than 
once 
per 

week 

Once 
per 

week 

2-4 
times 
per 

week 

5-6  
times 
per 

week. 

7-8  
times per 

week. 

9-10  
times 
per 

week  

11-12  
times per 

week . 

More 
than 12  
times 
per 

week 
With what frequency did you consume lunch or dinner away from home? 
(e.g. at work, in a bar,  restaurant, home of friends, etc.)? 

         
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During the pregnancy did you use any  vitamins, minerals or other supplements?    
1. Yes 
1.  No 

 

 
In the 3 months preceding the pregnancy, did you consume folic acid (folate)? 

1. Yes 
2. No 

 
 

If yes, please indicate the 
exact name of the 
supplement  

Irregular use 
Regular use (please indicate 
the daily dose in number of 

tablets, drops or mL) 
For how many months did you take the supplement? 

   1.<1 month  2.1-3 months  3.4-6 months 4.7-9 months 5.I don’t know 

   1.<1 month  2.1-3 months  3.4-6 months 4.7-9 months 5.I don’t know 

   1.<1 month  2.1-3 months  3.4-6 months 4.7-9 months 5.I don’t know 

   1.<1 month  2.1-3 months  3.4-6 months 4.7-9 months 5.I don’t know 

Period If yes,  please indicate the exact name of the 
supplement 

Irregular use 
Regular use (please indicate the daily 

dose in number of tablets, drops or mL) 
3 months before the pregnancy    

2  months before the pregnancy    

1  month before the pregnancy    



 

  

 

 
What fats/oils di you use normally 
(even more than 1 type): 

6. 
one 

Olive 
oil 

Virgin or 
extra 
virgin 

olive oil 

Oil of 
sansa 

Sunflo
wer, 
corn 

or soy 
oil 

Peanut 
oil 

Mixe
d 

seed 
oil 

7. 
utter 

8. 
argarine 
spreada

ble 
(tub) 

9. 
argarine 

hard 
(stick) 

White 
sauce 

Short
ening 

10. 
 don’t 
know 

On bread              
To season raw vegetables              
To season or prepare cooked vegetables              
To cook meat              
To cook fish              
To fry foods              
To season pasta (noodles) or rice                
To cook the sauce for the pasta               
For baking              
 

Could you tell us how much olive oil virgin or extra virgin you ate each day, 
either cooked or uncooked ? Consider all cooked dishes, vegetables, salads, oil 
added at table (e.g. in soups, vegetables, on bread, etc.)  

I did not 
eat olive oil 

Less than 
1 

tablespoo
n 

1-3 
tablesp
oons 

4-6 
tablesp
oons 

More 
than 6 
tablesp
oons 

I 
don’t 
know 

 

Also home 
made or 

produced? 

       
 
Some types of fruit can be consumed with or without the skin. Which of the following fruits did you consume usually with the skin and which 
without? 
With the skin  apple  pear  peach  nectarine, plum  apricot  grape  fig 
Without the skin   apple  pear  peach  nectarine, plum  apricot  grape  fig 
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DIETARY HABITS  

 
 

 FREQUENCY  

HOT BEVERAGES – MILK – SUGAR 
never 

 

Less 
than 
once 
per 

month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per 
day 

2-3 
times 

per day 

4-5 times 
per day 

More 
than 5 

times per 
day 

Also 
home 
made 
or 

produc
ed? 

Tea                                                                (1 coffee cup/mug)            

Herbal tea, decaffeinated tea, etc.               (1 coffee cup/mug)            

Coffee                                                            (1 espresso cup)            

Decaffeinated coffee                                         (1 espresso cup)            

Milk in coffee or tea                                            (1 tablespoon)            

Cappuccino or Coffee Latte                             (1 coffee cup/mug)            

Hot chocolate                                                (1 coffee cup/mug)            

Other milk, whole                                   (1 coffee cup/mug, glass)              

Other milk, skim or low fat                    ( 1 coffee cup/mug, glass)  )            

Plain or  fruit yogurt, whole                                            (1 jar)            

Plain or  fruit yogurt,  low fat                                         (1 jar)            

Sugar, added to drinks or other foods                     (1 teaspoon)            

Artificial sweeteners, saccharin, aspartame, etc.      (1 packet)            

Powdered cocoa                                                     (1 tablespoon)            

 



 

  

 

BREAD – CEREALS - FIRST COURSE 
never 

 

Less 
than 
once 
per 

month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per 
day 

2-3 
times 

per day 

More 
than 3 
times 

per day 

Also 
home 

made or 
produced

? 

Bread                                                                               (1 roll, 50g)           

Whole wheat bread                                                          (1 roll, 50g)           

Crackers (1 pacchetto), breadsticks (n. 5), melba toast (n. 3)           

Whole wheat crackers (1 packet), Whole wheat breadsticks (n. 5),  
Whole wheat melba toast (n. 3)          

 

Breakfast cereals: e.g. cornflakes, rice crispies, muesli, etc. 
                                                                                        (1 portion, about 30 g)          

 

Pizza bread                                                                         (1 piece)           

Pizza                                                                       (1  plate or 1 slice)           

Polenta                                                                                 (1 slice)           

Pasta or rice with oil or butter, risotto                                (1 plate)           

Pasta or rice with tomato sauce                                               (1 plate)           

Pasta or rice with meat sauce                                               (1 plate)           

Pasta or rice with pesto sauce                                              (1 plate)           

Pasta or rice with vegetables (broccoli, zucchini, etc.)         (1 plate)           

Lasagna, cannelloni, tortellini, etc. with meat sauce             (1 plate)           

Lasagna, cannelloni, tortellini, etc. di magro                         (1 plate)           

Broth – also with con pasta or rice                                         (1 plate)           

Vegetable soup, stew, pasta with beans                               (1 plate)            

Soups or other first courses with cereals like: barley, spelt,  
pearl millet                                                                         (1 plate)   

         
 

Grated cheese, on first course pasta and soups              (1 teaspoon)           

  



208  
 
 

  

MAIN COURSE 
never 

 

Less 
than 

once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per 
day 

2-3 
times 
per 
day 

More than 
3 times 
per day 

Also 
home 

made or 
produce

d? 

