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Introduction and Welcome 
Sam Kacew, University of Ottawa 

The University of Ottawa established the R. Samuel McLaughlin Centre for Population Health 
Risk Assessment within the Institute of Population Health in 2001. The McLaughlin Centre is 
one of the sponsors of this workshop.  The Centre serves as a leading international research 
centre in the field of population health risk studies, thereby promoting cost-effective risk 
management decision making. This is one of the goals of the centre, and is embedded within this 
workshop.  

One of the questions that we hope to address during this workshop is to discuss the American, 
Canadian and European views regarding the science underpinning risk assessment of essential 
yet toxic metals. In attempting to answer this important question, we are hosting an international 
workshop and bringing together researchers, risk assessors, and representatives of the metals 
industry to discuss principles and science concerning risk assessment of some essential metals 
such as copper (Cu), zinc (Zn) and manganese (Mn). 

Having this workshop is particularly timely, as individuals in society are concerned about the 
environment and the various metals. With the U.S. EPA’s “Framework for Metals Risk 
Assessment,” REACH getting underway in Europe, and Canada setting out a similar regulatory 
pathway, the application of the best science and practices to the risk assessment of essential 
metals is critically important. The essential metals workshop on health risk assessment provides 
a forum where new science and methodologies applicable to risk assessment can be presented 
and discussed among all stakeholders.  

We have identified various objectives that we would like to accomplish at this workshop. Our 
first (1) is to increase participants’ understanding of current methodologies for assessing the 
potential risks of essential metals. In attempting to meet this objective, we have tried to get the 
best speakers on each subject, and they have come from all over the world. Our second objective 
(2) is to identify challenges associated with risk assessment of essential elements that are also 
toxic under certain conditions (specifically, the handling of U-shaped dose-response curves). Our 
third objective (3) is to examine current risk assessments of essential metals conducted in 
Canada, the United States and Europe (using copper, zinc, and manganese as case studies). Our 
fourth (4) and last objective is to facilitate discussion among various stakeholders, including the 
regulatory community, academic researchers, and industry regarding risk assessment approaches 
for essential metals.  

For our workshop, we have divided the sessions into four main parts. The first session will cover 
“Challenges in Metals Risk Assessment,” where Beverly Hale, Lorraine Gambling and Randall 
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Wentsel will discuss Canada, Europe and the USA’s perspectives on the topic, respectively. Our 
second session will discuss three essential metals. Bonnie Stern will discuss Copper, Annette 
Sanatamaria will discuss Manganese, and Craig Boreiko will discuss Zinc. The third session will 
be “Special Issues in Risk Assessment Methodologies.” Peter Aggett will discuss toxicology due 
to excess and deficiency, Michael Dourson will discuss U-shaped dose response curves, Daniel 
Krewski will discuss combining data and categorical regression and Melvin Andersen will 
discuss tissue dose based risk assessment. We have also organized a panel discussion, chaired by 
Bette Meek, regarding the “The Path Forward” for essential metals risk assessments. Finally 
Daniel Krewski will provide a summary of the workshop.  

It is important that we recognize that this workshop would not have taken place without the 
sponsorship from the following companies: International Aluminum Institute, International 
Copper Association, International Manganese Institute, International Zinc Association, 
Manganese Interest Group, McLaughlin Centre for Population Health Risk Assessment, National 
Institute for Occupational Safety and Health (NIOSH), Natural Resources Canada and Rio Tinto. 

The Metals in the Human Environment Strategic Network 
(MITHE-SN): The interface of Risk Assessment, Public Policy and 
Advocacy 
Bev Hale, University of Guelph 

I am here to talk about the Metals in the Human Environment Strategic Network (MITHE-SN). It 
is part of NSERC’s strategic plan, which by definition must address some of the key goals of 
NSERC granting programs. Each project must have defined objectives, industry support and 
sector support from Canada. NSERC has made it quite clear that they do not renew network 
grants. However, once our project had started, we were able to redefine our mandates, and we 
were able to renew our grant for the Network. 

Our Network had three main goals. The first was to produce new research addressing “pain 
points” in risk assessment for metals in the environment relative to human health. In doing so, 
and producing quality research, we hoped this would lead to improvements in existing risk 
assessment frameworks. Our focus now revolves around human health.  Our second goal was to 
build relationships and capacity among professionals who regulate or are regulated by public 
policy. Our third goal is directly related to what NSERC requires us to do. This goal involves 
training the next generation of “metals savvy” environmental scientists as advocates for correct 
assessment of risks from metals exposure. Through this goal, we hope that we are training a 
whole cadre of advocates to conduct correct and scientifically robust risk assessments. 
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The private sector sponsors of this network are diverse - they come from agriculture, 
environment engineering, waste management, mining and metallurgy.  The public sector partners 
include agriculture, health, natural resources and environment, and both the provincial and 
federal levels are represented.  While the research that will be carried out is specific to Canada, it 
has global implications, as indicated by the support of international metals industry associations. 
These partners have contributed either cash or in-kind support, and in most cases, both.   

For the second round of the Network’s existence, we obtained a much larger and diverse group 
of sponsors. Some of the sponsors include the EcoToxicity Assessment Panel (IZA, NIPERA, 
ICA, ICMM, US Borax, Cobalt Development Association), the Mining Association of Canada, 
Jacques Whitford Environmental Ltd, Agriculture and AgriFood Canada, Health Canada, and 
Environment Canada. We were also able to secure a significant amount of buy-in from a number 
of federal departments. The significance of this list is that all the key regulators are involved - the 
four federal departments, as well as two provincial ministries - along with two highly regulated 
industries.  The diversity of both the regulated and regulatory sponsors in MITHE-RN is a very 
significant improvement on MITE-RN.  

