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EXECUTIVE SYNOPSIS

CHAPTER 1 - Introduction

1. The United Nations Environment Programme (UNEP) Governing Council (GC), at its 22™ session
requested UNEP, in cooperation and consultation with other appropriate organizations, to facilitate and
conduct technical assistance and capacity building activities to support the efforts of countries to take
action regarding mercury pollution. This request was reinforced by the UNEP GC at its 23" session in
February 2005. At that session, the GC also encouraged governments to promote and improve evaluation
and risk communication methods, based on, inter alia, gnidance from the World Health Organization
(WHO) and the Food and Agriculture Organization of the United Nations (FAO), that will enable citizens
to make health-protective dietary choices based on risk and benefit information.

2. The UNEP GC at its 24™ session in February 2007 recognized that a range of activities are still
required to address the challenges posed by mercury, including substitution of products and technologies;
technical assistance and capacity-building; development of national policy and regulation; data collection,
research and information provision, bearing in mind the need to provide assistance to developing countries
and countries with economies in transition.

3. This “Guidance for Identifying Populations at Risk from Mercury Exposure” is intended to inform
countries concerned about the potential health impacts of mercury pollution and, if necessary, to assist in
identifying specific subpopulations that may be at risk. The document describes approaches that have
been used to estimate exposure to mercury, including biomonitoring and methods that use data on fish
consumption and mercury levels in fish. It also describes various environmental models that can be useful
in predicting exposure to mercury. In addition, the document provides an overview of the assessment of
mercury exposures for some specific exposure scenarios, including occupational and other “hot spot” exposures.

4. This document can be used as a reference for conducting research or investigations regarding mercury
exposure. Depending on the nature of the research, involvement of stakeholders in various stages of the
research is important, especially for local communities. This includes the process of evaluating and
addressing environmental issues. For research involving biomonitoring, consultation with the community
and consideration of ethical and confidentiality issues are essential.

5. Relevant reports of meetings and monographs prepared by the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) were taken into account in the development of this guidance document as part of
international recommendations on mercury and methylmercury in fish and other food. This document is
being issued jointly by UNEP and WHO in cooperation with FAO.

CHAPTER 2- Background and Overview of Health Risks
Risk analysis paradigm

6. The risk analysis paradigm described by WHO/FAO consists of three components; risk assessment,
risk management and risk communication. Risk assessment and management each consist of four steps
(Figure 1). The overall process is carried out under the direction of the risk manager who has been
delegated the primary responsibility for managing health risks on behalf of the society. Based on
preliminary information, the risk manager uses the hazard identification as the basis for deciding whether
to undertake a full risk assessment in the light of other risk priorities and available resources. In regard to
food safety, risk managers should be aware that the Agreement on the Application of Sanitary and
Phytosanitary Measures of the World Trade Organizations requires that countries ensure that their food
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2 Executive synopsis

safety measures are based on an assessment of risks to human health taking into account the risk
assessment techniques developed by the relevant international organizations, in this case FAO and WHO.

Risk assessment

7. A human health risk assessment for chemicals is generally a study to estimate the likelihood of
adverse health effects occurring in an individual, subpopulation or population due to exposure to some
chemical (such as mercury). Risk assessment consists of four main steps: 1) hazard identification; 2)
hazard characterization, including dose-response assessment; 3) exposure assessment; and, 4) risk
characterization. Hazard identification is the review of relevant toxicological, biological, and chemical
information to identify the adverse health effects associated with a pollutant under various exposure
scenarios. Epidemiologic and animal studies are some of the information examined. Hazard
characterization usually includes a dose-response assessment, which defines the relationship between the
degree of exposure (or amount of dose) observed in animal or human studies and the magnitude of the
observed adverse health effects. This usually is expressed as a quantitative measure of adverse health
effects for a range of doses.

8. In an exposure assessment, the extent, duration, frequency and magnitude of exposures to a pollutant
(or multiple pollutants) are estimated via various routes (ingestion, inhalation, dermal or transplacental/in
utero exposure) for individuals or populations. Exposures can be estimated by measuring pollutant levels
in various body tissues (such as hair, blood, urine, or nails) as biomarkers or by using various
mathematical models along with input data (such as facility release information, fish mercury levels,
dietary patterns, etc.). Risk characterization is the integration of the hazard identification, hazard
characterization, especially dose-response, and exposure assessments to describe the nature and magnitude
of the health risk in a given population. Once the risk characterization is completed, the results along with
other information can then be used to develop priorities, strategies and programmes to protect those
populations at risk.

9. Although the scope of the document focuses on methylmercury in fish, the principles laid out can also
be applied to other contaminants in fish (such as dioxins and polychlorinated biphenyls [PCBs]). In order
to do an overall risk assessment of fish contaminated with other pollutants, guidance and information for
assessing these pollutants would need to be obtained from other materials and sources.

Mercury in the environment

10. Mercury (with the chemical symbol of Hg) is a naturally occurring element found in air, water, and
soil. It is distributed throughout the environment by both natural and anthropogenic (human) processes.
Mercury is found in various inorganic and organic forms and is persistent in the environment. The three
predominant forms include: a) elemental mercury (with the chemical symbol of Hg"; b) ionic mercury
(also known as inorganic mercury with the chemical symbol of Hg (IT) or Hg*") which in nature exists as
Hg (IT) mercuric compounds or complexes in solution; and c¢) organic mercury with methylmercury (with
the chemical symbol of MeHg) being the most important.

11. In spite of its potential risks, mercury continues to be used in a variety of products and processes all
over the world because of its unique properties. For example, it is the only metal that exists in liquid form
at room temperature. Elemental mercury is used 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 lamp bulbs, and dental
amalgam fillings). Mercury compounds are used in some batteries, pharmaceuticals, paints, and as
laboratory reagents and industrial catalysts. Mercury can be released to air, water, and soils during
production and uses or after disposal of the mercury-containing products and wastes. Mercury is also
released during natural processes (such as volcanoes and leaching from certain soils).
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12.  The UNEP 2006 report on the supply, trade, and demand of mercury reveals that demand or use of
mercury is highest in small scale gold mining, followed by vinyl chloride monomer production, chlor-
alkali production, and in products namely batteries, dental amalgams, measuring and control devices,
lighting, electrical and electronic devices.

13.  As described in the UNEP 2002 Global Mercury Assessment, mercury is also released to the
environment from various industrial sources that mobilize mercury impurities in input materials (such as
fuels and feedstocks). Such sources include coal-fired power plants, non-ferrous metals smelters, and
cement production plants, which are among the categories with the highest mercury emissions. These
emissions lead to environmental contamination and human exposures. The degree of emissions and levels
of exposures due to any one facility depends on various factors including the mercury levels in the fuel or
feedstocks, emissions control devices present, stack heights, size of the operation and other factors.

Routes of exposure

14. Mercury is a toxic, persistent pollutant that bioaccumulates and biomagnifies through food webs.
People are exposed to methylmercury 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). People may be exposed to elemental or inorganic mercury through inhalation of ambient air
during occupational activities, and from dental amalgams. Occupational exposures can occur where
mercury or mercury compounds are produced, used in processes, or incorporated in products.
Occupational exposures have been reported from (among others) chlor-alkali plants, mercury mines,
mercury-based small-scale gold and silver mining, refineries, thermometer and sphygmomanometer
factories, dental clinics with poor mercury handling practices, and production of mercury-based chemicals.
Exposures to elemental mercury or inorganic mercury forms can also occur due to use of some skin-
lightening creams and soaps, the presence of mercury in some traditional medicines, use of mercury in
cultural practices, and due to various accidental mercury spills in homes, schools or other locations.
Minor exposures to other forms of organic mercury may result from the use of thimerosal (ethylmercury
thiosalicylate) as a preservative in some vaccines and other pharmaceuticals.

Health effects

15. All humans are exposed to some low levels of 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 fetus 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 to a fish-eating population when fish and seafood are contaminated with mercury.

16. The primary targets for 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
fetal nervous system) are the most sensitive to toxic effects of mercury. Fetal brain mercury levels appear
to be significantly higher than in maternal blood and the developing central nervous system of the fetus is
currently regarded as the main system of concern as it demonstrates the greatest sensitivity. Other systems
that may be affected include the respiratory, gastrointestinal, hematologic, immune, and reproductive systems.

17. Effects on the nervous system (especially the developing nervous system) appear to be the most
sensitive toxicological endpoint observed following exposure to elemental mercury and methylmercury,
while damage to the kidneys is the key end-point in exposure to inorganic mercury compounds.

Susceptible populations

18. Generally there are two susceptible subpopulations, namely, those who are more sensitive to the
effects of mercury and those who are exposed to higher levels of mercury. The fetus, the newborn and
children are especially susceptible to mercury exposure because of the sensitivity of the developing
nervous system. In addition to in utero exposures, neonates can be further exposed by consuming
contaminated breastmilk. Thus, new mothers, pregnant women, and women who might become pregnant
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should be particularly aware of the potential danger of methylmercury. Individuals with diseases of the
liver, kidney, nervous system, and lung are also at higher risk of suffering from the toxic effects of mercury.

19. The other subpopulation that may be at greater risk to mercury toxicity are those exposed to higher
levels of methylmercury due to fish and seafood consumption (such as recreational anglers and
subsistence fishers, as well as those who regularly eat large amounts of fish and other seafood). Besides
fish and shellfish, exposure can also be significant in populations consuming meat (muscle and organs)
from marine mammals (such as seals and whales).

20. Individuals with dental amalgams generally have greater exposure to elemental mercury than those
who do not. Other populations with potential for higher than average exposure are workers with high
occupational exposure, and individuals who use various consumer products that contain mercury (such as
some skin lightening creams and soaps), traditional ethnic medicines containing mercury, or use mercury
for cultural and religious purposes.

Reference levels

21. Based on risk assessments and other considerations, several countries and international organizations
have established reference levels for daily or weekly methylmercury or mercury intakes which, based on
available data and research, are estimated to be safe (or without appreciable risk to health). The reference
intake levels for methylmercury exposures range from 0.7 to 2 ug methylmercury per kilogram body
weight (ng/kg body weight) per week. Reference levels have also been established to protect against
inhalation of mercury metal and ingestion exposures to inorganic mercury compounds.

22. The Joint FAO/WHO Expert Committee on Food Additives (JECFA), which also evaluates chemical
contaminants in the food supply, has established provisional tolerable weekly intakes (PTWIs) for total
mercury at 5 pg/kg body weight and for methylmercury at 1.6 pg/kg body weight. The PTWI is the
amount of a substance that can be consumed weekly over an entire lifetime without appreciable risk to
health and is an end-point used for food contaminants (such as heavy metals with cumulative properties).
Its value represents permissible human weekly exposure, protecting the most susceptible part of the
population, to those contaminants unavoidably associated with the consumption of otherwise wholesome
and nutritious foods. In the case of methylmercury, the developing fetus is considered to be the most
sensitive subgroup, and neurodevelopment the most sensitive outcome.

23. The US EPA has developed Reference Doses (RfDs) for mercuric chloride of 0.3 pg/kg body
weight/day and methylmercury 0.1 pg/kg body weight/day and a Reference Concentration (RfC) for
elemental mercury of 0.3 pg/cubic metre. An RfD (or RfC) is an estimate (with uncertainty spanning
perhaps an order of magnitude) of a daily exposure to the human population (including sensitive
subgroups) that is likely to be without appreciable risk of deleterious non-cancer effects during a lifetime.
It is not a direct estimator of risk but rather a reference point to gauge the potential effects. At exposures
increasingly greater than the RfD (or RfC), the potential for adverse health effects increases.

24. Because fish consumption dominates the pathway for exposure to methylmercury for most human
populations, many governments provide recommendations or legal limits for the maximum allowable
amount of mercury and/or methylmercury in fish to be sold on the market. For example, Codex
Alimentarius guideline levels are 0.5 mg methylmercury/kg in non-predatory fish and 1 mg
methylmercury/kg in predatory fish. The US FDA has set an action level of 1 mg methylmercury/kg in
finfish and shellfish. The European Community allows 0.5 mg mercury/kg in fishery products (with some
exceptions), and Japan allows up to 0.4 mg total mercury/kg (or 0.3 mg methylmercury/kg) in fish.

25. Some governments and other organizations also provide dietary advice on the consumption of certain
types and amounts of fish to help limit exposures based on consideration of both the benefits and risks of
fish consumption. These advisories typically provide guidance on the amounts, types and frequency of
fish consumption that is considered safe or potentially harmful for various groups (such as pregnant
women and sport fishermen).
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Risk characterization

26. Risk characterization is the culminating step of the risk assessment process. It integrates information
from the hazard identification, dose-response, and exposure assessments and synthesizes an overall
description about the potential risks. The risk characterization is intended to inform risk managers and
other audiences about the outcome of the risk assessment. It also presents the variability, uncertainties and
limitations of the hazard characterization and exposure assessment. Risk characterization provides a
summary of the risk assessment, which can be used along with other appropriate information to inform
risk managers as they consider risk management options. The implications of risk characterization of
methylmercury in fish are discussed further in Chapter 7 where guidance to risk managers is provided.

CHAPTER 3: Estimating Exposure Through Biomonitoring

27. Approaches to estimate exposures to mercury include measuring mercury levels in hair, blood, and
urine, which are considered forms of “biomonitoring”. Measurements of mercury levels in these tissues
can be excellent indicators of various types of mercury exposures, but the validity, usefulness, and
meaning of such measurements depend on the form of mercury exposures, type of tissue measurement,
and other factors.

28. This chapter describes various protocol considerations, including sampling methods, questionnaires,
provide scientifically valid results. Selection of a representative sample is essential, and good histories
(such as medical, occupational, family, dietary information) and health assessments (such as neurological
tests) can be important components in a study of a population which is subject to mercury exposure. All
sources of mercury exposure should be identified to the extent feasible. Various ethical issues also need to
be taken into account.

Selecting a study population

29. In order to select a representative sample, it is important to understand the socio-economic and
demographic situation of the community. Obtaining a statistically representative sample of the
community is usually the preferred approach. One important decision to consider is the number and type
of individuals to be included in the study. The sample size chosen is likely to be based on various factors
including costs, statistical power, staff, study facilities, and other factors. The sampling process can be
random, judgmental, or possibly based on other approaches.

Biological markers

30. Exposures can be estimated by measuring pollutant levels in various body tissues (such as hair, blood
urine, or nails). These measurements of pollutants and/or their metabolites, also known as biological
markers (or biomarkers), are useful as tools for human exposure assessment, and as surveillance tools for
monitoring mercury exposure in individuals and populations. There is a well-established relationship
between several biomarkers of mercury exposure and adverse health effects.

31. In assessing the appropriateness of a particular biomarker of exposure, it is important to consider
several factors: (1) how well the biomarker correlates with the dose (or external exposure) to various
forms of mercury: (2) how well the biomarker correlates with the mercury concentration in the target
tissue; (3) how well the variability over time in the biomarker correlates with changes in the effective dose
at the target tissue over time; (4) what type of biomarker would be the most appropriate given the cultural
characteristics of the population; (5) what kind of technology is available for collection of samples and
mercury measurement; and, (6) invasiveness of the procedure in sample collection. The following
biological media can be used as biomarkers for mercury exposure in humans: hair, blood, cord blood and
cord tissue, urine, nails and human milk.

32. Analysing mercury in biological samples is complicated by the different organic and inorganic forms

of the metal that may be present. Therefore, all forms of mercury in the sample are usually reduced to
their elemental state prior to analysis. Samples must be gathered using clean, proper equipment and
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techniques to avoid contamination and sample loss. Some specific techniques are described for the
various biological tissues.

33. A number of analytical methods are available to determine mercury concentration, and the selection
of a particular analytical method depends on various factors (such as analytical regulations and guidelines
of each country, detection limits, laboratory skills, availability of analytical equipment, precision needed,
and whether or not speciation of mercury forms is desired). Whatever analytical method will be used, it is
important to practice careful quality control/quality assurance of the obtained data, including simultaneous
determination of suitable certified reference materials.

34. The presence of mercury in blood indicates recent or current exposure to mercury. There is a direct
relationship between mercury concentrations in human blood and consumption of fish contaminated with
methylmercury. Cord blood and cord tissue can also be considered as a biomarker sample that is
worthwhile collecting if information on recent exposure is sought. The presence of mercury in urine
generally represents exposure to inorganic and/or elemental mercury, and collection is non-invasive.
Urine mercury levels are usually considered the best measure of recent exposures to inorganic mercury or
elemental mercury vapour because urinary mercury is thought to indicate most closely the mercury levels
present in the kidneys. Environmental studies have used human milk to evaluate maternal exposure to
various chemicals and examine potential exposures for breast-feeding infants.

35. Even though both blood and hair can be used to document methylmercury exposure, hair is generally
the preferred choice as it provides a simple, integrative, and non-invasive sample. Once incorporated in
the hair, mercury does not return to the blood, thus it provides a good long-term marker of exposure to
methylmercury. Most mercury in hair is in the form methylmercury, especially among populations that
consume fish. Hair incorporates methylmercury during its formation and shows a relatively direct
relationship with blood mercury levels, providing an accurate and reliable method to measure
methylmercury intake levels.

36. Once mercury levels are measured in a body compartment (such as blood, hair, or urine), the
approximate average daily dose (or exposure level) can be calculated by using various extrapolation or
conversion factors. However, limitations, uncertainties and population variabilities in using these
extrapolation factors should be kept in mind when doing such conversions. Nonetheless, the quantitative
relationship between mercury levels in hair and blood and daily average dose (or intake) levels of mercury
(especially methylmercury) are fairly well understood. For example, a daily average methylmercury
intake of 0.1 microgram per kg body weight per day (0.1 pg /kg per day) by a pregnant woman is
estimated to result in hair mercury concentrations of roughly about 1 pg /g, cord blood levels of about 5 to
6 ng /L and blood mercury concentrations of about 4 to 5 pg /L. This relationship is generally linear, or
directly proportional.

Examples of biomonitoring studies

37. Mercury exposures of numerous populations have been monitored by measuring mercury in blood,
hair, and urine. Some of these exposure levels have been associated with human health effects and used to
estimate tolerable daily intakes. Some of the most well known biomonitoring studies are in populations in
Amazonian riparian communities, the Faroe Islands, and the Seychelles Islands. A number of other
studies in various Arctic countries have measured mercury levels in body tissues in human populations.
Mercury levels in environmental media (such as sediment, air, water, and fish) have also been measured in
various studies.
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38. The table below provides information on various studies conducted showing biomarkers of exposure
to mercury and methylmercury among various populations in different countries.

Table: Studies of biomarkers of exposure to mercury and methylmercury*
Country | Matrix | Population Elevated | Concentration of Reference
intake of | total mercury
fish?
Brazil hair Indigenous children Yes 14.45 ng/g Oliviera Santos et al.
aged 7-12 years (2002)
Indigenous women
aged 14-44 years Yes 15.7 ng/g
Canada hair Indigenous Yes 4.4 ng/g Muckle et al. (2001)
China hair Representative No 0.42 pgl/g Feng et al. (1998)
Germany | urine Representative No 0.4-2.0 mg/1 Becker et al. (2003)
Japan hair Representative Yes 1.76-3.37 pg/g Yasutake et al.
(2003)
Spain hair, Children No 0.8 ng/g Batista et al. (1996)
Spain blood Representative Yes 11-22 ng/g Sanzo et al. (2001)
Sweden | hair & | Pregnant women Yes 0.35 pg/g (hair) Bjornberg et al.
blood 1.3 pg/l (cord blood) | (2003)
UK hair Pregnant women No 0.19 pg/g Lindlow et al.
(2003)
USA hair Representative No 0.3 png/g Pelizzari et al.
(1999)
USA blood Women aged 16-49 No 1.2 pg/l Schober et al. (2003)
years
USA hair Women aged 15-45 No 0.4 ng/g Smith et al. (1997)
years
USA hair Indigenous Yes 0.83 ng/g Gerstenberger et al.
(1997)
USA blood Representative of high | Yes 14.5 ng/l Hightower and
end fish consumers Moore (2003)
USA hair Children (1-5 yrs) No 0.12 pgl/g McDowell et al.
Women (16-49 yrs) (2004)
0.20 pg/g

* Adapted from WHO, 2004

39. Several biological sample collection and handling protocols are given in Appendix C of this
document, along with sample documentation forms as examples.

CHAPTER 4: Exposure Assessment of Methylmercury in Fish

40. Risk analysis consists of a process comprised of three distinct but interrelated components, namely,
risk assessment, risk management and risk communication. In the case of methylmercury, all three
components are important to achieve consumer protection and assure the benefits of fish consumption for
consumers. Hazard characterization of mercury includes the establishment of a reference level, which
describes the level of exposure that is likely to be without harm.