Egg: hard-boiled, soft-boiled, poached o raw                         (n. 1)           

Egg: fried, scrambled, omelette                                             (n. 1)           

Chicken or turkey with little added seasoning or boiled      (200 g)           

Chicken or turkey roasted, fried or stewed                        (200 g)           

Rabbit, prepared in any manner                                           (200 g)           

Lean meats:  veal, beef, or horse  (roast beef, steak, etc)                  (120g)           

Meat stew (gulasch), pot roast, meatballs, cutlet, roast etc.  
veal, beef, or horse                                                                                (150 g)

          

Pork, prepared in any manner                                              (150 g)           

Lamb, prepared in any manner                                             (150 g)           

Liver meats any animal                                                         (150 g)           

Other organ meats: heart, brain, kidneys, thymus, etc.         (150 g)           

Raw ham, smoked ham, dried beef                                      (4 fette)           

Cooked ham                                                                        (4 fette)           

Salami, mortadella, bacon, etc.                                              (50 g)           

Sausage, frankfurters, cotechino, (Cevapcici, musetto, etc) (120 g)           

Wild game meats (hare, pheasant, venison, etc)                    (150g)           

Fish: boiled, grilled, baked                                                   (150 g)           

Shellfish:  boiled, grilled, baked                                          (150 g)           

Fried Fish                                                                            (150 g)           

Fried shellfish                                                                     (150 g)           

Tuna, mackerel, sardines in oil                     (1 small can, single portion)           

Ricotta or mozzarella, as a main course                                (100 g)           

Other cheeses, as a main course                                          (80 g)           

Cheese as a last course or snack                                          (25 g)           



 

  

 

 
VEGETABLES 

never 
 

Less than 
once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 
week

. 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times 
per 
day 

More 
than 3 
times 

per day 

Also 
home 

made or 
produce

d? 

Beetroot                                                                    (1 portion)           

Carrots                                                                      (1 portion)           

Artichokes   (n. 1),       cardoon (1 portion)           

Cauliflower                                                                      (1 portion)           

Cabbage, savoy cabbage, broccoli,  turnip greens,   
 brussel sprouts                                                              (1 portion) 

          

Onions, raw or cooked, scallions, leeks 
(excluding onions used in seasoning )                                          (n. 1) 

          

Green beans                                                                (1 portion)           

Fennel, raw or cooked                                                  (1 portion)           

Mushrooms                                                                 (1 portion)           

Green or red salad                                                      (1 portion)           

Mixed salad with carrots, tomatoes, cucumbers, etc.  (1 portion)           

Legumes: beans, chick peas, lentils, peas, etc.               (1 portion)           

Eggplant, aubergine                                                     (1 portion)           

Potatoes: mashed  or boiled                                         (1 portion)           

Potatoes : fried or roasted                                          (1 portion)           

Peppers, sweet                                                                         (n. 1)           

Tomatoes                                                                           (1 medium)           

Spinach, swiss chard, chicory                                         (1 portion)           

Zucchini                                                                      (1 portion)           
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FRUIT 
never 

 

Less than 
once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per 
day 

2-3 
times 

per day 

More 
than 3 
times 

per day 

Also 
home 

grown? 

Apples                                                                                 (n. 1)           

Pears                                                                                   (n. 1)           

Oranges                                                                              (n. 1)           

Mandarin oranges (n. 2), tangerines (n. 3), other citrus fruits (mapo, etc)           

Grapefruit                                                                        (half)           

Lemons: e.g. on vegetables, in tea or other                   (1 squeeze)           

Fresh squeezed citrus fruits: orange, g.fruit, lemon, etc. (1 glass)           

Watermelon                                                                     (1 slice)           

Banana                                                                                 (n. 1)           

Strawberries                                                              (1 cup, 150 gr)           

Cherries                                                                              (150 gr)           

Kiwi                                                                                      (n. 1)           

Melon                                                                             (2 slices)           

Peaches   (n. 1),   nectarines   (n. 1),   apricots                      (n. 2)           

Plums                                                                                 (n. 2)           

Figs                                                                           (n.2, medium)           

Grapes                                                                               (1 bunch)           

Pineapple                                                                       (2 slice)            

Other exotic fruits __________________      (1 piece, 1 slice)           

Cooked fruits, sugared fruits, mixed fruits                (1 small cup)           

Dried fruits: walnuts, hazelnuts, almonds, etc.           (1 handful)           

Raisins, dried prunes, dried figs, etc.                          (1 handful)           



 

  

 
 
SWEETS – VARIOUS FOODS never 

 

Less 
than 

once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times per 

day 

More 
than 3 
times 

per day 
Cookies (all types)                                                                 (n. 7)          
Whole wheat cookies                                                            (n. 7)          
Croissant, donuts, commercially prepared cakes, sponge cakes  
or other leavened cakes, without cream                    (n. 1 or 1 slice) 

         

Pastries with cream (1 large or 3 small), cream filled donuts      (n. 1)          
Fruit or jam tart   (1 slice)  
Pastries with fruit (1 large or 3 small) 

         