Risk assessment without considering bioavailable or bioaccessible metal fractions, often 
identifies large areas of soil or sediment as needing costly remediation when in fact it is quite 
likely that much of the metal of concern is not bioavailable. This potential over-protection of the 
environment or human health is costly to the Canadian economy and of questionable benefit 
when more serious problems remain to be addressed and when global competitiveness is critical.  
However, incorporating bioavailability into risk assessment requires careful identification of the 
abiotic and biotic factors that drive metal bioavailability in soils, water and food. It is anticipated 
that our results will be useful for the development of new metal guidelines for soils, water and 
food, which incorporate bioavailability, which will contribute to the development of more 
informed environmental quality standards. 

The Research Network will provide a forum for universities, industry and government to work 
together. These last two parties have diverse and sometimes opposing views of risk assessment 
and risk management. The Network will facilitate addressing common issues and will provide an 
opportunity for these groups to form relationships that will be critical as Canada seeks to 
establish sound risk management options for the safe use of metals. The Network will educate 
and develop a new generation of individuals whose skills and knowledge will be particularly 
valuable for Canadian industry in the future. The issue of metals in the environment will 
continue to be of prime importance as risk management strategies are developed. We will need 
informed people to carry out this immense task. 

The results of the Network will help Canadian industry in the metals resources and agricultural 
sectors in their desire to manage their businesses responsibly, while enabling these businesses to 
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thrive and provide meaningful employment to Canadians and a healthy balance of trade for the 
Canadian economy. 

MITHE-RN has 16 projects, which are divided into three networks: Aquatic, Soils and Plants, 
and Food and Ingested Particles. For each of the three networks, we have partnered senior 
academic and government scientists together to lead each group. This partnering strategy is 
designed to ensure communication between the network and the regulatory departments.  

The Science Plan of MITHE-RN is strongly linked across Canada; research on both soft water 
northern lakes and the Great Lakes and Prairie sloughs is being carried out in the Aquatic 
Ecosystems network.  Both eastern and western soils are included in the Soils and Plants 
network, and an important contrast as climate and scale of agro-ecosystems differ between them.  
Research on ingested and inhaled materials is being carried out on both Aboriginal and southern 
urban populations, and includes both essential and recreational activities. 

The overall approach for the Aquatic network is geared towards the development and validation 
of mechanistic-type models for prediction of certain elements. These elements include the 
uptake, accumulation and toxicity of metals to aquatic biota and the potential for trophic transfer 
of metals. The network anticipates benefits in improved ecological risk assessment for metals, 
improved links between metal exposure in the field and the incidence of metal-induced effects, 
better water and sediment quality guidelines for metals and an increased ability to choose more 
cost-effective control strategies for risk 
management. 

The overall approach for the Soils and 
Plants Science Plan is to develop and 
validate methods of mechanistic models to 
predict the speciation of metals in soil 
solutions, the uptake of metals from soils to 
plants and the fate of metals in soils over the 
long term as a function of soil management. 
Anticipated benefits include having 
improved ecological risk assessment for 
metals (considered singly and in metal 
mixtures) and improved links between metal 
exposure in the field and the incidence of 
metal-induced effects. Other benefits that 
should be expected are having better water 
and sediment quality criteria for metals (from taking metal speciation and taking trophic 
conditions into account) and having the ability to choose more cost-effective control strategies.  

MITHE Strategic Network, Feb 2008

community
based risk

assessment

Soils

Plants

Aquatic 
Organisms

Water

Sediment

Food

Humans

Air

Figure 1: The Metals in the Human Environment 
Strategic Network (MITHE-SN) 
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For the proposed approach for the third network, Food and Ingested Particles, we hope to 
develop and validate models which characterize mechanisms of speciation of metals in food, dust 
and soil, the bioavailability of metals in these media, allowing apportionment of exposure, and 
being able to characterize human biomarkers of internal doses of metals. Some of the benefits 
that we hope to see are determining mechanistic bases for transfer factors (speciation, 
bioavailability, biological), determining transfer factors for existing metal-rich sites in Canada 
and having comparisons for inhalation and ingestion of food, soil and dust. An example of the 
latter project would be the work that Pat Rasmussen is conducting. She is attempting to 
determine transfer factors for existing metal-rich sites in Canada. She is conducting the 
inhalation part of this research and we are doing the schematic part. Our little project is 
designated by the arrow circled in red in Figure 1. 

Our project strives to determine bioavailability and bioaccessibility of Cu, Ni and Pb in field-
contaminated soils. Out of these elements, only Cu is essential to humans. We had three 
objectives in the project. Our first objective was to characterize a collection of field-
contaminated soils and dusts for distribution of particle size classes as well as mineralogy of Cu, 

Pb and Ni. We specifically wanted to 
work on two different size classes and 
examine speciation patterns. Our second 
objective was to evaluate the 
bioaccessibility of Cu, Pb and Ni in 
these materials using simulated 
gastrointestinal digestion in vitro and 
then uptake from the digestate into 
human cultured enterocytes, Caco-2 
cells. Lastly, we attempt to evaluate the 
bioavailability of these elements using 
rats in a short-term feeding study of 
these materials. We also attempted to 
characterize the mineralogy of the 
samples. Figure 2 demonstrates the steps 

that were taken in some of the experiments.  

Table 1 is a sample table that demonstrates our data; we have two soil samples that are collected 
from two different sites. As you can see, the total organic carbon varies with the particle size. 
Total concentrations for the three metals (Cu, Pb and Ni) are found in the last three columns. Pb 
is a bit lower, and Ni falls between the Cu and Pb ranges.  