41. In this chapter, exposure assessment is considered as this is perhaps the most important aspect for a
national food safety authority. While reference levels are considered “portable” in that they generally

apply to all populations, exposure of populations may be highly variable depending on their consumption
patterns and on the levels of a particular chemical in food as consumed.
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General approach

42. Estimating exposure to methylmercury in fish can be used as a cost-effective tool by risk managers
to assess the risk of methylmercury to susceptible populations, but broader health benefits, as well as the
social, cultural and economic considerations of fish consumption, need to be kept in mind when
considering risk management options.

43. Mercury is an ubiquitous contaminant, even in the absence of local/regional point sources of
contamination. As described in Chapter 2, the general population is primarily exposed to methylmercury
through the diet, especially from fish. Levels of mercury are generally much higher in fish and marine
mammals, (such as seals and some whales, than in other foods or drinking water). In predatory marine
fish, about 90 % of the mercury exists in the methylated form (methylmercury), but the ratio is lower in
freshwater fish.

44. However, all fish consumers are exposed to some methylmercury. Both marine and freshwater fish,
as well as marine mammals, accumulate methylmercury in their muscle tissue. Moreover, methylmercury
biomagnifies through the food web, meaning that apical predators, that is carnivorous species feeding at
the top of the food chain, tend to have higher levels of methylmercury. Also the larger (older) individuals
tend to have higher contents. Methylmercury in fish is bound to tissue protein rather than in fatty
deposits; therefore, trimming and skinning of mercury-contaminated fish does not reduce the mercury
content of the fillet portion. In addition, the methylmercury level in fish is not reduced by cooking.

45. Because most of the mercury in fish is methylmercury (at least for predatory marine fish) and most
(greater than 95 %) of the methylmercury in fish ingested is readily absorbed into the body through the
gastrointestinal tract, exposure to methylmercury (or intake) can be estimated if information is available
on the following: a) types (that is, species) and amounts (such as frequency and serving size) of fish
ingested per unit time (such as day or week); b) total mercury concentrations in the types of fish ingested;
and, c) the body weight of persons consuming the fish.

46. Using the above information, the methylmercury intake for individuals or populations can be
calculated by the following basic equation:

Amount of fish ingested per Mercury concentration in the Methylmercury intake per
week (kg/week) fish ingested (ng/kg) _ kilogram body weight per week
~ (ug methylmercury per kg body
Kilogram body weight (kg bw) weight per week)

Screening methods

47. In order to best use resources, risk managers may employ a tiered approach for assessing exposure.
A tiered approach allows organizations to limit more detailed assessments to critical subpopulations that
may have higher exposures or that might be more susceptible to lower levels of exposure, (such as
pregnant women and children).

48. Simple screening methods are used as an initial exposure estimate. These methods sometimes result
in significant overestimates of the actual exposure, depending on the input data used and assumptions used
in the assessment. Therefore, if an estimated intake of the chemical substance is below its reference level,
there is generally no need for more refined assessments. However, if a screening assessment result
exceeds the reference level, further investigation may be warranted.

49. A screening assessment can also be used initially to estimate exposures among the general
population and to help determine specific subgroups of the population considered most likely to be
exposed to elevated levels of methylmercury. A process is presented in this chapter to perform
increasingly refined assessments of exposures to by refining consumption estimates of fish and seafood
and/or refining methylmercury concentration estimates.
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Refinements to consumption estimates

50. Refinements to estimating exposures for a specific population or subgroup follow the same general
principles as screening-level exposure assessment, but are more complicated and require more data. In
these cases, more detailed information is gathered and evaluated on the distribution of individual fish
consumption patterns among the population, especially susceptible groups. Consumption data are then
integrated with the data on mercury concentrations in fish commonly consumed to estimate the exposures
in the subpopulations of concern. This can be best done through national dietary surveys of individuals,
but purchase data and fish market sales can also be helpful.

Refinements to concentration estimates

51.  For most countries, the main source of human exposure to methylmercury is through the
consumption of fish. However, levels of methylmercury vary among different fish species. For example,
piscivorous fish (i.e., fish that eat other fish), also called predatory fish, are more likely to contain higher
levels of methylmercury in their muscles and other tissues. Other factors that influence mercury levels in
the fish include age, size, weight, and length of the fish. In addition, the environmental characteristics of
the water body (such as local contamination, pH, reduction-oxidation potential, and other factors) can
affect levels of mercury in the fish. Characterization of methylmercury levels in fish consumed by a
population or subpopulation of interest can be obtained from existing databases in the country or region of
interest. The use of surrogate data from an assemblage of the different data sets can also be used in
preliminary estimates of exposures to mercury.

Exposure estimates of subpopulations

52. Estimating exposure to mercury for target subpopulations potentially at risk may require gathering
new data (such as the species of fish consumed by the subpopulations, including fish sourced from
markets, and the determination of methylmercury levels in those fish). In a micro-scale assessment or a
site-specific assessment, fish consumption rates among a surveyed population are combined with specific
measurements of mercury concentrations in the local fish actually consumed to estimate the exposure
levels for the population. Depending on the type of data collected, mercury exposures can sometimes be
estimated for individuals and/or subgroups among the surveyed population.

CHAPTER 5: Environmental Exposure Models

53. Mercury partitioning and movement in the environment is complex and depends on many
environmental parameters. However, computer models can be used to predict the environmental fate and
transport of emitted mercury and to estimate levels in various media and biota, and to estimate possible
human exposures.

54. The chapter does not aim to give a comprehensive list of models, but provides descriptions of some
available models of relevance and a few model studies with appropriate references. Several organizations
are working with exposure models (such as the USEPA Center for Exposure Assessment Modelling
[CEAM]). As an example, a study performed by the EU EMECAP project, estimating the exposure of
inhabitants around a chlor-alkali plant is presented. However, there is still a long way to go to have
precise models for estimating human exposures to mercury.

55. The use of models to estimate exposures can be a useful approach for assessing potential risks to
human health. However, modelling relies on a number of assumptions with varying degrees of
uncertainty, which is important to keep in mind when carrying out these types of exposure assessments.

CHAPTER 6: Assessment of Specific Exposure Scenarios

56. Mercury “hot spots” are defined here as regions or locations where risks of higher contamination of
the environment (air, soil, water or food sources) might occur following human (anthropogenic) activities,
through either increased releases or increased methylation of mercury in the environment. The most
common sources of anthropogenic mercury releases include industrial activities (such as artisanal and
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small scale gold mining, energy production, chlor-alkali plants) and waste sites (domestic and industrial).
Spills of mercury can lead to local pollution. Changes to the environment (such as deforestation or the
building of reservoirs) may change the ecosystem, resulting in an increase of methylation of mercury in
the environment.

57. The additional exposures resulting from a mercury “hotspot” are generally assessed by considering
the direct exposures (through inhalation, ingestion and dermal) to mercury and mercury compounds, and
also the indirect exposures to mercury (especially, methylmercury) via food using the methods discussed
previously in Chapter 4.

Assessment of occupational exposures

58. A screening assessment should be carried out to address the likely sources of mercury exposure in
the workplace. The screening assessment may include investigations of the workplace, monitoring of
workplace mercury levels along with a health assessment, and, in many cases, it is also appropriate to
collaborate with the local community. A workplace assessment may be done on a descriptive basis or may
involve monitoring. Health assessments may determine whether signs of mercury toxicity are present,
and, if warranted, may be extended to workers families and the community. Monitoring of actual
exposures can be done utilizing the previously described biomonitoring tools. While workers are the
primary focus of the assessment, it should be remembered that mercury contaminated clothing and other
items may also result in contamination of the home environment. Following the assessment, a
management plan should be developed if required to decrease occupational exposures to mercury.

Assessment of mercury “hot spots”

59. One type of mining process for gold involves mixing wet ore with metallic mercury. The mercury
chemically binds with the gold or silver in the mud. The remaining mud is washed away leaving a
mercury-gold (or mercury-silver) amalgam, which is then heated to release the mercury, with mostly gold
and/or silver remaining. Artisanal gold mining is a major source of income in many countries, with
amalgamation being the preferred extraction method. However, the process can result in high mercury
exposure levels for miners and their families, and also significant environment contamination, if proper
control techniques are not used.

60. Mercury is used directly in the manufacture of a number of products, and may also be released
indirectly in a number of processes. Some important sources of mercury emissions are coal burning power
plants, cement production, other mining activities producing mercury as a byproduct, chlor-alkali
production and the manufacture of a number of products. Some of these sources may result in direct
worker exposure and may also result in elevated mercury levels in the area immediately surrounding the
release source, resulting in higher exposures to the population in that area.

61. Mercury-containing wastes can be generated through industrial processes or domestic use. This
waste can be discarded improperly, resulting in contamination of the local area and creation of a “mercury
waste site.” People who live near these waste sites can be exposed to elevated levels of mercury due to
releases to the soil, air, and water. With the increased use of energy-efficient fluorescent bulbs, the
disposal of such items posed a potentially serious source of mercury contamination. Although the amount
of mercury used in each bulb is small, the cumulative impact of the disposal of millions of such bulbs in
the future needs to be addressed by national and municipal governments.

62. Another source of environmental contamination results from mining wastes, particularly historical
tailing wastes where cyanide had been used in addition to mercury to extract gold. Releases from waste
sites may contaminate local fish species, resulting in elevated levels of exposure to the local community.
Other exposure scenarios

63. Mercury has traditionally been used in certain religious ceremonies resulting in high levels of

ambient mercury. In addition, a number of skin lightening creams, popular in many parts of the world,
contain mercury, as do some folk medicines, some of which may include the direct administration of mercury.
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64. Deforestation often leads to increased erosion. Deposition of soil in waterways can result in the
release and methylation of mercury in these waters, leading to high levels in fish. Where forests are
cleared by burning, elevated levels of mercury may be released into the environment. Populations living
downstream of deforested areas may therefore be at risk from high levels of mercury in the fish.

65. Dental amalgams containing mercury have been used for more than a century to repair dental caries.
Low-level mercury exposure to the patient can arise from both inhalation and ingestion. Mercury
exposure also occurs to dentists and dental workers. Mercury from dental amalgams can enter the
environment through dental office wastes and from air emissions from crematoriums.

66. Thimerosal is used as a preservative in multidose liquid presentations of vaccines. In the human
body, thimerosal is converted to ethylmercury, which differs chemically from methylmercury. In
particular, ethylmercury is very rapidly eliminated with a half life of less than a week.

67. Reservoirs can have quite elevated levels of mercury following the initial flooding, which may result
in very high levels in the local fish population. These elevated levels may be observed for up to 40 years
following the initial flooding.

CHAPTER 7: Risk Management of Methylmercury in Fish

Risk manager's decision tree

68. The chapter is intended to address potential risk of methylmercury posed by consumption of fish.
Other dietary sources of methylmercury are not addressed, but are generally considered minor compared
to fish. It should also be noted that inorganic mercury is a contaminant of food, but exposure is considered
less important because of the lower toxicity of inorganic mercury compared to methylmercury. Therefore,
inorganic mercury in food is not addressed. Some of the steps in the decision tree make use of techniques
and methods described in Chapters 3 and 4. The seven steps presented here are part of a decision tree
framework, which can guide risk managers in identifying populations at risk from methylmercury from
fish consumption in a consistent and cost-effective manner. The approach uses increasingly detailed
exposure assessments to better characterize the risk. Consequently, Chapter 7 of this document is intended
to provide guidance to risk managers to better understand the risk posed by methylmercury in fish and to
develop appropriate intervention strategies to minimize risk while maximizing the benefits of fish consumption.

69. Step 1 - In the management of potential risks posed by methylmercury in fish, the first step is the
evaluation of the importance of fish as a source of protein and other nutrients for the local population.
Because fish are the main pathways for human exposure to methylmercury, information on fish
consumption by the population can be obtained from a number of sources. This initial phase can include a
preliminary survey to identify frequency and type of fish consumed by different subgroups of the
population. Note that if marine mammals are consumed, their potential contribution to mercury exposure
should be included in the assessment.

70. Step 2 - Before implementing a comprehensive exposure assessment, a biomonitoring survey using
human hair can be conducted to determine exposure levels to methylmercury. This will be most important
for young children and women of child-bearing age consuming one or more meals per week containing
fish with high mercury content and for high fish consumers. Exposure can be assessed by analysis of total
mercury concentrations in composite hair samples. The use of hair is a non-invasive, relatively inexpensive
and sufficiently accurate procedure for determining methylmercury exposure among fish-eating groups.

71. Step 3 - If average mercury concentrations in composite hair samples are much lower than reference
levels, no further action is required. However, if average mercury concentrations in composite samples
from any group exceed those considered hazardous, or if the margin of safety is relatively narrow, hair
samples from each individual can be analysed. Evaluation of individual results will identify populations at
risk from methylmercury and if levels of high percentile individuals warrant, further details on exposure
can be obtained as below.
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72. Step 4 - If biomonitoring results are high, exposure to total mercury due to fish consumption can be
estimated for individuals of each potentially at-risk group taking into account dietary habits and total
mercury levels in fish consumed. This can be conducted using a tiered approach with increasing
refinement of the food consumption and concentration estimates. Consumption of fish by species, amount
and frequency can be obtained through dietary consumption surveys of individuals, supplemented with
other information. Determination of body mass of consumers can also be taken at that time. Average or
mean total mercury levels for common types of fish consumed can be determined on composite samples or
can be obtained from available data in other countries.

73. Step 5 - Based on the above data, total mercury exposure estimates can then be calculated on a
weekly per kilogram of body weight basis, which can then be compared to the PTWI for methylmercury.
If exposure is below the reference level, no further action is required in regard to fish, but investigation of
other sources of mercury exposure may be warranted. If exposure to total mercury is calculated to exceed
the reference levels for methylmercury, analysis of composite fish samples specifically for methylmercury
can be considered.

74. Step 6 - Composite fish samples can be analysed specifically for methylmercury to refine the
exposure assessment. Consideration should first be given to the type of fish normally consumed. The
ratio of methylmercury to total mercury may be as low as 0.3 for freshwater non-predatory fish. However,
for marine predatory fish, this step may be omitted because the ratio of methylmercury to total mercury is
often around 0.9.

75. Step 7 - Once the methylmercury level in fish is determined, a refined calculation of methylmercury
exposure from fish can be performed by multiplying the fish consumption data by average methylmercury
content in fish. Intake values can then be expressed on a weekly basis and can be compared to the PTWI

for methylmercury. If the PTWI is exceeded, risk management interventions can be considered as below.

Option selection

76. In general, there are two strategies to reduce the public’s exposure to methylmercury in fish. One
makes use of public education to influence fish consumption among populations at risk, and the other uses
regulatory measures to reduce levels of methylmercury in fish. Reduction of mercury in the environment
by controlling emissions can also decrease exposure to methylmercury on a long-term basis.

77. Public education strategies aimed at guiding fish consumption are important for the risk management
for methylmercury exposure. The ultimate goal of these strategies is to change patterns of consumption so that
people at risk can continue to eat fish and enjoy its health benefits, while also reducing their exposure to
methylmercury. These strategies rely on effective risk communication, which is described in more detail below.

78. Another risk management strategy is to reduce potential exposure to methylmercury through fish
consists of setting maximum acceptable concentration limits. The FAO/WHO Codex Alimentarius
Commission has set guideline levels for methylmercury at 1 mg/kg for large predatory fish (such as shark,
swordfish, tuna and pike) and 0.5 mg/kg for non-predatory fish. Regulatory approaches, in the case of
methylmercury in fish, have limitations in terms of cost and effectiveness and may not result in sufficient
exposure reductions by themselves.

Risk communication

79. Successful risk communication is a prerequisite for effective risk management. This is applicable to
both public education and regulatory strategies. In regard to public education, the fundamental goal of
risk communication is to provide meaningful, relevant and accurate information, in clear and
understandable terms, targeted to a specific audience with regard to the risks and benefits of fish
consumption and other routes of exposure to mercury.

80. In early stages of the risk communication programme, once methylmercury in fish is identified as a

problem, risk communicators need to define the goals to be achieved. The at-risk groups, or target
audiences, must be clearly identified. A community can be segmented and different segments can receive

Guidance for Identifying Populations at Risk from Mercury Exposure




Executive synopsis 13

different messages, according to their specific needs and risks. For example, considering neurological
risks to fetus, women of child bearing age, pregnant and breast-feeding women can be considered
separately from other subpopulations.

81. The acceptability of the risk management measures is closely related to public perception of risk.
Therefore, it is essential for risk communicators to ensure that the risk communication process reveals
information about the general public’s perception of the risk of mercury exposure associated with fish
consumption. Experience demonstrates that, to be most effective, the strategy used for risk
communication should be tailored to stakeholders’ particular characteristics and concerns, for the
appropriate audience, with cultural, social and economic factors considered.

82. Communication on the risk and benefits of fish consumption should involve a two-way dialogue.
Risk communicators must provide external stakeholders with clear and timely information about
methylmercury risks and measures to manage it. If appropriate, other pollutants (such as PCBs and
dioxins) should also be addressed to the extent feasible in the risk assessment, risk management and risk
communication process. Information on benefits of fish consumption must also be provided, as well as
information on alternative foods, especially in regions where fish represent a main food source. This
information should be communicated in a way that stakeholders can easily understand and using media
that they can easily access.

Monitoring and review

83. Once implemented, the risk management option needs to be evaluated in order to determine whether
it has achieved its goals. For public education, the indicator is the degree of responsiveness of the target
audience to the key message. This review allows the identification of eventual adjustments or
improvements that can be implemented. Risk communicators need to identify specific evaluation
strategies to measure the effectiveness of their campaign.
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1. INTRODUCTION

1.1 Background

84. The United Nations Environment Programme (UNEP) Governing Council concluded, at its 22"
session in February 2003, after considering the key findings of the Global Mercury Assessment' report,
that there is sufficient evidence of significant global adverse impacts from mercury to warrant further
international action to reduce the risks to humans and wildlife from the release of mercury to the
environment. The Governing Council decided that national, regional and global actions should be
initiated as soon as possible and urged all countries to adopt goals and take actions, as appropriate, to
identify populations at risk and to reduce human-generated releases.

85. The Governing Council requested UNEP, in cooperation and consultation with other appropriate
organizations, to facilitate and conduct technical assistance and capacity building activities to support the
efforts of countries to take action regarding mercury pollution. This request was reinforced by the
Governing Council at its 23" session in February 2005. At that session, the Governing Council also
encouraged governments to promote and improve evaluation and risk communication methods, based on,
inter alia, guidance from the World Health Organization (WHO) and the Food and Agriculture
Organization of the United Nations (FAO), that enable citizens to make health-protective dietary choices
based on risk and benefit information concerning fish consumption.

86. The Governing Council at its 24™ session in February 2007 recognized that a range of activities are
still required to address the challenges posed by mercury, including substitution of products and
technologies; technical assistance and capacity building; development of national policy and regulation;
data collection, research and information provision, bearing in mind the need to provide assistance to
developing countries and countries with economies in transition.

87. To support the efforts of countries to take action regarding mercury pollution, UNEP established a
mercury programme within UNEP Chemicals, with the immediate objective to encourage all countries to
adopt goals and take actions, as appropriate, to identify exposed populations, minimize exposures through
outreach efforts, and reduce anthropogenic mercury releases. Among the priorities for the programme are
to assist countries in assessing their own situation with regard to mercury pollution and identifying
possible ways of dealing with any adverse impacts (such as developing tools and strategies to mitigate
problems) increasing awareness and promotion of mercury-free products or responsible use of mercury,
where appropriate, and developing strategies for enhanced communication to reach at-risk populations.

88. An important part of the programme is to develop training materials, guidance documents and
toolkits on a number of relevant topics that may be of use to Governments and others in their efforts to

! The Global Mercury Assessment (UNEP, 2002), a comprehensive report covering most issues relevant to mercury
pollution, including chemistry, toxicology, exposures and risk evaluations for humans, impacts on the environment,
cycling in the global environment and possible prevention and control technologies for controlling releases and
limiting use and exposure to mercury, can be accessed online at the UNEP Chemicals website
(URL: http://www.chem.unep.ch/mercury/Report/Final%20Assessment%20report.htm). Hardcopies can be
obtained by contacting UNEP Chemicals at the address given on the inside cover of this document.
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evaluate and address mercury pollution. Governments will need to develop the knowledge base necessary
for evaluating the risks posed by mercury and for taking appropriate action to reduce those risks.