Puddings, cream caramel, spoon desserts                     (1 small cup)          
Chocolate   (10 gr),   chocolate candy (n. 1)          
Chocolate bar: like Mars, Kit-Kat, Bounty, etc.                         (n. 1)          
Candies "normal"                                                                  (n. 1)          
Candies "light" (without sugar)                                                      (n. 1)          
Chewing gum "normal"                                                          (n. 1)          
Chewing gum "light" (without sugar)                                           (n. 1)          
Ice cream                                                                            (n. 1)          
Jam or honey                                                                  (1 teaspoon)          
Butter on bread                                                                   (5 g)          
Olive oil on bread                                                                  (10 g)          
Green or black olives (natural or salted)                              (5 g)          
Mayonnaise, pink sauce, tuna sauce,  etc.                    (1 tablespoon)          
Pickled vegetables  (pickles, spring onions, mixed, etc)       (50 g)          
Potato chips, salted snacks, etc.                                      (1 handful)          
Pop corn          
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NON ALCOHOLIC BEVERAGES never 

 

Less 
than 

once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times 

per day 

4-5 times 
per day 

More than 
5 times 
per day 

Coca-Cola, Pepsi-Cola, Chinotto                             (1 glass)            
Other carbonated drinks: orange soda, club soda, aperitifs  
Non alcoholic, etc.                                                (1 glass) 

          

"Light" drinks (without sugar)                                   (1 glass)           
Commercial fruit juices                                         (1 glass)           
Mineral water  (with gas or natural)                      (1 glass)           
Tap or Faucet water                                              (1 glass)           
Well or tank water                                                 (1 glass)           

 
 
 

 
ALCOHOLIC BEVERAGES never 

 

Less 
than 

once per 
month 

1-3 
times 
per 

month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times 

per day 

4-5 times 
per day 

More than 
5 times 
per day 

White wine, sparkling wine, champagne                    (1 glass)           
Vino rosso o rosato                                                  (1 glass)           
Beer                                                                           (1 can)           
Alcoholic aperitifs: e.g. vermouth, Campari, Marsala,  (n. 1 )           
Spirits, digestifs, sweet liqueurs                       (1 small glass)           
Whisky, cognac, brandy, grappa, vodka,  
acquavite, tequila etc.                                          (1 small glass) 

          

 



 

  

 SPECIAL SECTION. These questions refer to your consumption of some particular types of FISH and their origin. 
 F R E Q U E N C Y Type 
 
Dishes based on  

never 
 

Less 
than 

once per 
month 

1-3 
times per 
month 

Once 
per 
week 

2-4 
times 
per 

week. 

5-6 
times 
per 
week 

1 time 
per day 

More 
than 2 
times 

per day 

Fresh 
from 
the 

region 

Fresh 
from other 

origin 

Fresh, I 
don’t 
know 
the 

origin 

Frozen Canned I 
don’t 
know 

Fish broth               

Eel               

Sea Bass               

Gilt head bream               

Grey Mullet               

Riboni               

Dover Sole               

Tuna               

Blue Whiting               

Piked dogfish (Asià)               

Mackerel               

Smooth dogfish               

Plaice               

Monkfish                

Shark               

John Dory               

Anchovy               

Sardine               

Mediterranean shad               

Trout/salmon               

European Hake/Cod               

Other fish (specify)               

               
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During the pregnancy, how often on average did you eat fish in a restaurant? 
1. never 
2. less than once per month 
3. 1-3 times per month 
4. 1 time per week 
5. 2-4 times per week 
6. more than 4 times per week 

 
If you are breastfeeding, how often do you eat fish now? 

 
never 

 

less 
than 

once per 
month 

1-3 
times 
per 

month 

1 time 
per 
week 

2-4 
times 
per 
week 

5-6 
times 
per 
week 

1 time 
per 
day 

2-3 
times 

per day 

More 
than 3 

times per 
day 

Fish: boiled, grilled, baked                                                   (150 g)          
Shellfish:  boiled, grilled, baked                                          (150 g)          
Fried Fish                                                                            (150 g)          
Fried shellfish                                                                     (150 g)          

Tuna, mackerel, sardines in oil                    (1 small can, single portion)          

 
Where do you usually obtain fresh fish during the winter ( 2 primary) ? 

1. fish shop or stand in supermarket  
2. local fish market  
3. supermarket  
4. direct from fisherman  
5. fished for myself  
6. other:..................................  
7. I don’t buy fresh fish  

 



 

  

Can you indicate the location (municipality, division, province) of your usual supplier of fresh fish in the winter? ( 2 primary) 
1. Municipality/subdivision ______________________________________/_/_/_/_/_/_/* 
Province ___________________________________________________/_/_/_/_/_/_/* 
2. Municipality/subdivision ____________________________________/_/_/_/_/_/_/* 
Province _________________________________________________/_/_/_/_/_/_/* 
 
Where do you usually obtain fresh fish during the summer ( 2 primary) ? 

1. fish shop or stand in supermarket  
2. local fish market  
3. supermarket  
4. direct from fisherman  
5. fished for myself  
6. other:..................................  
7. I don’t buy fresh fish  

 
Can you indicate the location (municipality, division, province) of your usual supplier of fresh fish in the summer? ( 2 primary) 
1. Municipality/subdivision ______________________________________/_/_/_/_/_/_/* 
Province____________________________________________________/_/_/_/_/_/_/* 
2. Municipality/subdivision_____________________________________/_/_/_/_/_/_/* 
Province _________________________________________________/_/_/_/_/_/_/* 
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 F R E Q U E N CY 
OTHER FOODS consumed at least once per week.  
Please specify the foods: 

once per 
week 

2-4 
times 
per 
week 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times 

per day 

4-5 
times 

per day 

More than 
5 times 
per day 

        
        
        
        
        
        

 

In general, with what frequency did you consume  
a portion of the following foods? 
 