 

Figure 2: Steps in the experiments to assess bioavailability 
and bioaccessibility 
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Table 1: Data collected from Sudbury soils 
 

 

 

 

 

 

 

 
Table 2 demonstrates some of the data comparing the total amount of Cu, measured by 
extraction. Each row represents data from two different size classes. The total Cu column 
represents the mass of Cu in 10 mg of soil. When you look at the Caco-2 cells, they pull out a 
small portion of what is simulated by the gastric sample and what is digested by the PBET. Table 
3 contains some of the data for the Ni digestion. When compared to the Cu data, the Caco-2 Ni 
cells pull out a much larger portion of what is digested by the PBET. Table 4 shows some of the 
data derived from the Pb soil samples. One can see that a small portion of the total lead is pulled 
out of the soil by the simulated digestion. Similar to the Ni sample, quite a large part of the 
Caco-2 Pb cells is pulled out of what was digested by the PBET.  

The standard deviation (SD) for the totals in the tables is about 10% of any of the means. This 

SD translated to a mean of approximately of 15 replicates. Once you get to the Caco-2 cells, the 
SD approaches about 100%. As you work with less reductive techniques (less harsh extractions), 
the variability increases. Not only do you need to think about the technique and the actual 
number that you obtain, you must also think of the uncertainty and the variability that is 
associated with the data.  

Sudbury 
soils 

Fraction, 
% from 

bulk 

pH TOC,
% 

Cu, 
mg/kg 

Pb, 
mg/kg

Ni, 
mg/kg 

S1B Bulk 
<250 mm 

 3.49 2.94 202.17±25.8 38.03±3.6 120.96±21.9 

150-250mm 31.03  3.11 196.24±112 35.21±15.4 48.42±24 
<70mm 46.99  2.16 140.35±15.4 33.56±4.3 137.25±44.2 
S1E Bulk 
<250 mm 

 3.66 5.00 463.12±95.1 99.74±20.5 192.44±19.3 

150-250mm 34.31  3.17 235.12±40.4 54.20±18 46.45±9.3 
<70mm 36.38  6.24 123.20±120.4 125.84±17.5 360.62±42.3 
 

Particle Total Cu PBET Cu Caco2 Cu
(µm) (in 10 mg) (% of Total) (% of Total)

150-250 2.26 51.7 7.67
<70 1.61 52.1 10.4

150-250 2.74 57.9 7.32
<70 3.83 56.4 5.59

Particle Total Ni PBET Ni Caco2 Ni
(µm) (in 10 mg) (% of Total) (% of Total)

150-250 0.56 27.8 13.4
<70 1.59 7.19 3.21

150-250 0.55 19.6 28.3
<70 3.92 3.66 1.33

Table 2: Comparison between total Cu and Cu 
measured in different extractions 

Table 3: Selected data from the nickel 
extractions 
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Table 4: Selected data from the lead 
extractions 

A significant amount of variability in soils exists. 
Data gathered in one spot, as opposed to a spot    

10 m away can be associated with a high level of 
variability. This is quite different from aquatic 
environments, where there is a lot of mixing 
among what occurs in the water.  

The conclusions of my own project are that Cu 
“bioaccessibility” might be more “homeostasis” 
in the sense that there may be a need for greater 

variety of Cu concentrations to test. We have also found that Ni and Pb “bioaccessibility” 
decrease as concentrations increase. We are not sure if this is due to the saturation of the 
extraction or simply the mineralogical differences. As a general conclusion, this data can be used 
for risk assessments and for use and creation of public policy in the future. 

Metal Specific Risk Assessments – European Perspective 
Lorraine Gambling, Rowett Research Institute, UK 

As of January 2007, the European Union (EU) had 27 member countries, thus making for a fairly 
large-sized union. The EU has developed a new legislation, called the Registration, Evaluation, 
Authorisation and restriction of Chemical substances (REACH).  

One of the main reasons for the new legislation is that around 95% of the commercially used 
chemicals did not have proper risk assessments conducted. Public authorities were responsible 
for conducting risk assessments of the commercially-used chemicals. Under the new REACH 
legislation, manufacturers as well as distributors are now mandated to conduct risk assessments 
for the products that they use.  

The documentation that laid out the registration, the prospects for the registration, came out in 
2001. This implementation process has involved a great deal of consultation with all major EU 
organizations, all of the EU states, and surprisingly, it has been a very positive experience for 
both industries.  

Most people understand that under certain circumstances, metals can be toxic. However, there is 
a significant decrease in understanding to the essential nature of metals. Although trace elements 
compromise a small portion of the total mass of a human, they are essential for normal function. 
A trace element is defined as essential if the body is incapable of producing the element by itself. 
In other words, the body must obtain these essential trace elements from external sources. A 
deficiency in the presence of trace elements in the human body may result in structural or 

Particle Total Pb PBET Pb Caco2
(µm) (in 10 mg) (% of Total) (% of Total)

150-250 0.41 26.7 17.4
<70 0.39 20.8 16.5

150-250 0.64 24.3 7.2
<70 1.37 8.59 4.94
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physical abnormalities in the body. Some of the trace essential elements are identified in Figure 
3. 

Cu is a central component of many redox 
active enzymes. For example, the synthesis 
of neurotransmitters and connective tissue 
are Cu dependent. Mn is another essential 
trace element that affects certain forms of 
metabolism. Enzymes involved in 
carbohydrate and cartilage metabolism are 
sensitive to Mn. A third essential trace 
element is Zn. There are well over 300 
enzymes which are Zn dependent. Zn-
dependent enzymes are involved in the 
synthesis and degradation of carbohydrates, 
lipids, proteins and nucleic acids. 
Additionally, Zn helps to stabilise the 
molecular structure of DNA binding 
proteins.  

There are two forms of trace element 
deficiencies: primary and secondary. 
Primary is an inadequate dietary intake of 
that particular trace element. A second 
component of this primary deficiency is 
fetal deficiency, which occurs with a 
deficiency in maternal diet and/or 
insufficient placental transfer. Secondary 
deficiencies are much more common. This 

subset of disease can be manifested as genetic diseases, through drug interactions, or through 
diseases associated with altered mineral metabolism. One very common disease which alters 
metal metabolism is diabetes.  