89. This “Guidance for Identifying Populations at Risk from Mercury Exposure” is intended to assist
countries concerned about the potential impacts of mercury pollution on their population by identifying
and characterizing populations (or subpopulations) that may be at risk. The document describes the
exposure assessment methods and approaches that can be used in a decision tree framework to manage the
possible health risk of mercury in a logical and cost-effective manner.

90. This guidance document was initially developed by the Center for Environmental Analysis of the
Research Triangle Institute (RTI International) in North Carolina, USA, especially Chapters 2, 3 and 5,
and the Safe Consultants in Quebec, Montreal, especially Chapters 4 and 6. Finalization and technical
editing was done by the UNEP Chemicals Mercury and Other Metals Team. Comments from members of
the Global Mercury Assessment Working Group, Governments and other interested stakeholders were
received and considered.

91. The Joint FAO/WHO Expert Committee on Food Additives (JECFA) has assessed the risks from
mercury and methylmercury at several meetings. All relevant JECFA reports and monograph were taken
into account in this guidance document as part of international recommendations on methylmercury in
fish. The JECFA Secretariat made substantial contributions to this document, particularly for Chapters 2 and 3.

92. Finally, this document, especially Chapters 4 and 7, incorporates in major sections of the
unpublished document “Risk Managers Guide to Mercury in Fish”, which is being prepared by the WHO
Health Security and Environment (HSE), Department of Food Safety, Zoonoses and Foodborne Diseases
in cooperation with the FAO. This document is being issued as a joint UNEP and WHO document in
cooperation with FAO.

1.2 Purpose, scope and organization of this document

93. For several decades the international scientific community has been aware of the issue of mercury
contamination in the global environment. Governments of the industrialized countries invested
considerable financial and human resources in order to better understand the biogeochemical behaviour
and cycling of mercury and its impacts on the health of populations. Indeed, the general understanding of
the sources and fate of this pollutant has greatly evolved since these early reports. Numerous protocols,
technical documents, and epidemiological and clinical studies explaining ways to address mercury issues
were published and are now available to extensively characterize the impacts of mercury on the
environment and human health, guiding future research and interventions of scientists and policy makers.

94. The environmental and health assessment approaches described in the literature yield quality
information usable for fundamental research purposes. However, they are often costly and time-
consuming to extract. In addition, it appears that general guidance on how to estimate exposure to
mercury to identify populations at risk has not been previously developed or is not readily available.

Purpose

95. The main purpose of this document is to provide guidance intended to help governments and other
organizations identify populations potentially at risk due to exposures to mercury. To do this, the
document focuses on the four steps of the risk assessment process, which includes hazard identification,
hazard characterization (including dose-response assessment), exposure assessment and risk
characterization. However, exposure assessment is given the most emphasis.

96. This document was produced on the rationale that evaluating the potential risks due to exposures to
mercury is possible even when financial and human resources are limited. The approaches presented in
this document can be used by governments and other organizations to assess and describe particular
national, regional, and local situations regarding mercury contamination, human exposures, and
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identifying populations (or subpopulations) that may be at risk due to mercury exposures. The
information generated from such assessments can help governments and other organizations determine
priorities for possible interventions to decrease exposure for these populations.

Scope

97. In order to best use resources, most experienced assessors will employ a tiered approach for
assessing exposure. A tiered approach allows organizations to limit detailed assessments to critical sub-
regions or subpopulations that may have high exposures or that might be more susceptible to lower levels
of exposure. Simple screening methods are used initially to estimate exposures among the general
population and to help determine priority locations or subpopulations considered most likely to be exposed
to elevated levels of methylmercury. This can be followed by refinements to various aspects of the
assessments (such as refinements to fish consumption estimates and estimates of mercury concentrations
in fish).

98. As described later in this document, the involvement of the community and other stakeholders may
be important at various stages of research on environmental health impacts and during the process of
evaluating and addressing environmental issues (such as mercury contamination and exposure). This
participatory approach can be essential for such research to succeed and is especially important for local
communities. At a minimum, consultation with community members may be necessary, and their consent
obtained, before any such research proceeds. This involvement of the community is necessary to ensure
participants are treated with dignity and respect and to help develop good relations between
researchers/organizations, and community members.

99. This guidance document follows a number of workshops for developing countries and countries with
economies in transition, to raise awareness of the global issues related to mercury pollution and assist
these countries in assessing their own situation with regard to mercury pollution and identifying possible
ways of dealing with any adverse impacts. This document provides guidance to governments for risk
management of methylmercury in light of the new JECFA provisional tolerable daily intake (PTWI).

100. While the incidents involving high exposures have resulted from man-made conditions, food safety
authorities around the world continue to grapple with the question of the health implications of long-term
low-level exposures to methylmercury, which is predominately through the consumption of fish.
However, the risk also has to be seen in the context of the established nutritional benefits of fish
consumption, which for many populations is the main source of protein. Consequently, Chapter 7 of this
document is intended to provide guidance to risk managers to better understand the risk posed by
methylmercury in fish and to develop appropriate intervention strategies to minimize risk while
maximizing the benefits of fish consumption.

Organization

101. The risk analysis paradigm was used as a framework for the consideration of the risk of mercury and
methylmercury. This paradigm is used in most developed countries and has been described by the Food
and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO) in
a series of expert consultation reports (FAO/WHO, 1995, 1997, 1998, 2006). The risk analysis paradigm
has been adopted by the FAO/WHO Codex Alimentarius Commission as the basis for the establishment of
international health and safety standards for food (Codex 2007).

102. Chapter 2 presents summary information on toxicity of mercury and mercury compounds available
from existing assessments, including discussion of potential adverse health effects and exposure levels that
may be considered to be “safe”. In addition the document provides a summary of the process of risk
characterization, whereby the information on mercury exposures is combined with information on toxicity
to describe the potential risks to human populations.

103. Chapter 2 also presents background information, including a summary of the various forms of

mercury, environmental fate and cycling of mercury in environmental media and biota, the primary routes
of exposure, absorption, metabolism, toxicity, and risk characterization for mercury.
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104. Chapters 3 describes approaches for estimating mercury exposures through biomonitoring, including
details on measuring mercury in various body tissues (that is, blood, hair, urine, nails and human milk).
This chapter includes a discussion of extrapolating levels measured in one tissue (such as hair) to estimate
levels in another tissue (such as blood). Biomarkers of exposure should also correlate with actual
exposure to mercury (such as the consumption of fish containing methylmercury).

105. Chapter 4 provides details on conducting exposure assessments of mercury through the collection
and application of data on fish consumption patterns and mercury levels in fish. Various dietary survey
methods and modelling techniques are described.

106. Chapter 5 describes models used to simulate environmental fate, uptake and exposures and Chapter 6
covers specific exposure scenarios, especially so-called “hot spots”. Chapter 7 is devoted to presenting a
decision tree approach based on increasingly more detailed estimates of exposures to methylmercury from
fish for susceptible populations. Risk management options are presented along with a discussion of risk
communication techniques that balance the risks and benefits of fish consumption.

107. UNEP and WHO encourage governments and other stakeholders to make use of the guidance when
assessing possible risks from mercury exposure and invite all users of the guidance document to provide
feedback on any aspect of this product. Researchers are also invited to submit the results of any exposure
assessments to UNEP and WHO. A forum for exchange of information on countries’ experiences,
relevant new publications, and other information is planned. Further revised versions of the document
might also be published and the most current version of this guidance document will at any time be
available on the UNEP Chemicals mercury Website http://www.chem.unep.ch/mercury.

1.3 Sources of additional information

108. Several governments, international agencies, and other organizations have compiled extensive
information on the sources, environmental fate and transport, potential health effects, exposure estimates,
and potential risks of elemental mercury, inorganic mercury and methylmercury. Several useful resources
are listed below with their full citations appearing in the reference list at the end of this document. Most
can be obtained online.

. Global Mercury Assessment (UNEP Chemicals, 2002)

. Elemental Mercury and Inorganic Mercury Compounds: Human Health Aspects (WHO, 2003)
. Arctic Pollution 2002 (AMAP 2002)

. Human Health in the Arctic (AMAP, 2003)

o Canadian Arctic Contaminants Assessment Report II (CACAR 11, 2003)

. Guide for Reducing Major Uses and Releases of Mercury (UNEP Chemicals, 2006)

. Mercury Study Reports to Congress (US EPA, 1997a, 1997b, 1997¢, 1997d)

. Toxicological Profile for Mercury (Update) (US ATSDR, 1999)

. Protocols for Environmental and Health Assessment of Mercury Released by Artisanal and Small-
Scale Gold Miners (UNIDO, 2003b)

. Summary of Supply, Trade, and Demand Information on Mercury (UNEP Chemicals, 2006)

. Toxicological Effects of Methylmercury (NRC, 2000)

. Toolkit for the Identification and Quantification of Mercury Releases (UNEP Chemicals, 2005)
° Mercury - Environmental Health Criteria Documents (WHO, 1976, 1989, 1990, 1991)
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Preventive Measures Against Environmental Mercury Pollution and Its Health Effects (JPHA,
2001)

Mercury - A Priority for Action Important Community Messages (UNEP Chemicals, 2008)

Advice on Fish Consumption: Benefits and Risks, Scientific Advisory Committee on Nutrition and
Committee on Toxicity, Food Standards Agency and the Department of Health (TSO, 2004)

Health implications of environmental contaminants in Arctic Canada: A review (Van Oostdam et
al., 2005)

Risks and benefits of fish consumption. A risk-benefit analysis based on the occurrence of
dioxin/PCB, methylmercury, n-3 fatty acids and vitamin D in fish. (Swedish National Food
Administration, Report 12, 2007 Available at:

http://www.slv.se/upload/dokument/rapporter/mat _naring/2007_12_risks_and_benefits of fish co
nsumption.pdf?epslanguage=EN-GB)

Opinion of the scientific panel on contaminants in the food chain on a request from the European
Parliament related to the safety assessment of wild and farmed fish (European Food Safety
Authority, EFSA Q-2004-22, 2005)

A comprehensive assessment of fish and other seafood in the Norwegian diet. (Norwegian
Scientific Committee for Food Safety, Oslo, 2007, ISBN 978-82-8082-207-9)

Advice for Pregnant Women on Fish Consumption concerning Mercury Contamination (Japanese
Joint Sub-Committees on Animal Origin Foods and Toxicology under the Food Sanitation
Committee the Pharmaceutical Affairs and Food Sanitation Council, 2003. Available at:

http://www.mhlw.go.jp/english/wp/other/councils/mercury/index.html)

Mercury in Fish. (Food Standards Australia New Zealand, 2004. Available at:
http://www.foodstandards.gov.au/newsroom/factsheets/factsheets2004/mercuryinfishfurther2394.cfm)
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2. BACKGROUND AND OVERVIEW OF HEALTH RISKS

2.1 Risk analysis paradigm

109. The risk analysis paradigm described by WHO and FAO consists of three components; risk
assessment, risk management and risk communication. Risk assessment and management are, in turn,
each comprised of four steps (see Figure 1). The overall process is carried out under the direction of the
risk manager to whom the primary responsibility for managing health risks on behalf of the society has
been delegated. Based on preliminary information, the risk manager uses the hazard identification as the
basis for deciding whether to undertake a full risk assessment in the light of other risk priorities and
available resources. In regard to food safety, risk managers should be aware that the Agreement on the
Application of Sanitary and Phytosanitary Measures of the World Trade Organization requires that
countries ensure that their food safety measures are based on an assessment of risks to human health,
taking into account the risk assessment techniques developed by the relevant international organizations, in this
case FAO and WHO.

110. For methylmercury in fish, national food safety authorities in many countries have concluded that the
potential health risk posed by methylmercury warrants the completion of the risk assessment paradigm,
namely hazard characterization and exposure assessment, leading to a risk characterization for their
populations. At the international level, the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) first performed a hazard characterization of methylmercury in 1972 and has continued to refine
its evaluation as new data have become available. For JECFA the hazard characterization is expressed as
the Provisional Weekly Tolerable Intake (PTWI) and is currently established at 1.6 g of methylmercury
per kg body weight (FAO/WHO, 1972, 1978, 1989, 2000, 2004, 2007). This value is based on the most
sensitive toxicological endpoint, developmental neurotoxicity, in the most susceptible life-stage, the
development in utero. JECFA noted in the report from the 67™ meeting that other life-stages might be less
sensitive to the adverse effects of methylmercury. In the case of adults, the Committee considered that
intakes of up to about two times higher than the PTWI would not pose risks of neurotoxicity in adults,
although in the case of women of childbearing age, the intake should not exceed the PTWI, in order to
protect the embryo and fetus. For infants and children JECFA could not identify a level of intake higher
than the PTWI that would not pose a risk of developmental toxicity for infants and children up to about 17
years of age, hence for this age group the PTWI of 1.6 nug/kg bodyweight applies.

111. JECFA has conducted an international evaluation of exposure based on the GEMS/Food Regional
Diets and reviewed a number of national exposure assessments. Taken together, the hazard
characterization and exposure assessment produced a risk characterization that suggested that most of the
world’s population was not at risk to the potential toxic effects of methylmercury. However, persons who
are consuming large amounts of fish, especially if those fish contained high levels of methylmercury, can
have exposures that exceed the PTWI. If those high exposure consumers are pregnant women or young
children, the preparation of a risk evaluation by risk manager may be warranted.

2.2 Risk assessment principles

112. Risk assessment is a multidisciplinary evaluation of scientific information as a basis for estimating
and evaluating the potential health effects that individuals or populations may experience as a result of
exposure to hazardous substances. Risk assessments typically involve both qualitative and quantitative
information. Risk assessments may include evaluations of cancer risk and the potential for development
of adverse non-cancer health effects (such as neurological dysfunction). To derive statements of risk or
the likelihood of adverse health effects, quantitative information on exposure is combined with
information on toxicity.
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Figure 1 Risk analysis paradigm

113. In 1983, the US National Academy of Sciences (NAS) of the National Research Council (NRC)
established a framework to guide risk assessments (NRC, 1983). Risk assessment has been broadly
adopted by national and international agencies. At the international level, FAO and WHO have defined
risk assessment as consisting of four steps (FAO/WHO, 1995):

1) Hazard identification;
2) Hazard characterization, including dose-response assessment;
3) Exposure assessment;
4) Risk characterization.

114. Hazard identification is the review of relevant toxicological, biological, and chemical information to
identify the adverse health effects associated with a potential hazard under various exposure scenarios.
Epidemiologic and animal studies are some of the information examined.

115. Hazard characterization, including dose-response assessment, defines the relationship between the
degree of exposure (or amount of dose) observed in animal or human studies and the magnitude of the
observed adverse health effects. This usually includes a quantitative measure of adverse health effects for
arange of doses. For carcinogens, dose-response data are used to calculate quantitative estimates of the
increased risk of developing cancer per unit of exposure. For chemicals that cause adverse health effects
other than cancer (i.e., non-cancer effects), dose-response data are used to calculate “safe” levels (such as
the Provisional Tolerable Weekly Intakes developed by the Joint FAO/WHO Expert Committees (WHO,
1987). The development of these values usually involves extensive review of available relevant data, the use
of mathematical models, the application of uncertainty factors and dose conversions, and other considerations.

116. In an exposure assessment, the extent, duration, frequency and magnitude of exposures to a chemical

are estimated via various routes (ingestion, inhalation, dermal, or in utero) for individuals or populations.
Exposures can be estimated by measuring chemical levels in various body tissues (such as hair, blood, and
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urine) as biomarkers or by using various mathematical models (US EPA, 1995a; WHO, 1997). Exposure
assessments can be used for risk assessments, status and trends analyses, and epidemiology (US EPA, 1992).

117. Risk characterization is the integration of the hazard identification, hazard characterization, including
dose-response, and exposure assessments to describe the nature and magnitude of the health risk in a given
population. The risk characterization also includes a presentation of the uncertainties in the assessment,
discussion of degree of confidence, data gaps, limitations, and other considerations to help describe the
potential risks (US EPA, 1995a, FAO/WHO, 1995).

118. Once an exposure assessment and risk characterization are completed, the results of such risk
assessments can then be used to help identify populations at risk, that is due to exposures to mercury, and
to assist governments and other organizations with development of strategies and programmes to protect
those populations from excessive risk.

2.3 Mercury in the environment

119. Mercury (with the chemical symbol of Hg) is a naturally occurring element found in air, water, and
soil. It is distributed throughout the environment by both natural and anthropogenic (human) processes.
Mercury is found in various inorganic and organic forms and is persistent in the environment. The three
primary forms include: a) elemental mercury (with the chemical symbol of Hgo); b) ionic mercury (also
known as inorganic mercury with the chemical symbol of Hg (II) or Hg2+) exists in nature as Hg (1)
mercuric compounds or complexes in solution; and c) and organic mercury with methylmercury (with the
chemical formula MeHg) being the most important.

120. As mercury moves through environmental media (in air, sediments, water), it undergoes complex
transformations. Mercury cycles in the environment as a result of natural and human (anthropogenic)
activities. Most of the mercury in the atmosphere is Hg0 vapour, which circulates in the atmosphere for
up to a year, and hence can be widely dispersed and transported thousands of miles from likely sources of
emission. Most of the mercury in water, soil, sediments, or plants and animals is in the form of ionic
mercury salts (such as mercuric chloride) or organic forms of mercury (methylmercury). Inorganic
mercury, when either bound to airborne particles or in a gaseous form, is readily removed from the
atmosphere by precipitation and is also dry deposited. As it cycles between the atmosphere, land, and
water, mercury undergoes a series of complex chemical and physical transformations, many of which are
not completely understood (US EPA, 1997¢c).

121. The air transport and deposition patterns of mercury emissions depend on various factors including
the chemical form of mercury emitted, stack height, characteristics of the area surrounding the site,
topography, and meteorology. The mercury emitted to the air from various types of sources (usually in
elemental or divalent forms) transports through the atmosphere and eventually deposits onto land or water
bodies. The chemical and physical properties of these different mercury forms determine their behaviour
in the environment and the pattern of deposition. For example, divalent mercury is water soluble and
relatively reactive and, therefore, is much more likely to deposit within a short distance from the emitting
facility, especially if it is raining or snowing. On the other hand, elemental mercury tends to disperse long
distances and may not deposit until it has travelled hundreds or thousands of kilometres.

122. Once deposited, the chemical form of mercury can be methylated in soils and sediments, largely
through metabolism by bacteria. Methylmercury, which is the most toxic form of mercury, biomagnifies
in food webs, especially the aquatic food web (such as in fish species higher in the food chain). Various
studies indicate that anthropogenic releases of mercury from industrial and combustion sources contribute
to the levels of methylmercury in fish, especially in freshwater and immediate coastal environments.
However, also contributing to these fish methylmercury concentrations are existing background
concentrations of mercury, which may consist of mercury from natural sources, as well as historic
anthropogenic mercury which has been re-emitted from the oceans or soils (US EPA, 1997a, 1997c;
UNEP, 2002). Methylmercury bioaccumulates (higher concentration than the surroundings) in marine and
fresh water fish and mammals. The older the fish or mammal, the higher the methylmercury
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concentration. It also biomagnifies, that is, the higher the organism is in the food chain, the higher its
trophic level and the higher its methylmercury concentration (Watras et al., 1998). Therefore, bigger
predatory fish are more likely to have higher levels of methylmercury (Storelli et al., 2002). High
methylmercury concentration has also been observed in fish at lower levels in the food web, likely due to
higher background levels of mercury in the environment.

123. In spite of its potential risks, mercury continues to be used in a variety of products and processes all
over the world. Elemental mercury is used in artisanal and small-scale mining of gold and silver; chlor-
alkali production; manometers for measurement and control; thermometers; electrical switches;
fluorescent lamp bulbs; back lights of computers; and dental amalgam fillings. Mercury compounds are
used in batteries; biocides in the paper industry, pharmaceuticals, paints, and on seed grain; and as
laboratory reagents and industrial catalysts (ATSDR, 1999). Mercury can be released to air, water bodies,
and soils during production (or other uses) or after disposal of the mercury-containing products and wastes.

124. Mercury is also present in various raw materials (such as coal, oil, wood, and various mining
deposits) and can be released to the air or other media when these materials are burned, processed, or
disposed. Among human activities, combustion of fossil fuels is the most important in terms of both
volume and distribution. Moreover, large amounts of mercury that remain in mine tailings, landfills,
sediments, and stockpiles present a threat of future release (UNEP, 2002).