 

F R E Q U E N C Y 
never 

 
Less 
than 

once per 
week 

1 time per 
week 

2-4 
times 
per 
week 

5-6 
times 
per 
week 

1 time 
per day 

2-3 
times 

per day 

4-5 
times 

per day 

More than 
5 times per 

day 

First courses pastas (e.g. pasta with sauce, rice, etc.)          
First course soups/broth (e.g. vegetable soups, purees, etc.)          
Main courses with chicken/turkey (prepared in any manner)          
Main courses with other types of meats (prepared in any manner)          
Main courses with fish (prepared in any manner)          
A portion of deli meats/cold cuts          
A portion of cheese          
Cooked or raw vegetables, including salads           
Fresh fruits          
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RESIDENTIAL HISTORY IN THE LAST 5 YEARS 
 

How long have you lived in your present home? 
                 from: mm/_/_/  yy /_/_/              
 
In which part of the city do you live? 

1. Center 
2. Periphery (suburb) 
3. Rural area  

Your home is located less than 1 km from: 
Industry 

1. Yes. Please specify names ________________________________ 
2. No 

Highway 
1. Yes  
2. No 

State road 
1. Yes  
2. No 

Provincial road 
1. Yes  
2. No 

Other high traffic roads 
1. Yes  
2. No 

Train station 
1. Yes  
2. No 

Airport 
1. Yes  
2. No 

From your house, have you ever noticed odors originating from the following sources? 
 Never Sometimes Often 
Agriculture    

Industry    

 

During the course of the last 5 years, have you ever changed homes?  

1. Yes  
2. No 

    
   If “yes”, please describe your previous residences starting with the most recent. 
Consider only the residences in which you lived for at least 6 months.   
 

1st PREVIOUS RESIDENCE 

How long have you lived in your present home? 
                 from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
In which part of the city do you live? 
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4. Center 
5. Periphery (suburb) 
6. Rural area  

Your home is located less than 1 km from: 
Industry 

3. Yes. Please specify names ________________________________ 
4. No 

Highway 
3. Yes  
4. No 

State road 
3. Yes  
4. No 

Provincial road 
3. Yes  
4. No 

Other high traffic roads 
3. Yes  
4. No 

Train station 
3. Yes  
4. No 

Airport 
3. Yes  
4. No 

From your house, have you ever noticed odors originating from the following sources? 
 Never Sometimes Often 
Agriculture    

Industry    
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2nd PREVIOUS RESIDENCE 

 

How long have you lived in your present home? 
                 from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
In which part of the city do you live? 

1. Center 
2. Periphery (suburb) 
3. Rural area  

Your home is located less than 1 km from: 
Industry 

1. Yes. Please specify names ________________________________ 
2. No 

Highway 
1. Yes  
2. No 

State road 
1. Yes  
2. No 

Provincial road 
1. Yes  
2. No 

Other high traffic roads 
1. Yes  
2. No 

Train station 
1. Yes  
2. No 

Airport 
1. Yes  
2. No 

From your house, have you ever noticed odors originating from the following sources? 
 Never Sometimes Often 
Agriculture    

Industry    
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3rd PREVIOUS RESIDENCE 

 

How long have you lived in your present home? 
                 from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
In which part of the city do you live? 

4. Center 
5. Periphery (suburb) 
6. Rural area  

Your home is located less than 1 km from: 
Industry 

3. Yes. Please specify names ________________________________ 
4. No 

Highway 
3. Yes  
4. No 

State road 
3. Yes  
4. No 

Provincial road 
3. Yes  
4. No 

Other high traffic roads 
3. Yes  
4. No 

Train station 
3. Yes  
4. No 

Airport 
3. Yes  
4. No 

From your house, have you ever noticed odors originating from the following sources? 
 Never Sometimes Often 
Agriculture    

Industry    
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 OCCUPATIONAL HISTORY IN THE LAST 5 YEARS 
 

In the last 5 years, have you been employed at least once? 
1. Yes 
2. No 

 
If yes, please describe your work if performed for at least 6 months. 
 
MOST RECENT WORK 
 
For how long have you been working (or worked) for this company, office, etc. ? 
from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
What are (were) your principal activities? 
 
_____________________________________________________________________
_____         /_/_/_/_/_/* 
 
What was the principal activity of the company, office, etc.?  
Activity: ……………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Name: …………………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Municipality: ……………………………………………………………………………………………………….        /_/_/_/_/_/* 
Province/Country: …………………………………………………………………………………………….        /_/_/_/_/_/* 
 
 
 
Do you hold a second job? 

1. Yes. Which: __________________________________        /_/_/_/_/_/* 
2. No 

 
1st  PREVIOUS JOB 
 
For how long did you work for this company, office, etc. ? 
from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
What were your principal activities? 
 
_____________________________________________________________________
_____         /_/_/_/_/_/* 
 
What was the principal activity of the company, office, etc.?  
Activity: ……………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Name: …………………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Municipality: ……………………………………………………………………………………………………….        /_/_/_/_/_/* 
Province/Country: …………………………………………………………………………………………….        /_/_/_/_/_/* 
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2nd PREVIOUS JOB 
 
For how long did you work for this company, office, etc. ? 
from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
What were your principal activities? 
 
_____________________________________________________________________
_____         /_/_/_/_/_/* 
 
What was the principal activity of the company, office, etc.?  
Activity: ……………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Name: …………………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Municipality: ……………………………………………………………………………………………………….        /_/_/_/_/_/* 
Province/Country: …………………………………………………………………………………………….        /_/_/_/_/_/* 
 
3rd PREVIOUS JOB 
 
For how long did you work for this company, office, etc. ? 
from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
What are were your principal activities? 
 