The first evidence for the role of Cu in prenatal development is a condition known as Lordosis, 
or swayback. First noticed in lambs, the disease is characterized by the inward curving of the 
vertebral column. Symptoms include severe uncoordination, blindness and compulsion. From 
these symptoms, it is clear that the Cu deficiency in the specific enzymes leads to these 
symptoms. Each symptom can be linked to a specific enzyme. Most people only intake half to 
three-quarters of the essential copper daily intakes. The humans past of copper deficiencies is 

Figure 3: Trace elements in the human body 
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related to Mekes disease. This is a disease which originates in utero, and is an X-linked recessive 
disorder most common in males. Deficiencies in the copper enzyme activities contribute to the 
progression of the disease.  

The first reported cases of Mn deficient diseases were noted in chickens. Symptoms of the 
disease were shown to be malformed bones. Again, as with Cu, the effects of the Mn deficiencies 
can be clearly linked to a specific enzyme. 

There are several case reports of severe zinc deficiency. A very rare but severe disease called 
acrodermatitis enteropathica is a congenital abnormality that can result from zinc deficiency. If 
the levels of Zn in the breast-milk are low, this can also have an impact on childhood 
development.  Zn deficiency in later life can result in adverse health effects including growth 
retardation or delayed puberty.  

Susceptibility to essential element imbalances in humans varies among different types of 
individuals. Striking the balance of essential element intakes during pregnancy is quite crucial. 
The fetus is entirely dependent on the mother, so her mineral dietary status during pregnancy 
must be sufficient for both the mother and the fetus. It is also crucial for growing children, 
adolescents (especially girls), and elderly men and women to have sufficient amounts of these 
trace essential elements in their body. Adult males are the least susceptible to these forms of 
elemental deficiencies. Although this population is the least susceptible to mineral imbalances, 
they are used the most for volunteer studies.   

Returning to pregnancy, birth defects related to mineral deficiencies are quite common. One in 
33 babies is born with a birth defect. This number does not include babies with low birth weight, 
prematurity, mental retardation, or developmental disabilities. 

With respect to the causes of developmental defects in humans, known genetic transmission has 
been shown to account for 7-8% of developmental defects. Chromosomal abnormalities, 
environmental causes and multifactorial inheritance have been shown to account for 6-7%, 7-
10% and 20-25%, respectively, of developmental defects. When calculating the range that is 
attributed to the unknown causes, approximately 50-60% is not accounted for. Our group 
believes that trace elements play a role in this 50% of unknown causes.  

Despite the fact that there is U-shaped dose-response curve associated with trace essential 
elements, a balance must be attained in order for the mother and child to receive adequate 
nutrients. Examples of a U-shaped dose response curve can be demonstrated with iron (Fe). 
Deficiencies in Fe concentrations can result in increased risks of anemia, prematurity, impaired 
grown and development and an increase in the transferrin receptor. An excess of Fe 
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concentrations in the body can result in constipation, nausea, liver damage, change in gene 
expression or change in absorption of other micronutrients.  

Inherited diseases include hereditary hemochromatosis. This disease is very common in 
individuals of Northern European origin. Another example of an inherited disease is Wilson’s 
disease, which is related to Cu. It is an autosomal recessive genetic disorder where there is a 
failure in normal copper excretion to the bile. Cu accumulates in the tissues, which leads to the 
clinical effects such as development of neurological or liver diseases. Lou Gehrig’s disease and 
Friedrich’s ataxia are other examples of hereditary diseases related to Cu. 

Metal Fume fever is an occupational illness that was first observed in the brass foundry workers 
in 1832. The route of exposure was through inhalation of metal oxides that were formed when 
metals were heated near their boiling point. One metal in particular that exacerbated symptoms 
was Zn. Symptoms manifested themselves several hours after exposure, but were usually 
resolved 24-48 hours after the exposure. Symptoms included influenza- and malaria-like 
symptoms, abrupt onset fevers, shaking chills, thirst, nausea, headaches, coughs and respiratory 
distress. A characteristic metallic taste in the mouth provided an aid for diagnosis.  

Fresh metal oxides were originally believed to be the cause of the Metal Fume fever. However, it 
is now believed that particle size is the precipitating factor in exposure. Figure 4 demonstrates 
the penetration patterns of different particle sizes. These graphs also demonstrate the importance 
of particle size. The smaller sized particles are able to do much more damage, being able to enter 
the lungs, causing lung diseases. Alternatively, the larger particles remain in the head, in the 
mucus (and therefore expelled), and do not have an effect on lower respiratory pathways. 
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In conclusion, this presentation was given from a non-regulator perspective. Metals, as are 
described, can be essential for human health, and can also be toxic under certain circumstances. 
It is clear that these unique essential elements must be given particular consideration, with 
respect to the balance of the U-shaped dose-response curve, for risk assessments.  Additionally, 
industry must remember that metals can interfere in biological processes in complex and varied 
ways, and these facts must be taken into consideration. Understanding the biology will be 
essential for understanding the mechanisms of toxicity of these metals. 

EPA Metals Framework 
Randall Wentsel, U.S. Environmental Protection Agency (EPA) 

I will give an overview of the metals framework, discuss some of the science, the health effects, 
the policy issues and then I will discuss the topic of essentiality. 

The EPA started to get involved with the topic of metals because we were interested in the way 
the agency was conducting risk assessments of metals and metal compounds. This is exemplified 
by the Agency’s recent role in the promulgation of the Toxics Release Inventory (TRI) lead 

Figure 4: Penetration patterns of different particle sizes in Metal Fume Fever 
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rulemaking. Additionally, the agency has a Waste Minimization Prioritization Tool, and was 
adding metals to the list based on a priority basis. 