125. In some areas, local and regional mercury depositions have affected mercury contamination levels
over the years and countermeasures have been taken during the past decades to reduce national emissions.
Mercury emissions can be, however, distributed over long distances in the atmosphere and oceans.
Therefore, even countries with minimal mercury emissions, and other areas situated remotely from dense
human activity, may be affected. For example, high mercury exposures have been observed in the Arctic,
far from any significant sources of anthropogenic releases (ATSDR, 1999; UNEP, 2002; AMAP, 2002;
AMAP, 2003, Van Oostdam et al., 2005).

2.4 Routes of exposure

126. Mercury is a toxic, persistent pollutant that bioaccumulates through food webs. Most people have
some exposure to elemental, inorganic, or methylmercury as a result of normal daily activities. Almost all
people have at least trace amounts of mercury (that is, methylmercury) in their tissues. Generally, these
low exposures are not likely to cause adverse health effects. For example, human biological monitoring
by the US Centers for Disease Control and Prevention (CDC) in 1999 and 2000 (Schober et al., 2003)
shows that most subjects in a study representative of the general US population have blood mercury levels
below a level associated with possible health effects. Also, more recent data from the US CDC, for years
1999 to 2002 support this general finding (US CDC, 2005).

127. People are exposed to methylmercury mainly through their diet, especially from fish and other
marine species. People may be exposed to elemental or inorganic mercury through inhalation of ambient
air during occupational activities and from dental amalgams. Inhalation is the primary route of exposure
for elemental mercury. For example, mercury that is accidentally spilled from a mercury-containing
thermometer is slightly vapourized at room temperature. Other possible routes of exposure to various forms of
mercury include dermal exposure and breast-feeding (ATSDR, 1999; UNEP, 2002; US EPA, 1997a, 1997c, 1997d).

128. Fish are an important, beneficial and nutritious food. Fish are a good source of protein and other
important nutrients (such as omega-3 fatty acids, and various vitamins and minerals). Nonetheless,
consumption of fish (and marine mammals) is also generally the main pathway for human exposure to
methylmercury. For certain fish, a large proportion of the accumulated mercury is in the form of
methylmercury (NRC, 2000; US EPA, 1997¢c). Elevated methylmercury levels have been measured in
numerous freshwater and marine fish species throughout the world. Because mercury biomagnifies in the
aquatic food web, fish higher on the food web (or of higher trophic level) tend to have higher levels of
mercury. 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, and marlin) and fish-consuming
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mammals (such as seals and toothed whales) (US EPA, 1997a, 1997¢, 2003; UNEP, 2002). Because
mercury is associated primarily with muscle tissue in the body of a fish, rather than with fatty deposits,
trimming and skinning of mercury-contaminated fish does not reduce the mercury content of the fillet
portion. Furthermore, cooking does not reduce the mercury content. The intake of mercury depends not
only on the level of mercury in fish, but also the amount consumed and frequency. Moderate consumption of a
variety of fish is not likely to result in exposures of concern. However, people who consume large amounts of
contaminated fish or marine mammals may be highly exposed to methylmercury and therefore could be at risk
(UNEP, 2002).

129. Mercury (primarily elemental or inorganic forms) in the working environment can lead to elevated
exposures. Occupational exposures can occur where mercury or mercury compounds are produced, used
in processes, or incorporated in products. Occupational exposures have been reported from (among
others) 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 (ATSDR, 1999; UNEP, 2002). In many countries, workers have become protected
during the last few decades by the introduction of a range of workplace improvements including more
closed manufacturing systems, better ventilation, safe handling procedures, personal protection equipment,
and substituting mercury-based technologies with non-mercury alternatives. However, many workers may
still be exposed to elevated mercury levels and therefore may be at risk (UNEP, 2002).

130. Small-scale or artisanal mining, using gold-mercury amalgamation to extract gold from ore, which is
discussed further in Section 6.3.1, is a significant source of exposure for the workers and nearby
populations (UNEP, 2002). Miners burn the gold-mercury amalgam to vapourize the mercury and recover
the gold; thus the miners and local populations can have high exposure to mercury vapours. For example,
mercury concentrations in air as high as 60 mg/m® have been associated with amalgam burning at a mining
site. In addition, metallic mercury wastes are usually dumped into or near water courses. These
discharges can lead to elevated methylmercury concentrations in the fish of these water bodies.
Consumption of these contaminated fish by community residents can result in the intake of high levels of
methylmercury (UNIDO, 2003a, 2003b).

131. Some fatalities and severe poisonings have been associated with acute exposures to elevated air
levels resulting from heating metallic mercury and mercury-containing objects. Significant exposures to
mercury vapours can also occur due to mercury spills in the home (such as due to children playing with
mercury, broken thermostats, leaky gas meters, etc.) and in school laboratories as in the case of a mercury
spill in a school in the Philippines. 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 has been discontinued in
many countries. In addition, significant exposures can occur due to use of metallic mercury in religious,
ethnic, or cultural practices (such as Voodoo, Santeria, and Espiritismo). A few of the activities reported
include sprinkling elemental mercury in homes or cars, placing elemental mercury in an open container to
rid the house of evil spirits, mixing mercury in bath water or perfume, or placing mercury in devotional
candles. Any of these practices can liberate mercury vapour into the room air, exposing the occupants to
elevated levels of mercury vapours (ATSDR, 1999; UNEP, 2002).

132. Dental fillings made with mercury amalgam can be a source of human exposure to elemental
mercury vapours for many populations. Amalgam surfaces release mercury vapour into the mouth and
lung, depending upon the number of amalgam fillings and other factors, the estimated average daily
absorption of mercury vapour from dental fillings varies between 3 and 17 pg mercury (UNEP, 2002).

133. Exposures to elemental mercury or inorganic mercury forms can also occur due to use of some skin-
lightening creams and soaps and the presence of mercury in some traditional medicines (such as certain
traditional Asian or Chinese remedies). Exposures to organic mercury may result from the use of
thimerosal (ethylmercury thiosalicylate) as a preservative in some vaccines and other pharmaceuticals
(ATSDR, 1999; UNEP, 2002). However, the use of thimerosal in vaccines is being phased out, or
significantly reduced, in many countries, especially in vaccines intended for children.

134. The UNEP 2006 report on the supply, trade, and demand of mercury reveals that demand or use of
mercury is highest in small scale gold mining, followed by vinyl chloride monomer production, chlor
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alkali production, and in products namely batteries, dental amalgams, measuring and control devices,
lighting, electrical and electronic devices. Exposure to elemental and inorganic mercury will be mostly
through occupational routes as well as mercury releases from mercury containing waste products.

2.5 Toxicokinetics

135. The toxicokinetics (absorption, distribution, metabolism, and excretion) of mercury is highly
dependent on the form of mercury to which a person has been exposed. Below is a brief summary of the
toxicokinetics information for the three forms of mercury.

2.5.1 Absorption and distribution of elemental mercury

136. In its metallic (liquid) form, elemental mercury (Hgo) is not significantly absorbed or transformed by
the human digestive system; when ingested in this form, it is almost completely excreted in the faeces with
little toxic damage to the organism (Rowland et al., 1997). Similarly, skin contact with liquid elemental
mercury results in relatively low absorption into the body, generally causing only mild symptoms (such as
skin irritation, dermatitis, or cutaneous eruptions).

137. However, following inhalation exposure, the absorption of HgO vapour occurs efficiently and rapidly
through the lungs. About 80 % of inhaled vapours are absorbed by the lung tissues. Once absorbed, Hgo
is readily distributed throughout the bodys; it crosses both placental and blood-brain barriers (ATSDR, 1999).

2.5.2 Absorption and distribution of inorganic mercury

138. Some limited information suggests that absorption occurs after inhalation of aerosols of mercuric
(Hg2+) chloride. For example, Clarkson (1989) reported absorption in dogs to be 40 % via inhalation.
Absorption of Hg2+ through the gastrointestinal tract varies with the particular mercuric salt involved.
Absorption decreases with decreasing solubility. Estimates of the percentage of Hg2+ that is absorbed
vary; as much as 20 % may be absorbed. Increases in intestinal pH, a milk diet (relevant to neonates), and
increases in pinocytotic activity in the gastrointestinal tract (as occurs in neonates) have all been
associated with increased absorption of Hg2+. There is also evidence that inorganic mercury can be
absorbed through the skin (ATSDR 1999, MPP and NRDC, 2005). For example, studies suggest that the
use of skin lightening soaps and creams, which contain mercuric iodine and ammoniated mercury,
respectively can lead to elevated exposures to ionic mercury. Concentrations of mercury in hair from
some women using mercury soaps were found to be especially high (MPP and NRDC, 2005). Inorganic
mercury has a limited capacity for penetrating the blood-brain or placental barriers. Inorganic mercury
accumulates in the kidneys.

2.5.3 Metabolism and excretion of elemental and inorganic mercury

139. Elemental mercury is oxidized to Hg2+ in most body tissues. However, there is also evidence that
Hg2+ can be reduced by mammalian tissue back to the form Hgo' Nonetheless, once HgO crosses the
blood-brain and placental barriers and is oxidized to mercuric ion, return to the general circulation is
impeded. Thus, mercury can be retained in the ionic form for several weeks or months in various body
tissues, especially the brain and the kidneys (Klaassen, 1996).

140. Because of the relatively poor absorption of orally administered Hg2+, the majority of the ingested
dose in humans is excreted through the faeces. However, the portion that is absorbed remains in the body
for a considerable length of time. The reported half-life of inorganic mercury in blood is about 20 to 66
days. Ionic mercury is excreted primarily in the urine and faeces. However, ionic mercury can also be
excreted via breast milk.

141. The elimination of Hg0 occurs primarily via urine and faeces. Most of the mercury excreted in the
urine occurs after the Hg0 has been oxidized to ionic mercury. Thus, generally most mercury in urine is in
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the ionic form. However, some of the Hgo can be excreted directly via urine and faeces before oxidation.
Therefore, a small percentage of the mercury in urine can be in the elemental form. Some Hgo is also
excreted directly via exhaled air. Nonetheless, the pattern of excretion is dependent on the extent to which
Hg0 has been oxidized to Hg%. There is also evidence that elemental and/or ionic mercury can be
excreted to a lesser extent via other routes, including saliva, sweat, and bile (US EPA, 1997d; ATSDR,
1999).

2.5.4 Toxicokinetics of methylmercury

142. Following exposure via ingestion, methylmercury is rapidly and extensively absorbed (about 95 %)
through the gastrointestinal tract. This form of mercury is distributed throughout the body and easily
penetrates the blood-brain and placental barriers. Methylmercury distributed throughout the body
combines with cysteine, which is an amino acid found in most protein and appears to be mediated by the
formation of a methylmercury-cysteine conjugate, which is transported into cells via a neutral amino acid
carrier protein. A methylmercury-cysteine conjugate can pass through not only the blood-brain barrier but
also the placenta via an amino acid transporter. Methylmercury can enter the brain where it is oxidized
and accumulated and eventually causes chronic exposure and, depending on the level of exposure, can
lead to adverse human health effects (Kanai, 2003; Kerper, 1992; Mottet, 1985; Sakamoto, 2004).

143. Some methylmercury in the body is slowly converted to inorganic mercury. Methylmercury has a
relatively long biological half-life in humans; estimates range from 44 to 80 days. Excretion of
methylmercury occurs primarily via the faeces, in hair, with less than one-third of the total excretion
occurring through the urine. Methylmercury is also excreted through human milk but at much lower
levels (LaKind et al., 2005; WHO, 2004; US EPA, 1997d; ATSDR, 1999).

2.6 Health effects

144. All humans are exposed to low levels of mercury. As described above, almost all people have at
least trace amounts of mercury in their tissues (that is, methylmercury in their hair). Generally, these low
exposures are not likely to cause adverse health effects. However, mercury can cause significant adverse
effects on human health if exposure levels exceed established safe levels.

145. The factors that determine the occurrence of adverse health effects and how severe the health effects
include:

chemical form of mercury;

dose;

age of the person exposed (developing systems are susceptible);
duration of exposure;

route of exposure (inhalation, ingestion or dermal contact); and,
dietary patterns of fish and seafood consumption.

146. The primary targets for 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
fetal nervous system) are the most sensitive to toxic effects of mercury. Fetal brain methylmercury levels
are higher than in maternal blood (SCAN, 2004), and the developing central nervous system of the fetus is
currently regarded as the system of highest concern as it demonstrates the greatest sensitivity (WHO,
2004). It should be noted, however, that in humans the nervous system continues to develop through
adolescence.

147. Other systems that may be affected include the respiratory, gastrointestinal, hematologic, immune,
and reproductive systems. As described below, the health effects caused by elevated exposures to
elemental mercury, inorganic mercury compounds, and organic mercury compounds (methylmercury)
differ (ATSDR, 1999; UNEP, 2002; US EPA, 2005).
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2.6.1 Elemental mercury

148. Effects on the nervous system appear to be the most sensitive toxicological end-point observed
following exposure to Hgo. Neurological and behavioural disorders in humans have been observed
following inhalation of HgO vapour. Symptoms include tremors, initially affecting the hands and
sometimes spreading to other parts of the body; emotional lability (often referred to as “erethism” and
characterized by irritability, excitation, excessive shyness, confidence loss, and nervousness); insomnia;
neuromuscular changes (such as weakness, muscle atrophy, or muscle twitching); headaches;
polyneuropathy (such as paresthesia, stocking-glove sensory loss, hyperactive tendon reflexes, slowed
sensory and motor nerve conduction velocities); and memory loss and performance deficits in tests of
cognitive function. At higher concentrations, adverse kidney and thyroid effects, pulmonary dysfunction,
changes in vision and deafness may also be observed (ATSDR, 1999; US EPA, 1997d; UNEP, 2002).
Short-term exposure to high concentrations of HgO vapour damages the lining of the mouth, irritates lungs,
cause tightness of chest, coughing, nausea, vomiting, diarrhea, and increased blood pressure (ATSDR,
1999).

149. A few studies suggest that Hgo may cause reproductive toxicity. However, most human studies
indicate that long-term exposure to Hgo does not affect the ability to have children (ATSDR, 1999).
Studies with rats suggest that HgO exposure may result in behavioural developmental effects (US EPA, 1997d).

150. A number of epidemiological studies have been conducted that examined cancer among workers
occupationally exposed to Hgo. These studies, however, have limitations including small sample sizes,
probable exposure to other carcinogens, failure to consider confounding factors (such as smoking, and/or
failure to observe correlations between estimated exposure and the cancer incidence). Only one animal
study was identified that examined cancer incidence in animals exposed (by injection) to. Hgo' While
tumours were found at contact sites, the study was incompletely reported as to controls and statistics and,
thus, considered inadequate for the purpose of risk assessment. Findings from genotoxicity assays are
limited and do not provide supporting evidence for a carcinogenic effect of HgO (US EPA, 19974d).
Nonetheless, as noted above, noncancer effects on the nervous system appear to be the most sensitive effect.

2.6.2 Inorganic mercury

151. Damage to the kidneys is the key end-point in exposure to inorganic mercury compounds. The most
sensitive adverse effect observed following exposure to Hg2+ is the formation of autoimmune
glomerulonephritis (inflammation of kidney). Several studies in animals have evaluated the potential for
developmental toxicity to occur following exposure to various inorganic salts. While the evidence
suggests that developmental effects may occur, the studies had significant limitations. Accidental ingestion
of mercuric chloride by children resulted in cardiac effects (increased heart rate and blood pressure) (ATSDR,
1999; US EPA, 1997d). Accidental drinking or ingestion of inorganic Hg can also cause considerable damage
to the digestive tract and kidney even with the limited absorption rate. In addition, dermal exposures to ionic
mercury can lead to adverse effects to the skin (such as dermatitis [ATSDR, 1999, MPP and NRDC, 2005]).

152. There are no human studies linking exposure to Hg2+ with carcinogenic effects. Data in animals are
limited. Focal hyperplasia and squamous cell papillomas of the forestomach as well as thyroid follicular
adenomas and carcinomas were observed in male rats gavaged with mercuric chloride. In the same study,
evidence for an increased incidence of squamous cell forestomach papillomas in female rats and renal
adenomas and carcinomas in male mice was considered equivocal. All increased tumour incidences were
observed in excess of the maximum tolerated dose (MTD). In this context, the relevance of the tumours to
humans has been questioned. Results from in vitro and in vivo tests for genotoxicity have been mixed and
do not provide strong supporting data for carcinogenicity (US EPA, 1997d).

153. There are some data indicating that mercuric chloride may be a germ cell mutagen. Positive results
have been obtained for chromosomal aberrations in multiple systems, and evidence suggests that mercuric
chloride can reach female gonadal tissue (ATSDR, 1999; US EPA, 1997d). Nonetheless, as noted above,
noncancer damage to the kidney is considered the most sensitive effect.

Guidance for Identifying Populations at Risk from Mercury Exposure




Background and overview of health risks 29

2.6.3 Methylmercury

154. The critical target for methylmercury toxicity is the nervous system, especially during its
developmental stage. Neurotoxicity is the most sensitive endpoint. In humans, the indices of
neurotoxicity include neurobehavioral deficits, neuronal loss, ataxia, visual disturbances, impaired
hearing, paralysis and death (WHO, 2004). Because methylmercury-cysteine conjugate readily passes
both the placental barrier and the blood-brain barrier and the developing fetus is especially sensitive to the
toxic effects of methylmercury, exposures during pregnancy are of highest concern. Offspring born of
women exposed to high levels of methylmercury during pregnancy have exhibited a variety of
developmental neurological abnormalities similar to cerebral palsy, including the following: delayed
onset of walking, delayed onset of talking, altered muscle tone and deep tendon reflexes, and reduced
neurological test scores (ATSDR, 1999; NRC, 2000; US EPA, 1997d; UNEP, 2002).

155. A number of human studies exist for evaluating the potential systemic toxicity of methylmercury.
This database is the result of studying two large-scale poisoning episodes in Japan and Iraq, as well as
several epidemiological studies in populations that consume quantities of fish or seafood. Three
epidemiological studies that have received significant attention are studies in the Faroe Islands
(Grandjean, 1997), Seychelles (Myers, 1997) and New Zealand (Kjellstrom, 1986). (UNEP, 2002; NRC,
2000, WHO 2004). Additional epidemiological studies have studied other possible effects (such as
potential reproductive toxicity, immunotoxicity, cardiotoxicity, and general medical status). In addition,
much research on the toxicity of methylmercury has been conducted in animals including non-human
primates (ATSDR, 1999; NRC, 2000; US EPA, 1997d, WHO 2004). These studies point to the possible
effects of prenatal exposure to methylmercury on neurodevelopment. Developmental neurobehavioural
deficits are considered to be the most sensitive health outcome and life in utero the most sensitive period
of exposure (WHO, 2004).

156. From the methylmercury poisoning episodes in Japan and Iraq, it is known that severe effects take
place in the development of the brain and nervous system of the unborn child (the fetus), but severe effects
on adults were also observed. The most common clinical signs observed in adults were paraesthesia’,
ataxia®, sensory disturbances, tremors”, impairment of hearing, constriction of the visual field and
difficulty in walking. Both the central and peripheral nervous systems show signs and damage (WHO,
2004; Eto et al., 2002). Deficits in acts of daily living were observed in Minamata Disease adult patients
significantly increased and were further aggravated by aging (Kinjo et al. 1993). Neurological subjective
complaints as well as nonspecific complaints in a population in a polluted area in Minamata could also be
influenced by past methylmercury exposure (Fukuda et al. 1999). A few epidemiological studies
(especially the Faroe Islands and New Zealand studies) have recently provided evidence that
methylmercury in seafood consumed by pregnant women—even at low mercury concentrations (about
10-20 % of observed effect levels on adults)—appears to have subtle, persistent effects on children’s mental
development as observed at about age 4 to 7 (so-called cognitive deficits) (Grandjean, 1997; Kjellstrom, 1986).