_____________________________________________________________________
_____         /_/_/_/_/_/* 
 
 
What was the principal activity of the company, office, etc.?  
Activity: ……………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Name: …………………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Municipality: ……………………………………………………………………………………………………….        /_/_/_/_/_/* 
Province/Country: …………………………………………………………………………………………….        /_/_/_/_/_/* 
 
 
4th PREVIOUS JOB 
 
For how long did you work for this company, office, etc. ? 
from:  mm/_/_/  yy /_/_/   to:   mm/_/_/  yy /_/_/         
 
What were your principal activities? 
 
_____________________________________________________________________
_____         /_/_/_/_/_/* 
 
What was the principal activity of the company, office, etc.?  
Activity: ……………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Name: …………………………………………………………………………………………………………………….        /_/_/_/_/_/* 
Municipality: ……………………………………………………………………………………………………….        /_/_/_/_/_/* 
Province/Country: …………………………………………………………………………………………….        /_/_/_/_/_/* 
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You have now completed the questionnaire.  
 

Date of completion:  dd /_/_/     mm /_/_/     yy /_/_/_/_/ 
Time at completion:  hh/_/_/:mm/_/_/ 

Please estimate the actual time required to complete the questionnaire: 
hh/_/_/ mm/_/_/ 

 
WE THANK YOU VERY MUCH FOR YOUR PRECIOUS COLLABORATION AND FOR THE 
TIME YOU DEDICATED TO THIS RESEARCH. 
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Table 1: THg and MeHg in fish from different supermarkets in Slovenia. 
 

species of fsih origin/ FAO region 
THg 
(ng/g) 

MeHg 
(ng/g) 

trout 1 Italia 16.4 6.1 

trout 2 Italia 14.7 13.7 

trout 3 Italia 12.3 10.4 

trout 4 Italia 14.1 9.4 

trout 5 Italia 14.6 8.3 

trout 6 Italia 15.7 8.5 

trout 7 Italia 14.6 5.6 

trout 8 Slovenia 27.1   

trout 9 Slovenia 17.1   

trout 10 Slovenia 12.1   

trout 11 Slovenia 14.4   

European Hake/Cod 1 JZ Atlantic FAO 41 11.0 9.0 

European Hake/Cod 2 JZ Atlantic FAO 41 19.4 9.4 

European Hake/Cod 3 Atlantic 11.0 9.3 

European Hake/Cod 4 Atlantic 23.3 16.9 

European Hake/Cod 5 FAO 41 11.0 8.7 

European Hake/Cod 6 FAO 41 11.8 8.7 

European Hake/Cod 7 FAO 41 14.1 14.0 

European Hake/Cod 8 FAO 41 12.8 12.3 

European Hake/Cod 9 JZ Atlantic FAO 41 29.0 16.4 

European Hake/Cod 10 JZ Atlantic FAO 41 17.2 12.0 

gilt head bream 1 Greece 14.4 8.8 

gilt head bream 2 Greece 17.2 17.2 

gilt head bream 3 Greece 14.7 13.8 

gilt head bream 4 Greece 18.8 19.1 

gilt head bream 5 Greece 15.1 10.3 

gilt head bream 6 Greece 15.0 12.0 

gilt head bream 7 Greece 19.9   

gilt head bream 8 Greece 44.2   

gilt head bream 9 Greece 20.6   

gilt head bream 10 Greece 50.3   

gilt head bream 11 Greece 31.3   

sea bass 1 Greece 17.0 11.9 

sea bass 2 Greece 17.9 6.3 

sea bass 3 Greece 19.8 22.7 

sea bass 4 Greece 18.0 19.8 

sea bass 5 Greece 16.9 18.2 

sea bass 6 Greece 16.1 17.3 

sea bass 7 Greece 14.1 5.8 

sea bass 8 Greece 17.0 5.8 

sea bass 9 Greece 32.6   

sea bass 10 Greece 42.1   

sea bass 11 Greece 43.9   

sea bass 12 Greece 38.9   

sea bass 13 Greece 61.9   

 



 

 

Table 2. Biological markers of Hg exposure in pregnant women and infants from Idrija town-exposed 
group (N-11) and control group (N-7): T-Hg in urine (1st - 3rd trimester of pregnancy), in blood (3rd 
trimester - cord blood), and in hair (1st trimester - infants) (Kobal et al., in review in Chemosphere). 
   I. trimester  III. trimester  Infants 
   Mean/SD/(range)  Mean/SD/(range)  Mean/SD/(range) 
 
Exposed group  
T-Hg in urine (µg/g crea.) 3.7/1.9/(1.7-6.3)    
T-Hg in hair (µg/g)  0.28/0.12/(0.06-0.41)                       0.12/0.06/(0.03-0.20) 
Hair Methyl-Hg  (%)   77/14/(55-100)      
T-Hg in blood (µg/L)   1.42/1.30/(0.21-3.43)   2.61/1.31/(0.92-4.78)* 
 
Control group  
T-Hg in urine (µg/g crea.) 2.1/0.9/(1.0-3.4)    
T-Hg in hair (µg/g)  0.36/0.17/(0.19-0.60)                        0.12/0.06/(0.06-0.19) 
Hair Methyl-Hg  (%)   73/17/(55-95)      
T-Hg in blood (µg/L)   NA    
 
NA – not available; *p<0,05 
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Table 3: THg, MeHg in hair, cord blood and breast milk of in this study involved Slovenian women.  
ID 

Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400001 434      

400002 789      

400003 768      

400004 34      

400005 124      

400006 799      

400007 578      

400008 364      

400009 266      

400010 391      

400011 389      

400012 1523 1523     

400013 1445 1359     

400014 770      

400015 793      

400016 32      

400017 614      

400018 474      

400019 916      

400020 690      

400021 544      

400022 649      

400023 720      

400024 487      

400025 789      

400026 1155 1155     

400027 721      

400028 479      

400029 378      

400030 464      

400031 310      

400032 1708 1352     

400033 283      

400034 674  4.9    

400035 241      

400036 312      

400037 482      

400038 348      

400039 36      

400040 159      

400041 152      

400042 229      

400043 197      

400044 148      

400045 1135 1135     

400046 74      

400047 294      

400048 495      

400049 191      

400050 107      



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400051 154      

400052 1343 624     

400053 134      

400054 1021 1021     

400055 866      

400056 15      

400057 966      

400058 715      

400059 193      

400060 275      

400061 1020 1020     

400062 131      

400063 31      
400064 305      

400070 167  1.08    

400071 392      

400072 192    0.12  

400073   1.92    

400074   0.57    

400075   1.68    

400076   3.61  0.25  

400077 73      

400078   0.38  0.10  

400079 343  1.61  0.37  

400080 202      

400081 202      

400082 301      

400083 49      

400084 98      

400085 75  0.66    

400086 275      

400087 545      

400088 586      

400089 54  0.68    

400090 354  1.91  0.70  

400091 85    0.48  

400092 687  2.40    

400093 397  2.94  2.86  

400094 389      

400095   0.52    

400096 277  1.83  0.48  

400097 374  2.07    

400098 632  5.03  0.27  

400099 724  3.39  0.47  

400100 65  0.76  0.10  

400101 185  0.80  0.12  

400102 661      

400103 356  1.58  0.44  

400104 837  2.41  0.42  

400105 83  0.42  0.10  

400106 528  2.50  0.21  

400107 227  1.75  0.29  

400108 57  0.53    



228  
 
 

  

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400109 491  3.14  0.27  

400110 700  2.63  0.21  

400111 251  1.99  0.46  

400112 896  5.39  0.41  

400113 166  1.15  0.41  

400114 35  0.45    

400115 210  1.50  0.25  

400116 33  0.30    

400117 812  4.3    

400118 289      

400119 121      

400120 302      

400121 762  2.13  0.23  

400122 190  0.75    

400123 376  5.11  0.10  

400124 166  1.48  0.33  

400125 54      

400126 41  0.34    

400127 329      

400128 339      

400129 403  2.90  0.42  

400130 347  2.42  0.35  

400131 528  2.54  0.14  

400132 348  1.87  0.40  

400133 685  2.36    

400134 319    0.46  

400135 549  2.52  0.39  

400136 71  0.39  0.20  

400137 79  0.42  0.11  

400138 848  7.28  0.24  

400139 264      

400140 427  2.75  0.85  

400141 221  1.09  0.23  

400142 506    0.26  

400143 396  1.73  0.17  

400144 535  2.55  0.30  

400145 525  2.99    

400146 90  0.40  0.05  

400147 341  4.20  0.47  

400148 64  0.29  0.03  

400149 68  0.50  0.12  

400150 25  0.73  0.68  

400151   1.96    

400152 54      

400153 767      

400154 143      

400155 348  2.53    

400156 1420 1406 6.96 6.96   

400157 209  1.55  0.26  

400158 84  0.55  0.51  

400159 78  0.53  0.22  



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400160 739  4.20  0.36  

400161 292  1.50    

400162 460  5.29    

400163 72  0.73    

400164   2.21    

400165 384  1.94    

400166 798  4.62  0.28  

400167 778  3.95  0.40  

400168 591  2.97  0.82  

400169 355      

400170 100      

400171 473  3.99  0.19  

400172 253  1.65  0.50  

400173 304    0.18  

400174 563      

400175 1065 1065 7.33 6.60   

400176 327      

400177 107  0.70  0.06  

400178 773    0.24  

400179   1.19  0.83  

400180 118  1.21  0.38  

400181 292  1.32  0.09  
400182 453  2.29  0.96  

400183 273      

400184 139      

400185 200  0.87    

400186 185  0.97    

400187   1.60    

400188 73  0.70  0.44  

400189 956  5.51  0.22  

400190 832  5.10    

400191   2.22  0.19  

400192 870  2.61  0.13  

400193 73  0.52    

400194 2075 2075 9.54 9.54  0.03 

400195 42  0.59  0.30  

400196 52  0.73    

400197 1719 1719     

400198 243  1.75  0.31  

400199 1159 1159 9.95 9.95   

400200 120  1.08    

400201 313  3.40  0.33  

400202 374      

400203 129      

400204 434      

400205 674      

400206 73  1.01  0.34  

400207 129  0.19    

400208 257  1.26    

400209 528  1.84    

400210   5.97    

400211 171  1.84  1.57  

400212 370  1.76  0.23  



230  
 
 

  