As a result of this interest and role that the EPA has taken with the TRI, the EPA has taken some 
steps to address some of the issues associated with metals. The Agency has also attempted to 
provide opportunities for external input, peer review and cross-Agency involvement. The EPA 
has also initiated a process that assigned responsibility to the Science Policy Council with 
technical support from the Risk Assessment Forum.  

There are a few issues that are associated with the PBT framework as applied to metals. 
Bioconcentration factors (BCF) for metals vary with species, environmental conditions, 
generally show an inverse relationship with concentration and are not a predictor of toxicity. 
Additionally, unlike organic compounds with high BCFs, metals do not biomagnify up the food 
chain. Metals, such as mercury and selenium, that biotransform to organo-forms will 
biomagnifiy up the food chain. For the organisms where biomagnifications of metals does not 
occur, they have evolved mechanisms to regulate (excrete/store) metals. Comparing 
environmental effects on a large scale, speciation and bioavailability are more meaningful than 
persistence when evaluating hazard potentials of metals. 

When attempting to regulate these metals in the USA, there are a few regulatory challenges that 
must be overcome. Different parts of the EPA will have different regulatory strategies for metals. 
EPA programs conduct different levels of assessment in areas that include hazard assessment/ 
ranking, national level, and site specific assessments. This may be due to different sectors’ 
statutory requirements and assessment goals, differing availability of exposure and effects data, 
degrees of conservatism or alternative ways of dealing with uncertainties. It is also difficult to 
develop a single approach for all programs based on the available science.  
 
However, there is beginning to be a lot of collaboration and networking, which will help to 
overcome some of these challenges. The EPA was active with MERAG in Europe, attending 
workshops and reviewing documents. We were also active in Canadian Metals in the Human 
Environment Research Network and acted as co-sponsor at a SETAC workshop on metals issues. 
 
The charge in the Metals Framework was to develop a comprehensive framework that could be 
the basis of future Agency actions. We are also mandated to provide a consistent set of basic 
principles to be considered in assessing the risks that are posed by inorganic metals. Our 
framework was also set to be designed to identify available methods, models, and approaches for 
use in metals assessments.  

The timeline, as outlined in Figure 5 demonstrates the various stages of the framework 
development. The initiative started in 2002, with the Metals Action Plan. For Phase II, we had 
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mostly experts to help write the issue papers that outlined the human health and ecological 
effects that metal exposure posed. We used these papers as the basis for the first draft of the 
Metals Framework. At the outset, we had various levels of peer review to produce a final 

document in 2007. 

 The purpose of creating the Metals Framework was to present 
key guiding principles based on the unique attributes of 
metals. Another main element was to describe how metals-
specific attributes and principles may then be applied in the 
context of existing EPA risk assessment guidance and 
practices. Key metal principles, and how they should be 
considered in existing human health and ecological risk 
assessment practices, were also outlined within the 
framework. Overall, the framework was designed to foster 
consistency across EPA programs and regions.  

There are a few logical guiding principles that were used as 
the foundation of the Framework. The first principle is that 
metals are naturally occurring constituents in the environment 
and vary in concentrations across geographic regions. The 
second principle states that all environmental media have 
naturally occurring mixtures of metals, and metals often are 
introduced into the environment as mixtures. The third 
principle is that some metals are essential for maintaining 

proper health of humans, animals, plants, and microorganisms. The fourth principle is that, 
unlike organic chemicals, metals are neither created nor destroyed by biological or chemical 
processes. These inorganic compounds are able to transform from one species to another 
(valence states) and can convert them between inorganic and organic forms. The fifth principle is 
that the absorption, distribution, transformation, and excretion of a metal (toxicokinetics) within 
an organism depends on the metal, the form of the metal or metal compound, and the organism’s 
ability to regulate and/or store the metal.  

Some of the science policy issues include limited use of bioaccumulation factor (BAF)/BCF, 
trying to push for the incorporation of bioavailability, essentiality and application of 
recommended daily allowances (RDA) and environmental chemistry. The incorporation of 
human health is implicated in trying to get risk assessors conscious that this is a factor that 
should be incorporated within their research.  

There are a variety of BAF/BCF issues related to the Metals Framework. Certain metal 
compounds are known to bioaccumulate in tissues and this bioaccumulation can be related to 

Figure 5: Timeline for the US 
EPA’s Metals Framework 
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their toxicity. The latest scientific data on bioaccumulation does not currently support the use of 
BCF or BAF values when applied as generic threshold criteria for the hazard potential of 
inorganic metals. This is unfortunate, as the single value BAF/BCFs hold the most value for site-
specific assessments. Another issue that must be dealt with is that extrapolation across different 
exposure conditions is minimized. For regional and national assessments, BAF/BCFs should be 
expressed as a function of media chemistry and metal concentration for particular species (or 
closely related organisms). For definition purposes, bioaccumulation of metals is the net 
accumulation of a metal in the tissue of interest or the whole organism that results from all 
environmental exposure media. Examples of the exposure media include air, water, solid phases 
(i.e., soil, sediment), and diet. This represents a net mass balance between uptake and elimination 
of the metal. 

In addition to the BCF/BAF issues, there are also bioavailability issues. Bioavailability of metals 
and the associated risk vary widely according to the physical, chemical, and biological 
conditions under which an organism is exposed. In order to produce quality risk assessments, 
bioavailability should be explicitly incorporated into the risk assessments. All assumptions 
should be clearly articulated, especially in situations where data or models are insufficient to 
rigorously address bioavailability. 