2 Numbness and tingling (The International Programme on Chemical Safety (IPCS) -WHO, Bibliography and
Glossary. Available (May 2005) at:

.http://www.who.int/ipcs/publications/training_poisons/basic_analytical tox/en/index12.html
? Failure of muscular coordination. (The International Programme on Chemical Safety (IPCS) -WHO, Bibliography

and Glossary. Available (May 2005) at:

.http://www.who.int/ipcs/publications/training_poisons/basic_analytical tox/en/index12.html
* Shaking or quivering, especially in the hands. (The International Programme on Chemical Safety (IPCS) -WHO,

Bibliography and Glossary. Available (May 2005) at:
.http://www.who.int/ipcs/publications/training_poisons/basic_analytical tox/en/index12.html
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157. The Faroe Islands population was exposed to methylmercury largely from contaminated pilot whale
meat, which contained very high levels of about 2 mg methylmercury/kg. However, the Faroe Islands
populations also eat significant amounts of fish. The study of about 900 Faroese children showed that
prenatal exposure to methylmercury resulted in neuropsychological deficits at 7 years of age (Grandjean et
al., 1997). The brain functions most vulnerable seem to be attention, memory, and language. Mercury
concentration in cord blood appeared to be the best risk indicator for the adverse effects. Special concern
was expressed on the impact of PCBs from whale blubber, which was present in the diet of the Faroese
mothers. Several analyses showed that any potential effects of PCBs could be dissociated from those of
methylmercury. Developmental delays were significantly associated with the methylmercury exposures,
even excluding the children whose mothers had higher hair mercury levels (above 10 pg/g) (Grandjean et
al., 1997). Within the low exposure range, each doubling of the prenatal methylmercury exposure level
was associated with a developmental delay of 1-2 months (UNEP, 2002).

158. A study of brainstem auditory evoked potentials (BAEP) in the Faroese population exposed in utero
showed an apparent effect of postnatal exposure in 14-year-old adolescents, and that this effect (a delay of
the peak V latency) was independent of the prenatal exposure level. While this finding has not been repro-
duced in other studies, it suggests that susceptibility may last through adolescence (Murata et al., 2004).

159. Another prospective study is ongoing in the Seychelles Islands, where the methylmercury exposures
are similar. The fish consumption of pregnant women in the Seychelles is high, typically 10-15 meals per
week, while the mercury concentrations in the ocean fish consumed are lower than the mercury
concentrations in the pilot whale meat consumed by the Faroe Islands population, with a mean of 0.2-0.3
mg/kg. The main longitudinal study was started in 1989-1990 and comprised about 700 mother-child
pairs. Maternal hair and child hair, but not cord-blood levels, were used as markers of methylmercury
exposure in this study. No effects on developmental tests up to 5.5 years of age were found to be
associated with methylmercury exposure, as measured by hair mercury concentrations in the pregnant
mothers (Myers, 1997). Further analyses of older children (9 years of age) from the Seychelles cohort
lead to similar (or slightly lower) results than at the earlier age (van Wijngaarden et al., 2006); however, as
for all epidemiological studies, there are a number of uncertainties involved in the dose-response
assessments. Nevertheless, these studies provide a valid scientific basis for the derivation of health-based
guidance values.

160. In addition, a study from New Zealand suggests an effect on the mental development of children at
the age of 4 and 6-7 years. In a high-exposure group, the average maternal hair mercury concentration
was about 9 pug/g; control groups were selected with lower exposure levels. About 200 children were
examined at 6-7 years of age, and a negative association was found between maternal hair mercury
concentrations and neuropsychological development of the children. Although carried out a decade earlier
than the Seychelles and Faroe Islands studies (published as reports from the Swedish Environmental
Protection Agency [Kjellstrom et al., 1986; 1989]), inclusion of the findings from this study was
considered appropriate by the US EPA in its recent assessment (US EPA, 2001a) given the similarities in
study design and endpoints considered and following a later analysis of data by Crump using a
“benchmark dose” approach (UNEP, 2002). JECFA however decided not to include the New Zealand
study in its evaluation because of methodological questions surrounding this study and one huge outlier
(the maternal hair mercury concentration of one child was more than four times the next the highest
concentration in the study sample and had a heavy impact on the benchmark dose lower confidence limits)
that could not be interpreted.

161. In a study among Inuit children in Nunavik, Northern Quebec, Canada, it was found that exposure to
methylmercury and PCBs resulting from fish and marine mammal consumption were associated with
alterations of visual evoked potentials (VEP), especially for the latency of the N75 and P100 components.
Significant associations were found with concentrations of neurotoxicants in blood samples collected at
the time of testing, at the preschool age. The study suggests that the VEP can be a valuable tool to assess the
developmental neurotoxicity of environmental contaminants of fish-eating populations (Saint-Amour et al., 2006).

162. Some cross-sectional studies using neuropsychological testing of older children in different settings

(such as in the Amazonas and on Madeira Island) also found some associations between mercury exposure
and adverse effects to the nervous system (for a review, see JECFA Monograph, WHO, 2004).
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163. Various studies also suggest that exposures to methylmercury may cause adverse effects to the
cardiovascular system, including increased risk of acute myocardial infarction and elevated blood pressure
(Salonen et al., 2000, Rissanen et al., 2000, Guallar et al., 2002, Yoshizawa et al., 2002, Virtanen et al.,
2005, Sorensen et al. 1999, Grandjean et al. 2004). These studies suggest that even small increases in
methylmercury exposures may cause adverse effects on the cardiovascular system, thereby leading to
increased mortality (UNEP 2002). WHO has concluded that the available evidence for the potential
cardiotoxicity of methylmercury was, however, not conclusive, but noted that further studies were needed
(WHO, 2004).

164. Three human studies that examined the relationship between methylmercury and cancer incidence
were considered extremely limited because of study design or incomplete data reporting. Animal studies
provide limited evidence of carcinogenicity. Male mice exposed orally to mercuric chloride were
observed to have an increased incidence of renal adenomas, adenocarcinomas, and carcinomas (US EPA,
1997d). Renal epithelial cell hyperplasia and tumours, however, were observed only in the presence of
profound nephrotoxicity suggesting that the tumours may be a consequence of reparative changes to the
damaged kidneys (US EPA, 1997d). Methylmercury appears to be clastogenic but not a potent mutagen
(ATSDR, 1999). Studies have also shown evidence that methylmercury may induce mammalian germ cell
chromosome aberrations (ATSDR, 1999; US EPA, 1997d). Nonetheless, as noted above, adverse
noncancer effects on the developing nervous system seem to be the most sensitive endpoint.

2.7 Susceptible subpopulations

165. There are two general types of susceptible subpopulations: those who are more sensitive to the
effects of mercury and those who are exposed to higher levels of mercury. 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 fetus. Studies have shown that methylmercury in pregnant
women’s diets can have subtle, persistent adverse effects on their children’s development, even at levels at
which no effects were observed in mothers (ATSDR, 1999; UNEP, 2002).

166. The fetus, the newborn and young children are especially susceptible to mercury exposure because of
the sensitivity of the developing nervous system. In addition to in utero exposures, neonates can be further
exposed by consuming contaminated breast milk (ATSDR, 1999). Thus, parents, pregnant women, and
women who might become pregnant should be particularly aware of the potential harm of methylmercury.
Methylmercury concentration in the blood of the fetus is about 1.5- to 2-fold higher than that of the mother
because of the active transport of methylmercury to the fetus through the placenta (NRC, 2000; IPCS,
1990, Stern and Smith, 2003). Many governmental agencies where people eat fish and seafood (such as
Japan, Canada, USA and others) have issued recommendations for limiting fish or shellfish consumption
for women who might become pregnant, women who are pregnant, nursing mothers, and young children.
However, recent evidence suggests that older children and adolescents may also be susceptible to adverse
neurological effects as the human nervous system continues to develop post partum and into adolescence
(Grandjean et al., 2004).

167. The Joint FAO/WHO Expert Committee on Food Additives (JECFA) at its 67th meeting in 2006
noted that life-stages other than the embryo and fetus may be less sensitive to the adverse effects of
methylmercury to the nervous system. In the case of adults, the Committee considered that intakes of up
to about two times higher than the existing PTWI of 1.6 ug/kg bw would not pose any risk of
neurotoxicity in adults, although in the case of women of child-bearing age, it should be borne in mind
that intake should not exceed the PTWI in order to protect the embryo and fetus from the adverse effects.
Concerning infants and children aged up to about 17 years, the data do not allow firm conclusions to be
drawn regarding their sensitivity compared to that of adults. While it is clear that they are not more
sensitive than the embryo or fetus, they may be more sensitive than adults because significant
development of the brain continues in infancy and childhood. Therefore, the Committee could not identify
a level of intake higher than the existing PTWI that would not pose a risk of developmental neurotoxicity
for infants and children (FAO/WHO, 2007).
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168. The PTWI is the amount of a substance that can be consumed weekly over an entire lifetime without
appreciable risk to health and is an end-point used for food contaminants (such as heavy metals with
cumulative properties). Its value represents permissible human weekly exposure, protecting the most
susceptible part of the population, to those contaminants unavoidably associated with the consumption of
otherwise wholesome and nutritious foods. In the case of methylmercury, the developing fetus is
considered to be the most sensitive subgroup, and neurodevelopment the most sensitive outcome.

169. Individuals with diseases of the liver, kidneys, nerves, 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 poisoning
because of the diminished ability of these substances to protect against mercury toxicity. There is also
population variability in regard to elimination of methylmercury (NRC, 2000). Also, animal studies and
limited human data indicate that some persons have a genetic predisposition to develop an autoimmune
glomerulonephritis (a kidney effect) upon exposure to mercury (ATSDR, 1999).

170. Other subpopulations may be at greater risk of mercury toxicity because they could be exposed to
higher levels of methylmercury due to fish and seafood consumption (such as people in some Asia/pacific
countries bordering the sea who consume large amounts of fish or marine mammals compared to other
regions). Indigenous populations and others who consume large amounts of fish or marine mammals may
be exposed to elevated levels of methylmercury. Recreational anglers and subsistence fishers who
frequently consume locally caught fish from mercury-contaminated water bodies or who consume long-
lived predatory oceanic species (such as shark and swordfish) can be exposed to higher methylmercury
than individuals who consume similar or lesser amounts of commercially marketed fish from a variety of
sources. Methylmercury exposure will be higher among people who regularly eat fish and other seafood
products compared to those who only occasionally or never eat fish or other seafood products.
Subsistence hunters may be exposed to higher concentrations of mercury in marine mammals (such as
seals, narwhal, walrus, and whales) or fish-feeding animals and birds (ATSDR, 1999).

171. Individuals with dental amalgams generally have greater exposure to elemental mercury than
members of the general population who do not have dental amalgams (ATSDR, 1999; UNEP, 2002). For
example, one study found that mercury levels in whole blood of people who had >6 amalgams but did not
eat fish were higher (mean = 1.047 ppb), compared to people who had no amalgams and did not eat fish
(mean = 0.2 ppb) (Schweinberg, 1994, as cited in ATSDR, 1999). Other populations with potential for
higher than average exposures are some workers due to occupational exposure, individuals who use
various consumer products that contain mercury (such as some skin lightening creams and soaps),
traditional ethnic medicines containing mercury, or use mercury for cultural or religious purposes
(ATSDR, 1999). Some of these exposure pathways are described further in Chapter 6 of this document.

2.8 Reference levels

172. Based on risk assessments and other considerations, several countries and international organizations
have established levels of daily or weekly methylmercury or mercury intakes estimated to be safe (or
without appreciable risk to health), based on available information. A few examples are discussed in this section.

173. The Joint FAO/WHO Expert Committee on Food Additives (JECFA), which also evaluates chemical
contaminants in the food supply, has established provisional tolerable weekly intakes (PTWIs) for total
mercury at 5 pg/kg body weight (WHO, 1978) and for methylmercury at 1.6 ug/kg body weight (WHO,
2004). The PTWI is the amount of a substance that can be consumed weekly over an entire lifetime
without appreciable risk to health and is an end-point used for food contaminants, (such as heavy metals
with cumulative properties). Its value represents permissible human weekly exposure, protecting the most
susceptible part of the population, to those contaminants unavoidably associated with the consumption of
otherwise wholesome and nutritious foods. In the case of methylmercury, the human embryo and
developing fetus are considered to be the most susceptible life-stage, and neurotoxicity the most sensitive
toxicological enpoint. The PTWI for methylmercury of 1.6 pg/kg body weight was reconfirmed by
JECFA at its 67" meeting in 2006 (WHO, 2007).
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2.8.1 Elemental mercury

174. To assess possible risks due to inhalation exposures, the US EPA established an RfC for elemental
mercury of 0.3 pg/m’, based on a lowest-observed-adverse-effect-level (LOAEL) (adjusted for
intermittent exposure) of 9.0 pg/m’ and an uncertainty factor of 30 (to account for sensitive human
subpopulations and database deficiencies). A human occupational study was used as the basis for the RfC.
This study investigated neurological effects in humans exposed to elemental mercury in the workplace;
hand tremors, increases in memory disturbances, and evidence of autonomic dysfunction were observed
and were the basis for the LOAEL (US EPA, 1995b).

2.8.2 Inorganic mercury

175. The US EPA has developed Reference Doses (RfDs) for mercuric chloride of 0.3 pg/kg/day and
methylmercury 0.1 pg/kg/day and an inhalation Reference Concentration (RfC) for elemental mercury of
0.3 pg / m? of air. An RfD (or RfC) is an estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily exposure to the human population (including sensitive subgroups) that is likely to be
without appreciable risk of deleterious noncancer effects during a lifetime. It is not a direct estimator of
risk but rather a reference point to gauge the potential effects. At exposures increasingly greater than the
RfD (or RfC), the potential for adverse health effects increases (US EPA, 1995b, 1995¢, 2001a). This was
based on a consensus decision of a panel of mercury experts who used several LOAELSs ranging from 0.23
to 0.63 mg/kg body weight/day and an uncertainty factor of 1,000 (to account for the use of a LOAEL, use
of subchronic studies, extrapolating from animals to humans, and for sensitive human subpopulations).
The LOAELSs were derived from several rat feeding, gavage, and subcutaneous injection studies in which
autoimmune glomerulonephritis were observed (US EPA, 1995c¢).

2.8.3 Methylmercury

176. A number of Governments and other organizations have estimated tolerable weekly intake /reference
levels for methylmercury exposure that are intended to be protective against adverse effects (Table 1).
Because the relationship between mercury concentrations found in maternal hair (as well as in umbilical
cord blood) and methylmercury concentrations in human diet is relatively well described, it is possible to
estimate corresponding levels of methylmercury doses in human diet deemed to be safe (UNEP, 2002,
WHO 2004). Variations among reference levels reflect the different risk assessment assumptions, data
sets, and uncertainty factors employed (NRC, 2000). Consequently, the resulting reference levels for
methylmercury can be considered relatively consistent.
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Table 1 Reference levels for methylmercury

.. Reference Level
Country/Organization Year Adopted
(ng MeHg/kg bw/ week)
Canada’ 1.4°7 1997
Japan® 2.0 2005
Netherlands’ 0.7 2000
United States'’ 0.7’ 2001
JECFA" 1.6 2003

177. There are a number of uncertainties surrounding the determination of reference levels for
methylmercury. The debate over which studies and which endpoints of concern to use as the basis for
setting a protective level still continues among risk assessors. The apparently contradictory results from
the Seychelles and Faroe Islands studies have made it difficult to determine a single best point of departure
for risk assessment. Considering the amount of confounding factors, reference levels should not be
interpreted as a sharp threshold separating safe from unsafe. Rather, there is a good deal of uncertainty
about the degree of health risk when reference levels are exceeded. However, it may be said that any risk
is likely to increase with the magnitude, frequency and duration of exceeding these reference levels, but
quantification of impacts of incremental exposure above reference levels has not been done at this time
(SACN, 2004).

178. The JECFA established a PTWI of 1.6 pg/kg body weight/week for methylmercury. The Committee
based the PTWI on the evaluation of the Faroe Islands and Seychelles Islands studies and used the average
from the two studies of the estimated maternal hair concentrations associated with the no-observed-eftect-
level/benchmark dose level (NOEL/BMDL) for neurotoxicity associated with in utero exposure. The
Committee determined that a steady-state daily ingestion of methylmercury of 1.5 pg/kg body weight/day
would result in the concentration in maternal blood estimated to be without appreciable adverse effects in
the offspring in the Faroe and Seychelles Islands studies. This dose level was divided by a composite
uncertainty factor of 6.4 (2 [the distribution of hair: blood mercury ratio on the overall average] x 3.2 [the
pharmacokinetic ratio of methylmercury at the steady concentration of mercury]), which results in a daily
dose of 0.23 pg/kg body weight/day. This daily dose was then multiplied by 7 to convert it to a weekly
dose level, namely the PTWI of 1.6 pg/kg body weight/week (WHO 2004). In 2006, JECFA confirmed
that the existing PTWI of 1.6 pg/kg body weight/week remained appropriate for protection of the most
vulnerable life stages, the embryo and fetus (WHO 2007).

* Bureau of Chemical Safety

® For pregnant women, women of childbearing age and young children. The reference level for the general
population of 3.3 pg MeHg/kg bw was established in 1972.

7 Originally expressed in terms of ug MeHg/kg bw/ day

¥ Food Safety Commission

? National Institute for Public Health and the Environment

19°US Environmental Protection Agency

! Joint FAO/WHO Expert Committee on Food Additives
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179. The US EPA developed an RfD of 0.1 pg/kg body weight per day for methylmercury. The current
RfD was derived from a benchmark dose (BMD) divided by an uncertainty factor of 10. The BMD
analysis used was based on the lower 95 % confidence limit for a 5 % effect level (above background),
from several endpoints in the Faroe, New Zealand and Seychelles studies. A k power model with k=1
(essentially linear model) was used. Results from several neuropsychological tests were used, and an
integrated analysis gave similar results for benchmark doses. The exposure metric was pg/ 1 blood, with
cord blood levels assumed to be equal to maternal blood. In deriving the RfD, maternal blood levels were
converted to maternal intakes using a one-compartment model. The RFD was based on a number of
neurological endpoints and the weight of evidence from the Faroe Islands and the New Zealand studies,
plus an integrated analysis of those two studies plus the Seychelles study. The US EPA applied an
uncertainty factor of 10 to account for pharmacokinetic inter-individual variability, and pharmacodynamic
uncertainty and variability (IRIS 2001). Additional areas of uncertainty discussed in US EPA, (2001a)
included the relationship between cord and maternal blood mercury concentrations and lack of knowledge
on possible long-term effects.

180. Because fish consumption dominates the pathway for exposure to methylmercury for most human
populations, many governments provide dietary advice to limit consumption of fish where mercury levels
are elevated. For example, as of December 2002, 48 US states issued 2,140 fish advisories for mercury.
Nineteen of these states issued advisories for all freshwater bodies (such as lakes, rivers) in their state, and
11 states issued state-wide advisories for their coastal waters (US EPA, 2003).

181. The Codex Alimentarius Commission has adopted a recommendation on guideline levels of 0.5 mg
methylmercury/kg in non-predatory fish and 1 mg methylmercury/kg in predatory fish. The US FDA has
set an action level of 1 mg methylmercury/kg in finfish and shellfish. The European Community allows
0.5 mg total mercury/kg in fishery products (with some exceptions). Japan allows up to 0.4 mg total
mercury/kg (or 0.3 mg methylmercury/kg) in fish (UNEP, 2002). In addition, the US EPA has established
a water quality criterion for methylmercury in fish of 0.3 mg/kg (US EPA 2001c).

2.9 Risk characterization

182. As described earlier in this section, risk characterization is the culminating step of the risk
assessment process (NRC, 1983; US EPA, 1997¢; FAO/WHO, 1995). It integrates information from the
hazard identification, hazard characterization, and exposure assessment and synthesizes an overall
description about the potential risks. The risk characterization is intended to inform risk managers and
other audiences about the outcome of the risk assessment (NRC, 1983; US EPA, 1995a). It also presents
the variability, uncertainties and limitations of the risk assessment (US EPA, 1995a). Risk
characterization provides a summary of the risk assessment, which can be used along with other
appropriate information, to inform risk managers as they consider risk management options.

183. To determine the likelihood of an adverse non-cancer effect in an exposed population resulting from
the long-term ingestion of mercury-contaminated foods, the estimated oral dose (that is, mg mercury/kg
body weight/week) is divided by an oral reference level (such as the PTWI) to calculate a hazard index.
For inhalation exposures, mainly occupational, the air concentration (that is, mg mercury/m3) is divided
by an inhalation reference level (such as the RfC). The available reference levels vary slightly but they are
indicators of the potential for adverse effects when consistently exceeded. For example, if the hazard
index is less than 1, the mercury exposure could be regarded as unlikely to lead to adverse health effects.
On the other hand, a hazard index greater than 1 is an indication that there may be a risk for adverse health
effects. As exposures increase above the reference level, either by magnitude or by time, the likelihood of
adverse effects also increases. Generally, if the hazard index is greater than 1, more evaluation is
warranted, including determining the degree and frequency of exposures above the reference level,
uncertainties in the assessment, data gaps and other factors, to determine the overall concern for adverse
effects. Nonetheless, a statement of risk can be partly based on this ratio (US EPA, 1995a; NRC, 1983).