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400213 912  3.90    

400214 47  0.50  0.14  

400215 126  0.54  0.14  

400216 160      

400217 284      

400218 180      

400219 485      

400220   0.19    

400221 116  0.65  0.18  

400222 306  1.72  0.13  

400223 269      

400224 467      

400225 761      

400226 199  2.29  0.59  

400227 302      

400228 765  2.79  0.24  

400229 85  0.82  0.15  

400230 414  2.69  0.30  

400231 314  2.62    

400232 371  3.78    

400233 376  1.72  0.25  

400234 1201 1201   0.17 0.09 

400235 144  0.87  0.47  

400236 443    0.90  

400237 501  4.16  0.22  

400238 670  2.96    

400239 262  1.24  0.24  

400240 209  1.17    

400241 675  3.94  0.38  

400242 350  2.05  0.02  

400243 54  0.42  0.17  

400244 144  1.20  0.30  

400245 872      

400246 486      

400247 298      

400248 1475 1475 4.98 4.98 0.44 0.15 

400249 321      

400250 759  5.60  0.33  

400251 257  1.91  0.36  

400252 358  1.67  0.61  

400253 89  0.64  0.09  

400254 511  2.23    

400255 281  0.75    

400256 206  1.00    

400257 585      

400258 45  0.20    

400259 54  0.72    

400260 239  0.90  0.15  

400261 813  4.16    

400262 89  1.23    

400263 426  1.92    



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400264 356      

400265 75      

400266 442           

400267 144   0.47   0.10   

400268 386   2.34       

400269 31   0.40   0.26   

400270 276   0.50       

400271 431   1.52       

400272 344       0.22   

400273 497   2.00   0.38   

400274 224   0.74   0.19   

400275     2.57       

400276 192   0.46       

400277     0.52       

400278 576           

400279 90.6           

400280 298   1.39       

400281     1.77       

400282 109   0.59       

400283 192   1.88       

400284 650   4.16       

400285 89.3   0.86   0.46   

400286 628   3.90       

400287 399   1.71   0.18   

400288 476       0.36   

400289 180   1.17   0.28   

400290 327   2.57       

400291     1.43       

400292 116   1.03       

400293 216   1.84   0.73   

400294 426   2.40   0.24   

400295 270   1.58   0.50   

400296 463   3.00   0.23   

400297 488   3.31       

400298 562   2.85   0.23   

400299     0.30       

400300 323   2.09   0.36   

400301 75.9   0.52   0.09   

400302 176   1.05   0.07   

400303 604   2.72   0.59   

400304 349   2.28   0.15   

400305 447   2.28   0.36   

400306 114   0.81       

400307 44   0.44       

400308 197   1.47       

400309 380   1.40   0.04   

400310 296   1.67   0.24   

400311 274   1.22   0.09   

400312 602   3.65   1.68   

400313 212   0.97   0.20   

400314 319   2.55   0.61   

400315 284   1.85       

400316 413   1.87   0.18   



232  
 
 

  

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400317 226  1.17  0.10  

400318 36  0.25    

400319 668  4.78  0.22  

400320 241  1.28  0.22  

400321 48  0.16  0.15  

400322 264  3.24  0.75  

400323 41  0.24  0.05  

400324 439  2.74  0.19  

400325 344  2.41    

400326 81  0.28  0.19  

400327   1.14    

400328 34  0.35    

400329 24  0.30    

400330 149  1.07  0.04  

400331 129      

400332   1.26    

400333 489  2.52  0.16  

400334 816  4.74  0.42  

400335 146  0.77  0.18  

400336 150  1.56  0.16  

400337   0.53    

400338 306  1.31  0.14  

400339 292  2.08  0.19  

400340 508  3.42    

400341 252      

400342 80      

400343 482      

400344 104    1.28  

400345 1270 1270     

400346       

400347 253      

400348 350    0.62  

400349 320    0.28  

400350     0.49  

400351     0.45  

400382       

400383       

400384       

400385       

400386       

400387       

400388       

400389       

400390       

400391 194  0.48    

400392 24  0.46    

400393       

400394 161      

400395 123  0.47  0.21  

400396 178  0.85  0.19  

400397 530  1.63    



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400398 121    0.27  

400399 74  0.25    

400400 57  1.00  0.11  

400401 337  0.25  0.01  

400402 346  2.30  0.16  

400403 405  2.20    

400404 822  4.44  0.04  

400405 565  4.11    

400406 217  1.31  0.31  

400407 273  1.28    

400408 111  0.61    

400409 381  1.53  0.06  

400410 32  0.39    

400411 399  1.44    

400412 526  3.09  0.09  

400413 64  0.49  0.20  

400414 77  0.63  0.08  

400415 299  1.53    

400416 1030 841 6.44 5.57 0.14 0.10 

400417 265  1.27    

400418 165  0.81    

400419 1880 1531 6.44 3.32 1.40 0.04 

400420 167  1.02  0.21  

400421 177  1.06  0.20  

400422 110  0.64  0.15  

400423 80  0.60  0.21  

400424 296  1.33  0.10  

400425 432  2.59  0.33  

400426 1760 1495     

400427 952  3.98  0.27  

400428 246  2.23    

400429 205  0.92    

400430 296  1.74  0.51  

400431 781  5.73  0.39  

400432 164  1.31  0.07  

400433 41  0.17  0.05  

400434 192  1.10    

400435 263  1.10    

400436 151  1.10  0.26  

400437 353  2.14  0.07  

400438 26  0.50  0.24  

400439 277  2.06    

400440 414  0.78  <LOD  

400441 327  1.53    

400442 35  0.36    

400443 316  1.37  0.14  

400444 100  0.80  0.13  

400445 642  3.74    

400446 470  3.52  0.34  

400447 431  1.44    

400448 137  0.79  0.14  

400449 542  3.58  1.59  

400450 406  1.28  0.38  



234  
 
 

  