With the specific case of oral ingestion, bioavailability is a critical factor in determining the 
uptake of contaminants. It is an important factor in determining potential threats to human health 
posed by contaminated sites. Risk assessments can and are being used to determine whether a 
contaminated site poses a current or future threat to human health, and whether or not the 
contamination level warrants remedial action. The oral ingestion of soil and dust is known as the 
risk driver for human exposure to metal contaminants. 

There are a few ways to assess the bioavailability in soils. In vivo methodologies can be used to 
quantify metals present in various tissues and excrements or to develop quantitative 
bioavailability adjustments. Some of the downsides of using this methodology are that the testing 
is expensive and time consuming. In vitro methodologies include the use of physiologically-
based extraction tests. For example, in vitro methods have been developed to mimic the human 
GI tract. This form of methodology is used to measure bioaccessibility (or solubility) and is used 
for screening purposes and reducing uncertainty. There are a few advantages of utilizing in vitro 
methods, notably that the tests are quick and inexpensive. Mineralogical or speciation studies can 
also be used to assess the bioavailability in soils. These studies emphasize the importance of 
solid phase distribution, speciation and particle size. They also provide supporting 
bioavailability/bioaccessibility information. 

Current bioavailability research at the EPA includes development of bioavailability and 
bioaccessibility screening tools. Examples of these tools are assays to determine potential human 
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exposure through the dietary route and biological availability to receptors and models to 
determine the influence of physicochemical properties of soil/dust on bioavailability and 
bioaccessibility. The EPA is also undertaking endeavours to evaluate and develop alternative 
testing solutions to in vivo models. Some of these in vitro methodologies include developing 
physiologically-based (human) extraction tests used to mimic human gastrointestinal system, 
measuring bioaccessibility (or solubility), and developing methods that includes side-by-side 
comparisons with in vivo model.  
 
Some more recent activity was International Society of Exposure Analysis Symposium that was 
held in 2007, entitled “Use of In Vitro Bioaccessibility/Relative Bioavailability Estimates in 
Regulatory Settings: What is Needed?” The group is attempting to establish a correlation 
between an in vitro method and in vivo methods.  They conclude that single animal models may 
not work for all metals because of differences in pharmacokinetics. Another summary point is 
that cost is a factor for assays, as in vitro methods are cost effective and relatively quick to 
conduct. The complete symposium proceedings are available at 
http://www.epa.gov/superfund/health/contaminants/bioavailability/links.htm 

Another initiative taken by the EPA is the formation of their Technical Review Workgroup 
(TRW) for Metals, which was initiated March 2007.  The committee acts to develop new 
guidance concerning site assessment and cleanup at hazardous waste sites. The group is the 
primary point of contact, information archive, and repository of outreach materials for the 
methods recommended in the guidance document. The group also provides site consultation in 
support of regional requests and it identifies research needs to address data gaps relevant to 
contaminant bioavailability in soil site assessment activities.  

With respect to essentiality issues, some of the debate revolves around the uncertainty 
boundaries. In general, reference doses (RfD) should not below the recommended daily 
allowance (RDA). Essentiality should be viewed as part of the overall dose-response relationship 
for those metals shown to be essential. An excellent example of these essentiality issues is found 
in the Integrated Risk Information System (IRIS) Zinc document. While the IRIS process is 
generally slow, quality peer-reviewed documents are produced.  

In establishing an RfD for zinc, the data on essentiality were combined with the data on toxicity 
to define a level that would meet physiological requirements without causing toxic responses 
when consumed daily for a lifetime. The exposure values that were considered in determining 
the RfD suggest that there is only one order of magnitude between the minimum amount of zinc 
that will maintain physiological function (5.5 mg/day) and the amount associated with adverse 
effects (60 mg/day).  
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In determining the IRIS RfD for Zn, four studies involving human volunteers were considered to 
be co-principal studies. The minimal lowest observed adverse effect level (LOAEL) (0.91 mg 
Zn/kg-day, average of these LOAELs) was selected as the point of departure. A threefold intra-
species uncertainty factor was applied to account for variability in susceptibility in human 
populations. Additionally, an uncertainty factor of three representing the uncertainties associated 
with human variability and the need for an adequate dietary level of Zn, was then applied to the 
minimal LOAEL of 0.91 mg Zn/kg-day to give the RfD of 0.3 mg Zn/kg-day.  

Essential elements are defined as chemicals that are essential human nutrients. They are usually 
present at low concentrations (i.e. only slightly elevated above naturally occurring levels), and 
toxic only at very high doses (i.e. much higher than those that could be associated with contact at 
the site). They are chemicals that need not be considered further in the quantitative risk 
assessment. Essential nutrients present at low concentrations (i.e. only slightly elevated above 
background) should be eliminated to help ensure that chemicals present at potentially toxic 
concentrations are evaluated in the quantitative risk assessment. 

With respect to environmental chemistry, they represent particularly interesting issues. Metal 
speciation affects metal behavior in environmental media, for example, with respect to aging of 
metals in specific media. This aging phenomenon and the metal sorption behaviour in turn 
reduce bioavailability. pH and redox have the potential to affect speciation properties.  

Metal toxicity can have a variety of human health effects. The organ or tissue in which metal 
toxicity occurs may differ from the organ or tissue(s) in which the metal bioaccumulates. In turn, 
each of these physiological sites may be affected by the metal’s kinetics. Target organs may 
differ by species, mainly owing to differences in absorption, distribution, and excretion.  Both 
the exposure route and the form of a metal can affect the metal’s carcinogenic potential and its 
non-cancer effects. Sensitivity to metals varies with age, sex, pregnancy status, nutritional status, 
and genetics.  

Metals attached to small airborne particles are of primary importance for inhalation exposures. 
Adverse nutritional effects in humans can occur if essential metals are not available in sufficient 
amounts. Manifestation of these adverse effects can increase the vulnerability of humans to other 
stressors, including those associated with other metals. Human and animal diets are quite diverse, 
therefore there may be a wide variability in the dietary intake of some metals (e.g., in seafood). 
This variability, in turn, results in temporal, geographic or cultural variability in the responses to 
the metals. 