184. A risk characterization conveys the risk assessor’s judgment as to the nature and existence of (or lack
of) human health risks (NRC, 1983; US EPA, 1995a). A risk characterization might include information
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about human subpopulations that may be at elevated risk from mercury exposures, the potential extent of
the exposures and risks, assessment of exposures from various environmental media, and description of
the limitations, uncertainties and variability in the assessment.
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3. ESTIMATING EXPOSURE THROUGH BIOMONITORING

3.1 Introduction

185. This chapter describes potential approaches to estimate exposures to mercury by measuring mercury
levels in human tissues (such as hair, blood, nails, milk and urine), which are considered forms of
biomonitoring. As described below, measurements of mercury levels in these tissues can be excellent
indicators of various types of mercury exposures. However, the validity, usefulness, and meaning of such
measurements depend on the form of mercury exposures, type of tissue measurement, and other factors.

186. To conduct an appropriate study, an investigator must consider some fundamental questions in the
early design stages, as follows:

e Study group: What population (or subpopulation) is the target of the study? How many people
(study subjects) from this population can be included in the study? How should we identify the
study subjects (individuals) to be included in the study? Should we aim to identify a
“representative” sample? If so, how do we select a “representative” sample?

e  What actions and protocols are needed to ensure that the study is done in an ethical manner? How
will the investigators consult with community members, and request and obtain consent of the
participants? What procedures will be used to ensure the security and privacy of personal
information?

e Questionnaire: What information should we try to obtain about each study subject? What are the
appropriate questions that can be used to obtain such information? Are there other methods to
obtain such information (such as medical records, birth data, etc.)?

e Health assessment: Will the study include a medical exam for each subject? If so, what medical
tests will be conducted? How? Who will conduct such tests?

e Tissue measurements: What body tissues should be sampled (hair, blood, urine)? How will the
samples be taken and preserved? What analytical methods will be used? What laboratory will do
the analyses? What measures will be taken to ensure the safety and health of the participants (for
example, sterile needles, proper training of medical team, etc.)?

187. Experience has made clear that it is very important to consult with community members and other
stakeholders during all stages of the assessment to ensure that participants are treated with dignity and
respect and to develop good relations between researchers/organizations and community members.
Consent must be obtained by participants, and appropriate communication and participation should be
encouraged throughout the assessment. Without the support and cooperation of communities, success of
the assessments may be threatened (CACAR 11, 2003).

3.2 Selecting a study population

188. In order to select a representative sample of the population of interest, it is important to understand
the socio-economic-demographic conditions of the community. Obtaining a statistically representative
sample of the community is usually the preferred approach. One important decision to consider is the
number and type of individuals to be included in the study. The sample size chosen is likely to be based
on various factors including costs, statistical power, staff, study facilities, and other factors. The sampling
process can be random, judgmental, or possibly other approaches. Randomization is a more expensive
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and time-consuming process but provides a broader picture of the mercury exposures among the
population compared to a selective sampling process. Using a judgmental approach, only the individuals
at higher risk of being exposed to mercury are selected for study (UNIDO, 2003b; Veiga and Baker, 2004).

3.3 Information on socio-economic conditions and demographics

189. Once a sample group is gathered, basic information should be collected about each study subject,
including:

e Age, gender, and pregnancy status of individual and family [or other household] members,

e Housing location (such as town/village, and globe positioning system [GPS] coordinates for
mapping),
e Education, occupation, and income(s) of individual and family members,

e Hygiene and sanitation practices, and

e Access to mercury.

190. These data can aid in identifying the most susceptible and/or sensitive groups of people in a
community, as well as groups who can serve as controls. An example of a socio-economic-demographic
questionnaire obtained from the Protocols for Environmental and Health Assessment (UNIDO, 2003b;
Veiga and Baker, 2004) is shown in Appendix A.

3.4 Health questionnaire and assessment

191. A health assessment study can provide important information about the health status of the study
subjects and the population and help determine whether or not there is an association between some health
conditions and mercury exposures. A health assessment can also provide valuable insights for developing
site-appropriate interventions (behavioural, medical, environmental, and/or economic). A medical exam
can be performed that includes the health history of each individual, a physical examination, and a
neurological examination. A health assessment questionnaire (including a dietary survey) can also be used
to gather information about possible exposures to mercury and other health information. An excellent
example of such a health assessment questionnaire and the content to be covered in a medical exam cited
in the Protocols for Environmental and Health Assessment (UNIDO, 2003b, Veiga and Baker 2004) is
shown in Appendix B. The questionnaire covers the following data:

e Personal data (such as age, gender, address, etc);
e General questions related to:

0 Work exposure to mercury;

0 Other exposure to mercury (use of traditional medicines, use of mercury for ritualistic or
religious purposes, known spills such as a broken thermometer) presence of dental
amalgam;

Diet issues (frequency and types of food, particularly fish);
Health problems (based on symptoms described by the patient);

Alcohol consumption habits (frequency, amount, and type);

o O O o

Other possible confounding factors (use of drugs; smoking; malaria; handling of gasoline,
kerosene, pesticides; number of dental amalgam fillings; exposure to selenium);

e Specific health questions related to mercurialism (metallic taste, salivation, loss of weight, etc.);
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e Physical examination (blood pressure, signs of gingivitis'>, tremors, reflexes, number of dental
fillings, etc.);

e Specific neuropsychological tests (memory, coordination, etc.);

e Sampling human tissues (urine, blood, hair), which is described further in the next section.

192. As described in Chapter 2, exposures to elemental, inorganic, or methylmercury, depending on their
magnitude, can result in a continuum of health effects by severity from subtle responses to very frank
adverse outcomes. Subjective symptoms include numbness, dizziness, trembling, motor disturbance,
irritability, loss of memory, insomnia, and metallic taste. Objective symptoms include gingivitis, bluish
discolouration of gums, sensory disturbance, disturbance in balance, abnormal gait, altered reflexes,
disturbance in coordination, tremor, and dysarthria’®. If mercury intoxication is apparent, the volunteer
should be informed about ways to reduce further exposure (UNIDO, 2003b; Veiga and Baker, 2004).

193. A series of specific neurophysiologic tests (digit span test, match box test, Frostig score, pencil
tapping, etc.) can be used to detect the effects of mercury poisoning. These tests are simple, but local
health care professionals need to be trained to administer them. These tests do not demand special
equipment and, when associated with analysis of human tissues (such as urine, blood, cord blood, hair,
human milk) that reflect the extent of exposure, can provide information on potential effects of mercury
exposure (UNIDO, 2003b; Veiga and Baker, 2004).

194. Confounding factors should be investigated to exclude from the statistical analysis other explanations
for any symptom found. Many factors can cause symptoms (such as fatigue, dizziness, and tremors) and
can introduce false diagnosis to the clinical examination and neuropsychological tests (UNIDO, 2003b;
Veiga and Baker, 2004).

195. Volunteers must be fully informed by the interviewers about the project and how the data generated
by the study can help them and their community. Brochures can be useful to provide this preliminary
background information to volunteers, and can also include some basic information about the hazards
related to mercury exposure and a simplified diet advisory (UNIDO, 2003b; Veiga and Baker, 2004).

196. It is important to identify dietary sources of mercury exposure. Inclusion of fish in the diet varies
with geographic location, season of the year, ethnicity, economics, and personal food preferences.
Approaches to evaluate the diet, including dietary surveys, are described in the next chapter.

197. It is also important to try to identify non-dietary exposures to mercury, including occupational
(artisanal gold mining and processing, dentistry, etc.), nearby industrial releases, use of traditional
medicines, ritualistic purposes, spills, etc. Exposures to various contaminated environmental media
should be quantified when possible (WHO IPCS, 2000).

2 Inflammation of the gums (Sinclair, .M. 1995. Collins English Dictionary and Thesaurus, HaperCollins
Publishers, Glasgow, 1995 p. 478.)

1 A defect in the articulation of the speech (Noncommunicable Diseases and Mental Health. STEP-Stroke

Manual(Version 1.4). WHO. Available (May 2005) at:

(http://www.who.int/ncd_surveillance/steps/stroke/en/steps_stroke _manual(v1.4).pdf )
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3.5 Biological markers

198. Exposures can be estimated by measuring pollutant levels in various body tissues (such as hair,
blood, cord, urine, human milk and nails). These measurements, also known as biological markers (or
biomarkers), are useful tools for human exposure assessment. They are sensitive indices of an individual’s
exposure to mercury, providing a measure of the internal dose, which can be used to evaluate the
likelihood of adverse health effects and improve clinical diagnoses (IPCS, 2000). These biomarkers are
useful as surveillance tools for monitoring mercury exposure in individuals and populations. There is a
well-established relationship between several biomarkers of mercury exposure and adverse health effects.

199. In assessing the appropriateness of a particular biomarker of exposure, it is important to consider
several factors: (1) how well the biomarker correlates with the dose (or external exposure) to various
forms of mercury; (2) how well the biomarker correlates with the mercury concentration in the target
tissue; (3) how well the variability over time in the biomarker correlates with changes in the effective dose
at the target tissue over time; (4) what type of biomarker would be the most appropriate given the cultural
characteristics of the population; and (5) what kind of technology is available. The validity and validation
of these media as biomarkers needs to be confirmed (IPCS 2001, EHC 222). The following biological
media can be used as biomarkers for mercury exposure in humans:

e Blood;

e Cord blood and cord tissue;
e Hair;

e Urine;

e Human milk; and

e Toenails.

200. Most of these biological media can be collected non-invasively (except blood), and samples can be
stored easily. Samples may need to be transported to a local (or distant) laboratory. However, some in

situ analyses of total mercury (such as using LUMEX or colourimetric procedures) are available and can
be very useful for a preliminary screening and rapid diagnosis (UNIDO, 2003b; Veiga and Baker, 2004).

201. Analysing mercury in biological samples is complicated by the different organic and inorganic forms
of the metal that may be present. Therefore, all the mercury in the sample is usually reduced to its
elemental state prior to analysis, but this is not appropriate when information about the individual mercury
species is needed. In addition, some methods require pre-digestion of the sample prior to reduction.
Mercury is also relatively volatile and, therefore, easily lost during sample preparation and analysis. In
spite of these complications, several methods have been developed for determining trace amounts of
mercury in biological samples (ATSDR, 1999). Samples must be gathered using clean, proper equipment
and techniques to avoid contamination and sample loss. Some specific techniques are described for the
various biological tissues in the following sections. Most of the methods available to determine mercury
levels in blood, urine, tissues, and hair use atomic absorption spectrometry (AAS), atomic emission
spectrometry (AES), atomic fluorescence spectrometry (AFS), neutron activation analysis (NAA), mass
spectrometry (MS), or anodic stripping voltametry (ASV). Cold vapour AAS (or CVAAS) is the most
widely used. Table 2 presents details of selected methods used to determine mercury in biological samples
(ATSDR, 1999), and some of the specific methods for blood, urine, and hair are described in more detail in the
following sections.
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Table 2 Methods to determine mercury in biological samples

Sample Matrix . Sample

(mercury Preparation Method Analytical Detection Percent Reference
Method - Recovery
form) Limit

Blood, hair, and ' Pre-concentration using a column CV-ICP- 0.01 pg/L No data | Anthemidis et

urine (total) followed by treatment with SnCl,.  AES al., 2004

Hair (total) Inter-laboratory comparison study. = CVAAS Gill et al., 2002

CVAFS
ICP-MS
Blood and hair | Digestion with HNO; followed by | CVAAS 1.0 nmol/L No data | Muckle et al.,
(total) treatment with SnCl,. (blood); 1.0 2001
nmol/g (hair)

Hair (total) Digestion of samples with nitric and CVAFS 0.012 ng/g 91-113%  Pellizzari et al.,
sulphuric acids for 6-8hrs, followed 1999
by treatment with bromine
monochloride, and hydroxylamine
hydrochloride.

Blood, breast Digestion of sample with CVAAS 0.1 ng/g 97% Oskarsson et

milk (total, nitric/perchloric acid overnight for (blood); 0.04 al., 1996

inorganic) total, and with H,SO,4 overnight for ng/g (milk)
inorganic; reduction and purging.

Blood and Digestion of sample with H,SO4 CVAAS 0.06 ng/g (0.06 | 75-114%  Bergdahl et al.,

erythrocytes (mixture of nitric and perchloric ppb) for total; 1995

(inorganic, acid for total) overnight, reduction 0.04 ng/g for

total) with SnCl, purging onto gold wire inorganic.
to form amalgam (pre-
concentration) followed by thermal
release of elemental mercury.

Blood (total) Irradiation of sample followed by NAA 0.3 ng/mL 100% | Funget al.,
treatment with permanganate, 1995
sulfuric acid, distilled water,
ammonia, and hydroxylamine
hydrochloride; treatment with ion
exchange.

Blood, urine, Total: digestion of sample with Total: 0.1 ng 99-104% | Akagi et al.,

hair, fish (total | nitric, perchloric, and sulphuric CVAAS, 1991,1995

and MeHg) acids; methylmercury in hair: methyl
digestion with HCI and extraction mercury:
into benzene. Methylmercury in GC/ECD
blood, fish, and urine: digestion
with KOH and extraction into
dithizone solution, cleaned up via
extractions.

Urine (total) Addition of HCI to sample followed | AFS 1 ng/L 95-98% | Corns et al.,
by bromate/bromide solution and (methyl | 1994
equilibration for 15 minutes; mercury,
decomposition of excess bromine phenyl
by addition of hydroxylamine mercury)
hydrochloride.

Blood (total) Treatment of sample with dilute ETAAS 2 ug/dm’ >94% | Emteborg et al.,

hydrochloric acid; addition of a pH
buffer and a complexing agent
(diethyldithiocarbamate); extraction
of mercury species into toluene.

1992

Guidance for Identifying Populations at Risk from Mercury Exposure




42

Estimating exposure through biomonitoring

Sample Matrix
(mercury
form)
Blood (total
and MeHg)

Blood and urine

Sample
Detection
Limit

0.4 ng/L

Analytical

Preparation Method Method

Cleavage of both organic and GC/MPD
inorganic mercury from blood

protein thiol groups using

hydrochloric acid, extraction of

mercury species into toluene as their
diethyldithiocarbamate (DDTC)

complexes; addition of Grignard

reagent to toluene phase to form

butyl derivatives of the mercury

species.

Dilution of sample in ammonia ICPAES
buffer; reduction with sodium

borohydride.

0.5 pg/L

Percent
Recovery

>100%

100

Reference

Bulska et al.,
1992

Buneaux et al.,
1992

Blood and urine

Blood, plasma,
urine (total)

Urine, tissue,
hair (total)

Blood, urine,
tissues
(inorganic)

Total mercury: precipitation- ICP-MS
extraction with 50% volume/volume
hydrochloric acid containing EDTA

and cysteine; centrifugation;

filtration through screening column.
Methylmercury: extraction of the
methylmercury into benzene or

toluene; back extract into aqueous

cysteine solution.

0.2 pg/L

Digestion of blood and plasma CVAAS 5 nmol/L
samples overnight in a mixture of

nitric acid and perchloric acid.

Digestion of sample with HNO; in | AFS
closed vessel in microwave; cooling
and dilution with water; reduction

with SnCly; purging to detector.

0.9 ng/L

Dilution of blood or urine sample CVAAS " 6pug/lL
with water; homogenization of

tissue samples with water; reduction

of mercury with SnCl, followed by

purging to detector.

91.6—
110.2

93.4-103

94-102

77-110

Kalamegham
and Ash, 1992

Vesterberg,
1991

Vermeir et al.,
1991a, 1991b

Friese et al.,
1990

Urine (total)

Digestion with HNO3;/HC1O; and ASV NR
heat; evapouration; addition of
NH,Cl/ ammonium solution;

dilution with water.

100-105

Liuetal., 1990

Hair (total)

Washing of samples with acetone CVAAS NR
and water; digestion with HNO; and

heat; oxidation with permanganate

solution and heat; cooling and

addition of hydroxylamine

hydrochloride; reduction of mercury

with SnCly; purging to detector.

100-101

Guidance for Identifying Populations at Risk from Mercury Exposure

Pineau et al.,
1990




Estimating exposure through biomonitoring 43

SATTEL S b b Analytical Sl Percent
(mercury Preparation Method Detection Reference
e Method Limit Recovery
Tissue, hair Washing of hair sample with NAA 0.36 ng/g 85-110 | Zhuang et al.,
(total) acetone and water; homogenisation (tissue) 1989
of hair or tissue sample in micro 3.6 ng/g (hair)
dismembrator; irradiation; addition
of carriers; digestion with
concentrated HNOs/ H,SO, solution
and heat in a closed Teflon bomb;
extraction of digest with CHCl; to
remove bromide ion, extraction of
aqueous phase with Zn-
(DDC),/CHCls; counting of '*’Hg in
organic phase.
Key:

AFS = atomic fluorescence spectrometry;
CHCI; = trichloromethane;
CVAEFS = cold-vapour atomic fluorescence spectrometry;

DDTC = diethyldithiocarbamate;

ECD = electron capture detection;

ETAAS = electrothermal atomic absorption spectrometry;
GFAAS = graphite furnace atomic absorption spectrometry;
HCIO; = perchlorous acid,

H,S0O, = sulphuric acid;

ICP-MS = inductively coupled plasma mass spectrometry;
MPD = microwave-induced plasma emission;
NH,C1 = ammonium chloride;

ASV = anodic stripping voltametry;

CVAAS = cold vapour atomic absorption spectrometry;

CV-ICP-AES = cold vapour-inductively coupled

plasma-atomic emission;

DMPS = dimercaptopropane sulfonate;

EDTA = ethylenediamine tetraacetic acid;

GC = gas chromatography;

HCI = hydrochloric acid,;

HNO; = nitric acid;

ICPAES = inductively coupled plasma atomic emission
spectroscopy;

KOH = potassium hydroxide;

NAA = neutron-activation analysis;

SnCl, = tin(II) chloride;

Zn-(DCC), = zinc diethyldithiocarbamate.

202. A number of analytical methods are available to determine mercury concentration, and an analytical
method depends on various factors (such as an analytical regulation of each country), laboratory skills,
analytical equipment, etc. Whatever analytical method will be used, it is important to practice careful
quality control/quality assurance of the obtained data, including simultaneous determination of suitable
certified reference materials (CRMs). Currently, the CRMs prepared for the quality control/quality
assurance of analytical values for mercury as well as methylmercury in various biological and
environmental matrices are commercially available from several organizations, including the TAEA
(International Atomic Energy Agency), NIST (National Institute of Standards and Technology, Office of
Standard Reference Materials, USA), NRCC (National Research Council of Canada), and NIES (National
Institute for Environmental Studies, Japan) (Japan Ministry of the Environment 2004).

3.5.1 Blood

203. The presence of mercury in blood indicates recent or current exposure to mercury. There is a direct
relationship between mercury concentrations in human blood and consumption of fish contaminated with
methylmercury. As described previously, methylmercury in the diet is readily absorbed through the
gastrointestinal tract and distributed throughout the body by the blood. Usually blood methylmercury
concentration reaches a maximum within 4 to 14 hours and undergoes clearance from the blood to other
body tissues after 20 to 30 hours. WHO considers the normal mean concentration of total mercury in
blood to be between 5 to 10 pg/L in individuals with no consumption of contaminated fish (UNIDO,
2003b). The NRC identifies 2 pg/L as the normal mean concentration for populations with little or no fish
consumption in the US (NRC, 2000). Collection, storage, and shipping of blood samples can be resource-
intensive. Also, blood sampling is invasive to the subject (usually drawn from a vein) and requires proper
sterile equipment and requires a trained phlebotomist or other medical professional to assure the samples
are collected safely and properly (IPCS, 2000), and necessitates subject consent. In addition, various
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cultural and/or ethical issues or other societal factors may need to be considered. For example, some
societies may be opposed to providing blood samples because of cultural or ethical beliefs, or other reasons.

204. The standard metric for mercury in blood is for whole blood (Stern, 2003). The sample should be
stored in the refrigerator temperature immediately after collection. If the sample is stored for a long
period, it should be frozen (Ministry of the Environment, Japan, 2004). Amount of sample available for
analysis can be highly variable depending on the age and physical condition of the study participant.
Measuring blood methylmercury levels among a representative sample of a population appears to be
adequate for characterizing population distributions of methylmercury exposures. However, blood
mercury levels do not provide information regarding historical exposure and seasonal (or other peak) variations.