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400451 693  4.10  0.19  

400452 596  2.08    

400453 56  0.23  0.06  

400454 1730 1616 6.14 6.14   

400455 144  0.70    

400456 555  2.79    

400457 394  1.61  0.20  

400458 725  5.10    

400459 199  0.97  0.17  

400460 105  1.31  0.07  

400461 628  5.28  0.24  

400462 397  2.83    

400463 377  2.67  0.09  

400464 437      

400465 1220 1220   0.59  

400466 306  2.22    

400467   0.83    

400468 232  1.81  0.47  

400469 187      

400470   2.35  0.08  

400471 232    0.09  

400472 247  1.88  0.16  

400473 701  5.95  0.22  

400474   3.23  0.17  

400475 180  0.84  0.14  

400476 423  1.38    

400477   1.65  0.24  

400478 138  0.67  0.03  

400479 1110 1110 8.12 7.17 0.15 0.07 

400480 485  3.01    

400481 194  0.89  0.20  

400482 272  2.23  0.53  

400483 190  0.58    

400484   0.76    

400485 384  2.70  0.14  

400486 692  3.46  0.63  

400487 596  2.73  0.29  

400488 48  0.48  0.21  

400489 287  1.10  0.08  

400490 238  1.36  1.50  

400491 334  1.72    

400492 205  0.94    

400493 391  1.62  0.24  

400494 40  0.26    

400495 115  0.53    

400496 199  0.82    

400497 438  2.19  0.60  

400498 95  0.53    

400499 553  4.56  0.21  

400500 322  1.06  0.17  

400501 138  0.56  0.34  



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400502 307  1.01  0.17  

400503 178  0.67  0.09  

400504 183  1.12  0.15  

400505 202  2.08    

400506 253  1.68  0.90  

400507 64  0.53    

400508 463  3.08    

400509 1460 1119     

400510 235    0.12  

400511 430    0.14  

400512     0.16  

400513 180  0.61    

400514 357  2.10  0.38  

400515 107  0.95    

400516 501  4.57    

400517 907  2.56  0.49  

400518 785  7.47  0.24  

400519 810      

400520 435      

400521 1050 576 4.27 4.27   

400522 36  0.26    

400523 759  6.48    

400524 29  0.64    

400525 688      

400526 127  0.45    

400527 345  1.47  0.27  

400528 155  0.52  0.13  

400529 174  0.96    

400530 126  0.50  0.13  

400531 749    0.56  

400532 863  4.33  0.12  

400533 315  1.38  0.30  

400534 759  4.31    

400535 520  1.52    

400536 349      

400537 110      

400538 318      

400539 329      

400540 220      

400541 349      

400542 135      

400543 119      

400544 50      

400545 127  0.55    

400546 23      

400547 335  4.14    

400548   2.16    

400549 194      

400550 181  0.69    

400551 170  0.80    

400552 256  1.45  0.22  

400553 340  1.50  0.04  

400554 151  1.72  0.05  



236  
 
 

  

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400555 470  0.93  <LOD  

400556   1.20    

400557 250  4.20    

400558 275  1.46    

400559 278  1.84  0.20  

400560 63  0.24    

400561 197  0.91  0.09  

400562 299  1.02    

400563 115  0.22  0.03  

400564 179  0.64    

400565 222  1.76  0.21  

400566 173  1.27    

400567   1.94  0.13  

400568 196  0.68    

400569 369  0.48    

400570 925  3.27  0.19  

400571   1.92  0.31  

400572 121  0.46    

400573 113  3.65  0.06  

400574 279  2.09    

400575   2.49  0.17  

400576 28  0.40    

400577 217  1.55    

400578 660  4.82  0.08  

400579 212  0.91    

400580 77  1.05    

400581 50  0.24  0.03  

400582 182  0.88  0.09  

400583 235  1.43  0.13  

400584 182  2.00  0.07  

400585 144  1.01  <LOD  

400586 330  1.35  0.14  

400587 231  0.99  0.03  

400588 1590 1590 5.92 5.13 1.01 0.05 

400589 140  1.00  0.26  

400590 205  1.15    

400591 144  1.25    

400592 68  0.39    

400593 147  0.56    

400594   2.84    

400595 107  0.41    

400596 1541 1541 8.67 8.10   

400597 469  4.17    

400598 381  2.00    

400599 252  1.12    

400600 450  2.62    

400601 138  0.94  0.07  

400602 1266 1266 3.49 3.04 0.10 0.07 

400603 37  0.93  0.22  

400604 368  1.86  0.07  

400605 374  4.25    



 

 

ID 
Hair THg 

(ng/g) 
Hair MeHg 

(ng/g) 

Cord blood THg 

(ng/g) 

Cord blood  MeHg 

(ng/g) 

Milk THg 

(ng/g) 

Milk MeHg 

(ng/g) 

400606 630  1.75    

400607 914  7.81  0.28  

400608 408  3.40    

400609 569  1.74  0.19  

400610 417  1.71  0.25  

400611 519  1.80    

400612 262  1.39    

400613 407  2.17  0.05  

400614 560  2.52  0.18  

400615 421  0.99  0.05  

400616 437  2.51  0.12  

400617 2439 2439 14.05 14.05 1.07  

400618 374  0.89    

400619 284  1.17  0.02  

400620 33  0.44  0.26  

400621 302  2.87  0.15  

400622 173  0.82  0.03  

400623 107  0.69    

400624 144  1.09  0.23  

400625 55  0.33    

400626 478  2.41    

400627 97  0.70  0.72  

400628 128  1.22  0.19  

400629 622  2.85    

400630 236  1.03  0.02  

400631 90  0.82  0.06  

400632 655  2.03  0.03  

400633 180  2.11  0.06  

400634 228  1.58    

400635 848    0.06  

400636 317  1.67  0.04  

400637 627  5.00  0.03  

400638 66  0.55    

400639 128  1.09  0.03  

400640 189  1.14  0.09  

400641 271  0.85    

400642 349  2.50  0.09  

400643     0.30  

400644 36  0.26  0.06  

400645 517  4.55  0.13  

400646 250  1.68  0.09  

400647 233  1.71    

400648 358  0.89  <LOD  

400649 356  2.30  0.28  

400650 802  4.16  0.24  

400651 52  0.33    

400652 74  0.51    

400653 96  0.46    

400654 302  1.75  0.08  

400655 496      

400656 103  0.52    
 

 