General Discussion 
Mike Dourson, Toxicology Excellence for Risk Assessment (TERA): The EPA has been doing 
some good work on mode of action, and they have been attempting to work some of these modes 
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of action into some of these risk assessments such as both aspects toxicity and carcinogenicity. Is 
that something in our colleagues at EPA are thinking of doing? 
 
Joyce Donohue, U.S. Environmental Protection Agency: We are suggesting exactly what you 
have said, that the IRIS program should take a new look at the selenium RfD. 

Peter Aggett, University of Central Lancashire: About 10 years ago, there was an exercise where 
we were looking at combined assessments of assessing the risks of excess and deficiency. This is 
what we not call the so-called U-shaped curve. Now, we are trying to use criteria that are 
comfortable to both toxicologists and risk assessors. We are using RfDs and upper levels, 
tolerable levels; examples have been published in The Food and Nutrition Bulletin, about a year 
and a half ago. The knowledge gaps and the assumptions could be picked up and understood as a 
framework for risk assessment. Additionally, there would be a commonality of risk management, 
manipulation, population vulnerability in a series of uncertainty factors.  

Scott Baker, International Copper Association: Because we are an international association, we 
can play with all of the governments of the world. We are spending a lot of time in China. The 
Japanese standard for copper in drinking water is 0.1 mg/L, the WHO standard is 2, and the US 
standard is 1.3. Korea is following Japan, because they do not know how to accurately assess the 
guideline. 
 
Sam Kacew, McLaughlin Centre for Population Health Risk Assessment: What about South 
America? 
 
Scott Baker, International Copper Association: It is a political issue. In Latin America, they tend 
to follow along what other counties are doing, and copy their guidelines. Clearly, the front-
runners are North America and Europe in terms of guideline setting. 

Daniel Krewski, McLaughlin Centre for Population Health Risk Assessment: I wanted to make a 
self-serving comment about what has been happening with our Centre. We are trying to have a 
conversation with Chinese scientists about North American contributions to the guidelines. I 
have another question for Beverly Hale. I just wanted to get a sense of how many metals the 
body deals with on a regular basis. 

Beverly Hale, University of Guelph: I think Lorraine, the question is for you, as you had the table 
of human essentials. 

Lorraine Gambling, Rowett Research Institute: Referring to ^Figure 3, there are 12 metals that are 
considered essential.  
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Mike Dourson, Toxicology Excellence for Risk Assessment: In Figure 3, it is noted that arsenic 
(As) is an essential element. We, in the USA, do not consider As as an essential element. How 
firmly do you believe that As is an essential metal for human health? 
 
Lorraine Gambling, Rowett Research Institute: I think the MERAG documents cover your 
question in more detail. 

Joyce Donohue, U.S. Environmental Protection Agency: I have to say, that I don’t know what 
was discussed at the MERAG conference, but in the IOM, there are some elements that are 
raised that we do not consider essential.  

Barbara Beck, Gradient Corporation: The SAB does not consider essentiality with respect to 
arsenic. Going back to bioavailability and bioaccessibility, I am glad to see that there are 
considerations for these terms in risk assessment, and that they are using bioaccessibility and 
bioavailability models. 

Mike Inskip, Health Canada: One point that I would like to ask about is the particle size issue 
that Bev Hale used. Most of the samples were below 20 microns. 

Beverly Hale, University of Guelph: Part of the challenge is getting enough material out of a 
sample of soil, at that very small particle size. We are aware that many ranged below 70 microns, 
we are moving away from the bulk particle size tissue. The main point was to look at whether 
speciation varied between particle sizes. Particle size has a great deal to do with exposure. 

Andy Rencz, Natural Resources Canada: I am wondering about the applicability of the risk 
assessments.  Maybe it is being driven by single elements, but elements exist in nature in a 
combination, and they interact. Is there work being done on the interaction of these elements?  

Randall Wentsel, U.S. Environmental Protection Agency: In the Metals Framework, we do 
discuss mixture. There is a lot of talk about it, but the methods are not very elegant.  

Lorraine Gambling, Rowett Research Institute: I agree with your statement that we must start to 
examine the interaction between minerals. We may also wish to look at vitamins and minerals. I 
think that there are technical problems, in being able to do so, but I think we do need to consider 
interactions in our risk assessments.  

Jianping Cui, Occupational Health Clinic for Ontario Workers: From our work, we sometimes 
see workers developing allergic affects to certain metals. Has anyone addressed this issue in their 
risk assessment activity? 
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Len Levy, Cranfield University: In terms of allergies to metals, I think we heard the question 
about Zn earlier. However, I think that when individuals consider occupational toxicology, 
allergies are not considered. In cases where allergies are induced, it is almost impossible to have 
information as to when allergies are induced. 

Copper - Overview & Update 
Bonnie Ransom Stern, BR Stern and Associates, Annandale, Virginia, USA 

The first objective of my presentation is to give you an overview and update of the copper 
database, which provides a rich source of information for exploring approaches to essential metal 
health risk assessment. I will also talk about the health issues surrounding copper-induced 
toxicity and deficiency, and the challenges for developing risk assessment methodologies, 
strategies and policies that are public health protective. Lastly, I will discuss that health is not 
only the absence of disease but reduction in risk of developing disease and that it is important to 
address both subclinical deficiency and deficiency duration. 