205. Blood mercury concentrations can be determined by a variety of analytical techniques. Often blood
samples are digested with high purity mineral acids and oxidants prior to instrumental analysis. Sample
preparation and digestion procedures play an important role in blood sample analysis as the sample matrix
can interfere with analysis and lead to inaccurate results. Cold vapour atomic absorption spectrometry
(CVAADS) is widely used for determination of mercury in blood (Oskarsson et al., 1996; Bergdahl et al.,
1995). CVAAS has adequate sensitivity to measure total mercury in blood at low parts-per-billion (ppb)
levels, and the method is relatively easy to perform in a standard laboratory. Inductively coupled plasma
optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS)
with or without cold vapour generation can also be used for measurement of mercury in blood at low ppb
levels (Buneaux et al., 1992; Kalamegham and Ash, 1992). Cold vapour atomic fluorescence
spectrometry (CVAFS) is one of the most sensitive methods available with detection limits ranging down
to sub parts-per-trillion levels (ppt) (Pellizzari et al., 1999). The method is also very specific and less
prone to matrix-related interferences. The increased sensitivity of the method can be highly advantageous
in situations where sample amount is very limited. In comparison, inductively coupled plasma atomic
emission spectrometry (ICP-AES) and ICP-MS methods involve expensive instrumentation and higher per-
sample costs.

3.5.2 Cord blood and cord tissue

206. Cord tissue can also be considered as a biomarker sample that is worthwhile collecting (Grandjean et
al., 2005; Akagi, et al., 1998; Harada, 1977; Daniels et al., 2004). It has been used in the original studies
in Minamata and in at least two cohort studies. A validation study has shown that cord blood
concentrations were better in characterizing children’s prenatal methylmercury exposures than maternal
hair levels. This sample is easy to collect, provided the birth is a medical setting. In a prospective study
in the Faroe Islands, the main exposure biomarkers were the mercury concentrations in cord blood and
maternal hair obtained at parturition. These exposure biomarkers have now been supplemented with
mercury analyses of umbilical cord tissue from 447 births. In particular, when expressed in relation to the
dry weight of the tissue, the cord mercury concentration correlated very well with that of cord blood.
Structural equation model analysis showed that these two biomarkers have an average total imprecision of
about 30%, which is much higher than the laboratory error. The imprecision of the dry-weight-based
concentration was lower than that of the wet-weight-based parameter, and it was intermediate between
those of the cord blood and the hair biomarkers. In agreement with this finding, regression analyses
showed that the dry-weight cord mercury concentration was almost as good a predictor of methylmercury-
associated neuropsychological deficits at 7 years of age as was the cord-blood mercury concentration. A
recent analysis of studies using the umbilical cord as a biomarker for exposure assessment revealed that
umbilical cord mercury concentration appears to be a direct biomarker of the fetus. Moreover, the
increased cord mercury concentration was associated with some neurobehavioral and neurophysiological
deficits in the child. (Murata, K. et al, 2007). Cord mercury analysis can therefore be used as a valid
measure of prenatal methylmercury exposure, but appropriate adjustment for the imprecision should be
considered.

3.5.3 Hair
207. Hair sequesters methylmercury during its formation and shows a direct relationship with blood

mercury levels, providing an accurate and reliable method to measure methylmercury levels in the body.
Blood can be used to document methylmercury short-term exposure and provides different information
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than hair. Hair is the preferred choice for many studies as it provides a simple, integrative, and non-
invasive sample for estimating long-term average exposure. Once incorporated in the hair, mercury does
not return to the blood, thus it provides a good long-term marker of exposure to methylmercury. Hair
structure depends on ethnicity and age, and this may affect the incorporation of mercury. If a hair mercury
concentration is used as a dose parameter, then such factors should be taken into account. Hair colour also
seems to play a role and permanent wave treatment removes mercury from the hair (Yamaguchi et al.,
1975; Yamamoto et al., 1978; Sakamoto et al., 2004; Grandjean et al., 2002). Total mercury in hair is
about 250 to 300 times higher than the blood mercury concentration at the moment hair is formed. The
normal level of mercury in hair is 1-2 ppm (or 1-2 pg/g), but people who consume fish one or more times
per day may have mercury levels in hair exceeding 10 ppm. The USEPA reference dose corresponds to
approximately 1ppm mercury in hair for people who have low fish consumption. Methylmercury usually
constitutes at least 80 % of the total mercury analysed in hair among fish consumers (McDowell et al.,
2004). Therefore, hair mercury is a very good biomarker for methylmercury, and is often used to
characterize methylmercury exposures. Hair is not as good an indicator of mercury vapour exposure as
urine is (IPCS, 2000; UNIDO, 2003b). Measurements of mercury levels in hair allow sequential analysis,
and help in the identification of peak exposures (such as due to seasonal consumption variations). Peak
exposures, in a chronic exposure setting, have been identified in some studies as an important contributing
factor to adverse health effects (McDowell et al., 2004). Hair grows approximately 1 cm per month and
can be evaluated along the shaft to provide a profile of exposure over time; previous exposures remain
unchanged for up to 11 years (IPCS, 2000; UNIDO, 2003b; Suzuki, 1991).

208. Hair sample collection usually involves cutting a bundle of hair, approximately 100-150 strands
(which is a bundle approximately 0.75-1.0 centimetre in diameter) about 3 cm in length, from the occipital
region of the head. It is very important to cut the bundle as close to the scalp as possible and retain the
orientation of the hair strands whenever possible as the distance from the scalp is directly proportional to
duration of time since exposure. Caution must be exercised to avoid contamination during sample
collection. Blunt-tipped, clean stainless steel scissors can be used for cutting the hair and a cleaning step
involving rinsing the hair with 70 % isopropyl alcohol is recommended prior to sample collection. Once
cut, the hair bundle is wrapped closed to the scalp end with a small Post-it note or a clean piece of paper
(approximately 3.5 cm x 5 cm) and held together with a plastic clip. A clean, sealable bag (such as zip
closable bag) can be used to store the collected samples. However, some authors (Trace elements
laboratory, 2005) discourage the use of plastic bags because the generation of static electricity that makes
the handling of hair very difficult and their weight unreliable, therefore, they recommend to place the hair
sample in a marked paper envelope. If the hair is too short to be cut and clipped together, hair can be cut
directly into the storage bag (or envelope) using scissors or thinning shears. Collected samples can be stored
in properly labelled zip-closable bags (or envelopes) and shipped to the analysis laboratory at ambient temperature.

209. Numerous analytical methods are available for analysis of hair for total mercury. CVAAS is one of
the most widely used analytical methods for hair mercury analysis. CVAAS has adequate sensitivity to
measure mercury at sub-ppm levels and has a low per- sample cost compared to some newly developed
methods. Neutron activation analysis (NAA) can also be used to measure mercury in hair samples;
however, the detection limits are not as good as cold vapour generation methods. CVAAS is one of the
most sensitive methods available, with detection limits ranging down to sub-ppt levels. The method is
also very specific and less prone to matrix interferences. The high sensitivity of this method has greatly
reduced the sample requirements to as low as a few strands (mg sample sizes) of hair and resulted in very
high response rate from study participants as only a very few hair strands are needed. ICP-MS with or
without cold vapour generation can also be used to measure mercury in hair at ppb to ppt levels. In
comparison, CVAAS and ICP-MS methods involve expensive instrumentation and higher per-sample costs
(Levine et al., 2002).

210. Cold vapour atomic fluorescence spectrometry, inductively coupled plasma mass spectrometry, and
cold vapour atomic absorption spectrometry, as mentioned above are the most common methods to
measure total mercury in hair. One drawback of these methods is that they require 5-10 mg of hair for
analysis. To obtain spatial resolution of centimetres (for biomonitoring purposes), 100-150 hair strands
need to be collected. This large sample may be intrusive to participants, which can lead to low donor
rates. In addition, manipulating such samples can be difficult.
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211. Even though quality assurance and quality control of data can be achieved by using certified
reference materials (CRMs) during analyses and by participating in interlaboratory calibration
programmes, more efficient analytical techniques which require less material (and therefore less number
of strands) would facilitate assessment, particularly in large monitoring programmes.

212. Direct solid introduction techniques have been shown to minimize the above weaknesses. Because
no sample pretreatment is required, very little chemical waste is produced and the potential for
contamination is lowered. In addition, the number of hair strands required for analysis can be reduced to
single hair strands, and therefore the throughput is increased.

213. Commercial instruments capable of measuring Hg directly in solid and liquid matrices have recently
become available. The principle combines combustion, Hg collection with gold amalgamation and
detection with atomic absorption spectrometry (C-GA-AAS). Legrand et al. (2005) validated this
technique to measure mercury in a single hair strand with detection suited to assess typical levels.

214. A 1:1 relationship was observed between C-GA-AAS and the established cold vapour atomic
absorption spectrometry for analysis of 1-cm segment from a bundle of hair. For individual hair
variability, the average relative standard deviation of mercury between hair strands was 6.5 £+ 2.8%, thus
justifying the use of a single hair strand for biomonitoring. With a 0.1 ng mercury quantification limit and
a 0.05 mg average weight of a 1-cm segment hair strand, one hair strand can be used to determine yearly
exposure if the mercury concentration in hair is equal or above 0.2 mg/kg and monthly exposure if the hair
mercury concentration is equal or above 3 mg/kg. To screen for exposure using the USEPA guideline of 1
mg/kg as a cut-off, one hair strand is required for annual exposure estimation and three hair strands are
required for monthly exposure estimation. C-GA-AAS presents clear advantages for hair mercury
analysis as significantly less number of hair strands and no chemical pretreatment are required while
maintaining an adequate detection limit. With an autosampler, it takes 7 minutes per analysis and the
associated cost per sample is about five US dollars. This technique facilitates routine biomonitoring and
provides the high throughput required for large health surveillance purpose (Legrand et al., 2005).

3.5.4 Urine

215. The presence of mercury in urine generally represents exposure to inorganic and/or elemental
mercury, and collection is non-invasive (IPCS, 2000). Urine mercury levels are usually considered the
best measure of recent exposures to inorganic mercury or elemental mercury vapours because urinary
mercury is thought to indicate most closely the mercury levels present in the kidneys (Clarkson et al.,
1988). However, as previously explained, inorganic mercury accumulates in the kidney and is slowly
excreted through the urine. Therefore urine mercury levels can also represent exposures to elemental
mercury and/or inorganic mercury that occurred some time in the past.

216. Since the concentration of waste products in urine can vary significantly due to amount of dilution
with water, tests for contaminants in urine are often expressed in units of pg contaminant per gram
creatinine. Creatinine is a breakdown product of creatine, which is an important part of muscle. Over
time, the creatine molecule gradually degrades to creatinine. Creatinine is a waste product, that is, it
cannot be used by cells for any constructive purpose. The daily production of creatine, and subsequently
creatinine, depends on muscle mass, which fluctuates little in most normal people over long periods of
time. Creatinine is excreted from the body entirely by the kidneys. With normal kidney function, the
serum (blood) creatinine level should remain relatively constant and in the normal range (MedlinePlus
online, Medical Encyclopedia, 2005). Therefore, measuring ug mercury per gram creatinine is a useful
measure of mercury levels in urine.

217. A strong correlation between elemental mercury levels in inhaled air and urine levels at medium and
high concentrations has been reported. The maximum urine mercury concentration set by WHO (1991) is
50 pg/g creatinine. Mercury urine levels rarely exceed 5 pug/g creatinine in persons who are not
occupationally exposed to mercury (UNIDO, 2003b).

218. The preference is to collect the 50-100 ml urine sample in the morning (first-morning void). This
can be easily achieved by providing each participant with an instruction sheet describing how to collect
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and store the sample until pick-up. However, spontaneous urine collection does not dramatically affect
results. In general, new, sterile plastic containers (100 or 150 ml size) are used for collection of samples,
and the containers are kept closed until ready for analysis. It is important that participants wash their
hands before collection, open the container just before collection and close it immediately after collection,
avoid touching inside the container or cap. The sample must be placed inside a secondary container such
as a sealable bag to avoid potential contamination. Steps must be taken to ensure that microorganisms do
not proliferate, as they may cause inorganic mercury to reduce to mercury vapour, which will be lost
(Ministry of the Environment, Japan, 2004).

219. The sample should be frozen shortly after collection and kept frozen during transportation to the
laboratory (Pellizzari et al., 1995). Acidifying the urine sample has been suggested as a means of
stabilization prior to storage in a frozen condition. Drinking large amounts of water a few hours before
sample collection should be avoided because this dilutes the urine samples. Once the samples are received
at the laboratory, an aliquot should be transferred into a clean, sealed glass container as a precaution to
avoid any potential vapour phase contamination of mercury (UNIDO, 2003b; Veiga and Baker, 2004).

220. A variety of analytical techniques are available for urinary mercury analysis. Usually samples are
prepared by treating with mineral acids and oxidants or just diluted with an appropriate solvent prior to
analysis. CVAAS is often used for determination of mercury in urine. CVAAS has adequate sensitivity
to measure mercury in urine at low ppb levels, and the method is relatively low-cost. ICP-MS with or
without cold vapour generation can be used for measurement of mercury in urine at ppb and ppt levels.
Sample carry over and sample cross-contamination can cause problems and lead to inaccurate results due
to the complexity of the urine matrix, especially for methods involving simple dilution rather than
digestion with mineral acids and oxidants. In comparison, ICP-AES and ICP-MS methods involve
expensive instrumentation and higher per-sample costs.

3.5.5 Human milk

221. Environmental studies have used human milk to evaluate past maternal exposure to various
chemicals and examine potential exposures for breast-feeding infants. Human milk represents a major
route of excretion of lipophilic substances. However, most forms of mercury are not lipophilic. Mercury
concentrations in human milk are a function of age, body mass, time of sampling, nutritional status,
lactation period, and fat content of milk (WHO IPCS, 2000). Mercury in hair is significantly affected by
maternal methylmercury ingestion during pregnancy but not during the postnatal breast-feeding period,
and the mercury levels in milk do not correlate with mothers or infants hair (UNIDO, 2003b).

3.6 Converting biomonitoring levels to exposure levels

222. The mercury levels are measured in a body tissue (such as blood, hair, or urine) can be converted to
an approximate average daily dose (or exposure level) by using various conversion factors. However,
there are limitations, uncertainties and variability in using these conversion factors that should be
considered. Exposures to different forms of mercury (such as inorganic mercury from dental amalgams,
or methylmercury from fish consumption) will result in different outcomes with regard to tissue levels and
clearance. Therefore, exposures to different forms of mercury should be considered. Also, as described in
previous sections of this document, there is a time lag between the intake of various mercury forms (such
as methylmercury) and the mercury levels found in the various body tissues. More information on
conversions can be obtained from, among others, the following references: US ATSDR, 1999; NRC,
2000; US EPA 2001a, US EPA, 1997c and US EPA, 1997d, WHO 2004.

223. Nonetheless, the quantitative relationship between mercury levels in hair and blood and daily
average dose (or intake) levels of mercury (especially methylmercury) are fairly well understood.
Therefore, such dose conversions can often be made with reasonable confidence if enough information is
known about the various mercury forms and other factors. Population variability should, however, be
noted in dose conversion (Stern, 2005b). For example, a daily average methylmercury intake of 0.1
microgram per kg body weight per day (0.1 pg/kg per day) by an adult woman is estimated to result in
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hair mercury concentrations of about 1 pg/g, cord blood levels of about 5 to 6 pg/L and blood mercury
concentrations of about 4 to 5 pg/L. This relationship is generally directly proportional. If information is
available indicating that methylmercury is the primary form of mercury for which a population is exposed to,
and data are available on measured levels in blood or hair, then the estimated daily dose (or intake) can
thus be calculated.

224. Table 3 provides an example of measured levels in blood converted to estimated hair levels and
intake levels. Blood concentrations were measured in population of 1709 women of child-bearing age in
the USA (from NHANES 1999-2000) and the corresponding levels in hair and intake (dose) level of
methylmercury were estimated. Based on information on dose conversions described above, it is assumed
that a methylmercury intake of 0.02 pg /kg day corresponds with blood levels of about 1 pg/L and hair
levels of about 0.2 pug/g. Therefore, the dose levels in the table were calculated by multiplying blood level
(in pg/L) by 0.02, and hair levels (in pg/g) were calculated by multiplying blood levels (in pg/L) by 0.2.
Blood levels change over time after methylmercury intake, with peak blood levels occurring about 4 to 14
hours after exposure, with clearance occurring after this peak (UNIDO 2003). Therefore, these
calculations rely on the assumption that intake is, on average, relatively constant over a period of many
days. Actual blood levels will go up and down among members of the population depending on pattern of
intake and other factors. However, the average ratios between intake (ug/kg day) and blood levels (ng/L)
and hair levels among a population, overtime, are expected to be generally consistent with the ratios
presented in the table.

Table 3  Correlation of blood, hair and dietary intake levels of methylmercury

Geometric | ygmo, | 5oho, | 75te, | ggho, | 95% 0
mean
Measured mercury concentration in

whole blood (ug /L) 1.02 0.4 0.9 2.0 4.9 7.1

Estimated corresponding 0.2 0.08 0.18 0.4 1.0 1.4
level in hair (ng/g)

Estimated corresponding

dose level (ng/kg day) 0.02 0.008 0.018 0.04 0.1 0.14

3.7 Ethical and cultural considerations

225. Sampling biological materials is an important component of studies that estimate human exposures.
For investigators, it is essential to collect biological specimens and obtain associated clinical information
from informed and willing study participants. In accordance with the Declaration of Helsinki, participants
in medical research studies must give their explicit informed consent and in the case of minors, this
consent must be given by the legal guardians (World Medical Association, 2004).

226. The data must be kept safe and secure. Personal information must be handled and maintained
confidential. Scientists and study administrators must ensure that those who participate in their exposure
assessment studies are adequately protected from unwarranted harms resulting from the inadvertent
release of important personal information (NBAC, 1999). In recent years, policymakers and public
advocacy groups have helped raise awareness about the need to protect individuals’ health information.
As a result, various laws and regulations have been enacted at the local and federal government levels
limiting the access of patient medical records and protecting the information pertaining to biological
specimens. These policies and regulations may differ from one country to another.

227. Various cultural and religious aspects must also be taken into consideration when designing an
exposure assessment study. The acceptability of sampling blood and hair can vary. For example, as
mentioned previously, there may be variable degrees of acceptance within and among some societies in
Africa and Latin America with regard to the use of hair (UNIDO, 2003b; Veiga and Baker, 2004).
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3.8 Examples of biomonitoring studies

228. Population exposure to mercury has been monitored by measuring mercury in blood, hair, and urine.
These exposure levels have been used to estimate acceptable daily intakes. Some of the most well known
biomonitoring studies are of Amazonian riparian communities, the Faroe Islands, and the Seychelles
Islands. Mercury levels in environmental media (sediment, air, water, and fish) have also been measured.

229. Table 4 provides a summary of data for Canada on levels of mercury and methylmercury in maternal
blood (AMAP, 2003). Similar data from Russia, Alaska, Finland, Greenland and Faroe Islands are
available in the AMAP reports. In addition, more than 8,000 tissue samples (hair, blood, urine, fish),
sediment, and water have been collected in the State of Para, Brazil by research institutes from around the
world (UNIDO, 2003b; Veiga and Baker, 2004).

Table 4 Mercury and methylmercury in maternal blood in Canada

Country/Ethnic Number of Total Total Methylmer | Methylmer
Group/Region Individuals Mercury Mercury cury cury
sampled Mean Range Mean Range
(ug/L) (ug/L) (ug/L) (ug/L)
Canada
Caucasian' (1994-99) 134 0.9 nd-4.2 0.69 nd-3.6
Metis/Dene (1994-99) 92 1.4 nd-6.0 0.8 nd-4.0
Other (1995) 13 1.3 0.2-3.4 1.2 nd-3.0
Inuit
Baffin' (1996) 31 6.7 nd-34 6.0 nd-29
Inuvik' (1998-99) 31 2.1 0.6-24 1.8 nd-21
Kitikmeot' (1994-95) 63 34 nd-13 2.9 nd-11
Kivallig' (1996-97) 17 3.7 0.6-12 2.7 0.4-9.7
Nunavik” (1995-2000) 162 9.8 1.6-44 na na

nd = not detected; na = not available
'Walker et al. (2001); *Muckle et al. (2001b)

230. Table 5 provides information on various studies conducted using biomarkers of exposure to mercury
and methylmercury among various populations in different countries.

Table 5 Studlies of biomarkers of exposure to mercury and methylmercury (adapted
from WHO, 2004)

Country | Matrix | Population Elevated | Concentration of Reference
intake of | total mercury
fish?
Brazil hair Indigenous children Yes 14.45 ng/g Oliviera Santos et
aged 7-12 years al., 2002
Indigenous women
aged 14-44 years Yes 15.7 ng/g
Canada hair Indigenous Yes 4.4 ng/g Muckle et al., 2001
China hair Representative No 0.42 ng/g Feng et al., 1998
Germany | urine Representative No 0.4-2.0 mg/1 Becker et al., 2003
Japan hair Representative Yes 1.76-3.37 pg/g Yasutake et al., 2003
Spain hair Children No 0.8 ng/g Batista et al., 1996
Spain blood Representative Yes 11-22 ng/g Sanzo et al., 2001
Sweden | hair & Pregnant women Yes 0.35 pg/g (hair) Bjornberg et al.,
blood 1.3 pg/l (cord blood) | 2003
UK hair Pregnant women No 0.19 ng/g Lindlow et al., 2003
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USA hair Representative No 0.3 ng/g Pelizzari et al., 1999
USA blood Women aged 16-49 yrs | No 1.2 pg/l Schober et al., 2003
USA hair Women aged 15-45 yrs | No 0.4 ng/g Smith et al. (1997)
USA hair Indigenous Yes 0.83 ng/g Gerstenberger et al.,
1997
USA blood Representative of high | Yes 14.5 pg/l Hightower and
end fish consumers Moore, 2003
USA hair Children (1-5 yrs) No 0.12 pg/g McDowell et al.,
Women (16-49 yrs) 0.20 pg/g 2004

* Adapted from WHO, 2004

231. Mercury levels exceeding 20 pg/L urine have been found in urine samples from miners who
frequently burn gold-mercury amalgams in open pans. Very high mercury concentrations in urine (as high
as 1,168 pg/L) were reported in workers of gold shops in Amazonian villages. The gold shop workers
(who work in confined environments) had higher concentrations of mercury in urine than miners burning
amalgam outdoors. In Alta Floresta, Mato Grosso, Brazil, the urine of employees in gold shops (where
gold was melted in fume hoods with no filters) was analysed; the results showed mercury urine levels
greater than 20 pg/L for at least 13 of 17 workers sampled (UNIDO, 2003b; Veiga and Baker, 2004).

232. Mercury levels in human hair and fish were investigated in communities where fish is extensively
consumed but which were not impacted by gold mining activities. Mean mercury levels in hair ranged
from 3.98 to 8.58 pg/g at various locations. Mean mercury concentrations in fish tissue from those
locations ranged from 0.01 to 2.53 pg/g for carnivorous species and 0.001 to 0.87 pg/g for noncarnivorous
species (UNIDO, 2003b; Veiga and Baker, 2004).

233. The National Human Exposure Assessment Survey (NHEXAS) is a probability-based population
study conducted in US EPA Region V (Illinois, Indiana, Michigan, Minnesota, Ohio, and Wisconsin)
designed to document exposure to various metals, pesticides, and other organic chemicals and use that to
characterize the exposure distribution for the general population. As part of this study, hair samples were
collected from 182 study subjects to examine the mercury levels. During the study, food diary
information and 4-day duplicate diet samples were collected from all the participants and were available
for data analysis along with the total mercury analysis results. Out of 182 participants, 39 (21 %) reported
eating a fish meal at least once during the 4-day survey period. The mean hair level for all fish consumers
was 0.42 ng/g, whereas the mean for people not eating fish during the survey period was about 0.3 pg/g.
For women of child-bearing age (16 to 49 years), the mean level was 0.42 ug/g among fish consumers and
0.33 pg/g for those not eating fish. Among children ages 9 years and younger, the mean hair mercury
level was 0.12 pg/g; none of them reported eating fish during the survey period (Pellizzari et al., 1999).

234. The National Health and Nutrition Examination Survey (NHANES) is another large-scale study that
is designed to produce descriptive statistics that can be used to measure and monitor the health and
nutritional status of the general population. The NHANES is conducted once per year. It includes a
representative sample of about 5,000 people in the United States. The sample is chosen using a stratified,
multistage selection process. The study includes medical exam, health and dietary survey, and blood
measurements for many chemicals and metabolites. In 1999-2001, hair and blood mercury measurements
were taken for women of child-bearing age and young children. The NHANES uses standardized methods
and regular reporting (US CDC, 2001).

235. The NHANES study for years 1999-2000, which included 1,709 women (ages 16 to 49 years) and
705 children (ages 1 to 5 years) in the US found that about 8 % of the women had mercury concentrations
in blood exceeding the levels corresponding to the US EPA’s reference dose (an estimate of a safe dose)
(Schober et al., 2003). Also, more recent data from the US CDC, for years 1999-2002, showed similar
exposure levels (US CDC 2005). Other examples of exposure assessments are discussed in the UNEP
2002 Global Mercury Assessment and in other references.

236. Several biological sample collection and handling protocols are given in Appendix C, along with
sample documentation forms as examples.
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4. EXPOSURE ASSESSMENT OF METHYLMERCURY IN FISH

237. Risk analysis consists of a process comprised of three distinct but interrelated components, namely,
risk assessment, risk management and risk communication. In the case of methylmercury, all three
components are important to achieve consumer protection and assure the benefits of fish consumption for
consumers. In Chapter 2, hazard characterization of mercury was presented, including the establishment
of reference levels, which describe a level of exposure that is likely to be without harm. In this chapter,
exposure assessment is considered as this is perhaps the most important aspect for a national food safety
authority. While reference levels are considered “portable” in that they generally apply to all populations,
exposure of populations may be highly variable depending on their consumption patterns and on the levels
of a particular chemical in the food as consumed.

4.1 General approach

238. Because much of the mercury in fish is methylmercury and most (greater than 95 %) of the
methylmercury in fish ingested is readily absorbed into the body through the gastrointestinal tract,
individual exposures to methylmercury (or intake) can be estimated if information is available on:

e Types (such as species) and amounts (such as frequency and serving size) of fish ingested per unit
time (such as day, week or month);

e Concentration of mercury in the types of fish ingested; and,

e Body weight of person consuming the fish.

239. With this information, the methylmercury intake for an individual can be calculated by the following
basic equation:

Amount of fish ingested per Mercury concentrations in the Methylmercury intake per
week (g/week) fish ingested (pg/g or ppm) _ kilogram body weight per week
" (pg methylmercury per kg body
Kilogram body weight (kg bw) weight per week)

240. Estimating exposures for a population (or subpopulation) follows the same general principles as for
an individual, but requires more data. For example, information is needed on the distribution of the fish
consumption rates and patterns among the population. This information may be gathered for a
representative sample of the population through a dietary survey or other data on food consumption among
the population. Information is also needed on the mercury concentrations in the types of fish consumed.
Information on consumption must then be integrated with the data on mercury concentrations in fish to
estimate the exposure distribution across the population.

241. In order to best use resources, most experienced assessors will employ a tiered approach for
assessing exposure. A tiered approach allows managers (or organizations) to limit detailed assessments to
critical sub-regions or subpopulations that may have high exposures or that might be more susceptible to
lower levels of exposure. Subgroups of particular concern for high exposure include sport anglers,
different ethnic groups, indigenous communities, and economically subsistent fishing communities.
Starting with simple highly conservative screening methods, the need for a further detailed exposure
assessment is avoided if the exposure for a chemical does not exceed its corresponding reference level. If
the reference level is approached or exceeded, however, this does not necessarily mean that the chemical
is a risk to health. Rather, this signals that there may be a need for more detailed and accurate data to
refine the exposure assessment. The refined exposure assessment can employ better and more detailed
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food consumption and chemical concentration data. Nevertheless, a tiered approach should be used where
possible to make best use of resources.

4.2  Screening methods

242. Simple screening methods are used to obtain initial estimates of exposures. These methods usually
result in overestimates of the actual exposure, but if such methods show that intake of a chemical well
below the reference level, this is a good indication that there is no need for more refined assessments. A
screening level assessment may also be used to estimate exposures among the general population to help
determine specific locations or subgroups of the population considered most likely to be exposed to
elevated levels. While screening assessments are usually designed to overestimate exposure by using
conservative default assumptions, sometimes a screening assessment may underestimate exposure,
particularly for the high-percentile consumers. In this regard, average or mean intakes in a population are
not necessarily a good basis for consumption advisories. Rather, it is the upper percentiles of intake that
are often the drivers and these cannot be accurately estimated from the average (mean).

243. One screening approach uses information already available through JECFA and GEMS/Food
Consumption Cluster Diets. Mean exposure levels for the general population can readily be calculated
from average daily consumption levels and average mercury levels in fish. This will yield an average
intake of mercury for a population in units of micrograms of methylmercury per day. This dose can then
be divided by an average body weight for the general population and multiplied by 7 days to give an
exposure estimate expressed in units of micrograms of methylmercury per kg body weight per week. This
value can then be compared to the PTWI to determine whether a more detailed assessment is warranted.

244. Using average total consumption rates of all fish and shellfish from the 5 GEMS/Food Regional
Diets, JECFA performed a screening assessment by matching these consumption data with mean
concentration of mercury in tuna reported by Australia and the United States of America. This screening
assessment provided exposure estimates that ranged from 0.3 to 1.1 pg/kg body weight per week based on
a 60 kg adult (FAO/WHO, 2000). This assessment was updated by JECFA, adding intake information
from France, Japan, New Zealand and Slovakia and using biomarkers of exposure to methylmercury. In
addition, published information on concentrations of mercury and methylmercury in various fish species,
as well as analyses of methylmercury intake by populations consuming large amounts of fish (>100g per
person per day) were included in the evaluation. The result of the updated assessment confirmed the
previous results, in the range of 0.3 to 1.5 pug/kg body weight per week for the five regional diets and from
0.1 to 2.0 ug/kg body weight per week for numerous national diets (WHO, 2004).

245. Using FAO Food Balance Sheet data for a specific country, which is accessible through the Internet,
improvements can readily be made in this screening assessment'*. However, it should be noted that both
GEMS/Food Consumption Cluster Diets (which have now replaced the Regional Diets) and FAO Food
Balance Sheets provide only per capita estimates of consumption and do not give any indication of the
differences that may exist in the diet consumed by different population groups (such as age and gender) as
well as different socioeconomic groups, ecological zones and geographical areas within a country; neither
do they provide information on seasonal variations in consumption.

' http:/faostat.fao.org/faostat
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246. Another type of screening assessment available at the national level is total diet studies (TDS). TDS
are considered to be the most cost-effective methods for assessing exposure of the population and
subgroups to a full range of common contaminants in the diets (WHO, 2005). In many countries, TDS are
the primary sources of information on the levels of various chemical contaminants and nutrients in the
diet. They can provide general assurance that the food supply is safe from chemical hazards and/or to
develop priorities for possible risk management intervention. In addition, TDS results can be an indicator
of environmental contamination by chemicals. TDS can also be used to assess the effectiveness of
measures to reduce exposure of the population to chemical hazards. TDS, in general, offer a complete
estimate of exposures for a country as they explicitly take into account all foods in the diet as prepared for
final consumption.

247. In some cases, the results of the screening level assessment may indicate that no further action is
needed. In other words, the exposure at current consumption levels and patterns is not likely to cause
adverse health effects. On the other hand, if the exposure exceeds or corresponds to a significant portion
of the reference level, a more refined exposure assessment may be needed. For example, many screening
methods only provide mean exposures. Based on data from individual dietary surveys, the high percentile
exposure related to the consumption of a single food (such as fish) is about three times the mean.
Furthermore, exposure by children is about two to three times the exposure of the general population when
consumption is expressed on a body weight basis (WHO, 1985).

248. Using relatively inexpensive screening techniques, this strategy can be used to determine whether a
population’s exposure to methylmercury in fish warrants further detailed study. This approach allows the
manager to limit detailed assessment to specific situations that lead to excessive exposure of vulnerable
groups (such as pregnant women and children). This chapter describes the assemblage of the different
data sets and other information on fish consumption patterns and fish contamination levels that can be
used to assess exposure to methylmercury by a population.

4.3 Refinements to consumption estimates

249. Refinements for estimating exposure can be achieved by using more detailed information on the
distribution of individual fish consumption rates among the population, especially vulnerable groups.
Such refinements can improve the reliability of exposure estimates for high percentile consumers.

4.3.1 National dietary surveys

250. If national dietary data on fish consumption are unavailable, or insufficient to adequately determine
fish consumption patterns, this information may need to be collected via an appropriate dietary survey
tool. Fairly simple, concisely designed surveys can provide very useful information on fish consumption
amounts and types of fish at relatively low cost. Depending on the level of detail required, individual
consumption, including the amount and frequency for each fish species, can be obtained.

251. National dietary survey data can be used to characterize fish consumption rates and patterns among a
population. Various governments and other organizations have conducted such surveys. For example, the
National Health and Nutrition Examination Survey (NHANES) conducted by the US Centers for Disease
Control and Prevention and the Continuing Surveys of Food Intake by Individuals (CSFII, 1995)
conducted by the United States Department of Agriculture (USDA) are two good examples of survey data
available in the US. Also, the European Community has initiated national surveys based on the European
Food Consumption Survey Method (EFCOSUM, 2000). These survey questionnaires include simple,
specific questions that are intended to gather appropriate information on fish consumption, without being
overly complicated or burdensome for the participant. These surveys are usually based on 1-, 2-, 3- or 7-
day recall questionnaires or diaries.

252. Examples of fish consumption survey questions are provided in Table 6 and Table 7. It should be
noted, however, that surveys using self-reporting, especially if open ended or involving a long-term recall,
such as 12 months, are subject to significant uncertainties (Xue et al., 2007).
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253. Food consumption surveys can provide very useful information to generate estimates of fish
consumption rates and patterns, but care must be taken in the design of the questionnaire. The CSFII
example above would have been enhanced by adding a question about canned fish, such as “During the
past 7 days have you eaten any canned fish such as tuna, salmon, or other types of canned fish?”

254. In recent NHANES, women of child-bearing age were asked about fish consumed during the past 30

days following the basic format shown in the following table. More information can be obtained through
the US CDC website: http://www.cdc.gov/nchs/about/major/nhanes.

Table 6 Examples of fish consumption surveys (NHANES III, 1994, CSFII, 1995)

NHANES III 1994: Main dishes, meat, fish, chicken, Times consumed per

and eggs Day Week Month Never Do not
know
Shrimps, clams, oysters, crabs, and lobster
Fish, including fillets, fish sticks, fish sandwiches, and
tuna fish
CSFII 1995
During the past 12 months since (NAME OF MONTH), have you/has (NAME)
eaten any (FOOD) in any form? Yes No
Shellfish 1 2
Fish, other than shellfish or canned fish 1 2
If yes, was any of the fish you ate caught by you or someone you know? 1 2
If yes, did any of the fish come from a freshwater lake or river? 1 2
If yes, did any of the fish come from the ocean? 1 2
If yes, did any of the fish come from a bay, sound, or estuary? 1 2

255. Table 7 presents an excerpt from a questionnaire based on form used in NHANES (1999-
2001) that was intended to collection information on fish type and consumption frequency.

Table 7 Sample fish type consumption questionnaire (adapted from NHANES, 1999-

2001)

Question for participant:
Please look at the list of fish. During the past 30 days, which of the following types of fish did you eat and
how many times did you eat them?

Fish Type Numbe;a?tf ;t;n;:yesaten in Fish Type Numbe;az{ ;t;n;;y(;aten in
Breaded fish products Porgy
Tuna canned or fresh Salmon
Bass Sardines
Catfish Sea Bass
Cod Shark
Flatfish Swordfish
Haddock Trout
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Mackerel Walleye
Perch Other types of fish
Pike Unknown types of fish
Pollack

256. To conduct an exposure assessment in a particular country or region, an investigator should try to
determine if such dietary survey data exist for the country or region under study. Often data may exist, but
be difficult to locate. Sometimes such data is in the private sector and needs to be purchased. If data are
not available or insufficient to adequately determine dietary patterns of fish consumption, then the
investigator may consider conducting such a survey. The survey should include a limited number of
questions that are simple and clear, and that yield appropriate information. If the survey is too long, or
questions are not clear, then response rate and accuracy will be low. On the other hand, if the survey is
too simple, sufficient data may not be collected.

257. The surveys described above generate estimates of consumption frequency of fish per day, week, or
month. Depending on the level of details available in these surveys, an average consumption frequency by
fish species can be obtained. Estimates of the distribution of the consumption rates among the population,
or various percentiles (10%, 25%, 75%, 90%) can sometimes be estimated using data on typical portion
size. Volume IV of the US EPA Mercury Study Report to Congress (US EPA, 1997¢) provides a good
example of how to use this approach.

258. However, information gathered through these surveys generally does not provide adequate data on
fish consumption patterns throughout the year, which can be different given seasonal availability of fish
species, unless the surveys are repeated multiple times during the year for each individual (such as one
time per season).

259. Also, these surveys generally do not provide sufficient information to generate reliable estimates of
fish consumption rates and patterns for an individual. Rather, if the surveys are conducted on a
representative sample of the population, they can provide good estimates of the consumption rates and
patterns for a given population. To estimate average consumption rates for subpopulations (such as
anglers or indigenous communities), specific information (such as age, gender, occupation, fishing
practices, and other appropriate information) must be gathered to obtain cross-tabulated data for these
particular subpopulations. Cross-tabulation allows a more precise characterization of subpopulations. For
instance, if a national dietary survey conducted in a country established that 50 % of the populations
surveyed were fish consumers, it would be useful to analyse the proportion of fish eaters among men and
women, given that women can constitute a targeted population. Breaking down the percentage of fish
eaters by gender (or other subgroups) is cross-tabulating the data.

Table 8 Example of a population surveyed on fish consumption

Yes No Total
Fish eaters total 5,000 5,000 10,000
Men Women Total
Fish eaters by gender 2,000 3,000 5,000

260. In this example (Table 8), 50 % of the population surveyed (10,000 individuals, half men and half
women) are fish consumers, but there is a gender difference: 2,000/5,000 (40 %) surveyed men compared
to 3,000/5,000 (60 %) surveyed women are fish eaters. The data can be cross-tabulated with information
such as age groups or other relevant information (percent of anglers, different ethnic groups, indigenous
communities, and economically subsistent fishers, etc.), leading to more precise information regarding
targeted subpopulations.
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4.3.2 National purchase data and national fish market sales

261. National purchase data as well as national fish market sales can also be used to generate a per capita
or per user consumption rate and profile. However, for the latter, information on the percentage of
consumers must be available. Also, to generate a per capita consumption rate, basic demographic data
such as the total population must be available. A per capita or a per user consumption rate and profile will
not provide information regarding consumption rates for subgroups (women, children, subsistence fisher
subpopulations, recreational anglers, etc.). Information also will not be available for subpopulations living
in various areas (coastal communities, river fishing villages, etc.), unless the data were gathered for
specific areas or regions within the country.

262. National purchase data and national fish market sales surveys were used in the United States to
estimate fish consumption patterns (Johnson and Associates, 1997). Descriptions of long-term trends in
fish and shellfish consumption in the United States and information regarding current market trends in the
seafood industry were used to give rough estimates of frequency of fish intake for populations or
subpopulations. Similar data for other countries may be available as well, or such data could be collected
through various programmes.

263. Other information regarding average portions (by weight) as well as average human body weight will
be necessary to be able to generate mean estimates of human methylmercury intake in various populations
or subpopulations (Section 4.2.3). These data may be available from national dietary surveys.

264. In the absence of national surveys, traditional and demographic knowledge of behaviours regarding
fish consumption (such as, fish is a traditional food, or fish is an essential a protein source) can generate
useful qualitative information. However, such qualitative information will only give a likelihood of
exposure to methylmercury.

4.4 Refinements to concentration estimates

265. Mercury is a ubiquitous contaminant, even in the absence of local/regional point sources of
contamination. The general population is primarily exposed to methylmercury through the diet, especially
from fish. Levels of mercury (primarily in the form methylmercury) are generally much higher in fish and
marine mammals (such as seals and some whales) than in other foods or drinking water (WHO, 2003;
Dabeka et al., 2003). In fish, up to 90 % of the mercury in fish exists as methylmercury, (NRC, 2000;
WHO, 2003).

266. All fish consumers are exposed to some level of methylmercury. Both marine and freshwater fish, as
well as marine mammals, accumulate methylmercury in their muscle tissue (WHO, 2003; Dabeka et al.,
2003; FAO and WHO, 2003; UNEP, 2002; US EPA, 1997c; ATSDR, 1999). Moreover, methylmercury
biomagnifies up the food web, meaning that apical predators, that is carnivorous species feeding at the top
of the food chain, tend to have higher levels of methylmercury (WHO, 2003; Grieb et al., 1990; Bloom,
1992; Francesconi and Lenanton, 199