The risk assessment of essential metals differs significantly from the risk assessment of 
nonessential metals or other chemicals. For essential elements, a sufficient intake of these 
essential nutrients is required for performance of essential biological functions and for provision 
of tissue stores, which acts as a protective buffer when intakes are low.  Due to risk of 
deficiency, zero-level intake is not equated with an optimal intake and the dose-response curve is 
U-shaped. Homeostatically, essential elements are regulated over a range of intakes so that 
absorption is greater and excretion is lower when intakes are low and the reverse occurs when 
intakes are high. Additionally, the degree of bioavailability, or the amount that absorbed into the 
body, is not equivalent to the amount that is ingested in the diet or in drinking water and other 
beverages.  

Copper is an essential metal that has been used in commerce and in industry since the Bronze 
Age and for the creation of valuable art objects.  It is a member of the third transition series of 
the Periodic Table, along with Zn, Mn, Fe and Ni. An imbalance in any one of these metals can 
affect the body.  Copper has both stable and radioactive isotope forms. Its two stable isotopes are 
63Cu and 65Cu, and the two radioactive forms are 64Cu and67Cu. Copper also has three oxidation 
states: Cu0 (metal), Cu1+ (cuprous) and Cu2+ (cupric). Only two of these oxidation states are 
biologically significant.  The ability of copper to undergo redox cycling is responsible for its 
essentiality. However, this cycling can also contribute to potential toxicity at high intakes.  
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Enzyme Function 

Amine oxideses Oxidation of biogenic amines 

Ceruloplasmin (Ferroxidase I) [Cp] Plasma transporter of Fe and Cu 

Cytochrome c oxidase [CCO] Mitochondrial electron transport 

Dopamine-β-hydroxylase Catecholamine metabolism 

Haphaestin Transmucosal Fe transporter 

Lysyl oxidase Collagen/elastin cross-linking 

PAM Peptide/neuropeptide amidation  

Superoxide dismutase [SOD] Free-radical scavenging 

 

Some key copper-containing enzymes are listed in Table 5. For example, amine oxidases are 
involved in the oxidation of biogenic amines, including many neurotransmitters, histamine and 
xenobiotic amines. There are two classes of amine oxidases: flavin-containing and copper-
containing oxidases. Copper-containing amine oxidase acts as a disulphide-linked homodimer. 
They catalyze the oxidation of primary amines to aldehydes, with the subsequent release of 
ammonia and hydrogen peroxide, which requires one copper ion per subunit and topaquinone as 
cofactor. Copper-containing amine oxidases are found in bacteria, fungi, plants and animals. In 
prokaryotes, the enzyme enables various amine substrates to be used as sources of carbon and 
nitrogen. In eukaryotes they have a broader range of functions, including cell differentiation and 
growth, wound healing, detoxification and cell signaling.  

Fractional absorption of copper occurs in the gastrointestinal tract, with the primary site of 
absorption being the duodenum.  Bioavailability of copper is affected by existing copper status, 
amount of ingested copper, the dietary matrix, and nutrient-nutrient interactions.  Zinc and other 
micronutrients (e.g. ascorbate), as well as macronutrients (protein, simple sugars, fats) affect the 
amount  of copper absorbed into the body.  Copper is carried into the portal circulation to the 
liver which is the site of copper incorporation into ceruloplasmin, a key copper-containing 
protein which is released into the blood stream and distributed copper throughout the body. 
Excess copper may be stored in metallothionen (MT) and lysosomes, and /or returned to the liver 
and  excreted in the bile.  

Table 5: Key Copper Enzymes 
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In general, Cu transport is tightly regulated and coordinated.  Cu transport at the cellular level 
involves the transport of extracellular Cu across the cell membrane by specialized pumps.  
Intracellular Cu is routed to Cu-requiring enzymes and to organelles by specialized proteins 
called metallochaperones. Specific transporters include DMT, ATP7A, Ctr1 and ATP7B. 
Another set of these transporters pumps Cu into subcellular compartments. Some of these 
transporter pumps can act as biomarkers for Cu levels in the body. Finally, specific mechanisms 
exist to release copper from the cell.  

In terms of homeostatic control, there is precise orchestration of Cu transport to sites of enzyme 
synthesis/function.  There are specific processes that ensure unbound ionic Cu (toxic moiety) 
does not exist unless homeostatic capacity is exceeded.   

There are two well-characterized diseases that are associated with inborn errors in Cu 
metabolism. The first is Menkes disease. Menkes is related to Cu deficiency (specifically an 
ATP7A gene-protein defect which results in a person’s inability to absorb copper from the 
gastrointestinal tract), is X-linked, and occurs in approximately 1 in 300,000 live births. The 
second disease is Wilson Disease (WD), with an incidence of about 1 in 90,000 people.  It is 
caused by a ATP7B gene-protein defect which results in a person’s inability to excrete copper 
from the liver into the bile and subsequently into the feces.  If untreated, WD can cause severe 
liver damage as well as neurologic/psychiatric symptoms.  WD can be treated with Cu chelation 
therapy and dietary copper control.   

 Figure 6 represents some of the pathways for Cu metabolism and circulation in the human body. 
Specific areas where Menkes 
and Wilson disease 
genes/proteins are implicated 
in copper transport are noted in 
the diagram. Cu enzyme 
functions are found in the 
blood, brain, intestine, liver, 
breast milk and the fetus, as 
depicted in the diagram. Also 
depicted are the various 
transporters related to Cu 
movement and metabolism. 
For example, the DMT1 
transporter, and other 
transporters are pictured as 
transporting Cu into the cell. Figure 6: Metabolic pathways for Cu in the human body 
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Atox, the metallochaperone, is also shown escorting the copper within the cell to specific 
enzyme synthesis sites.   

Rare, sporadic cases of other Cu-related hereditary syndromes include Indian childhood cirrhosis 
(ICC), Non-Indian childhood cirrhosis (NICC) and Idiopathic copper toxicosis (ICT). All of 
these disorders are similar in etiology and presentation and are characaterized by both a genetic 
component (precise defect as yet unidentified) and an environmental contribution from elevated 
intakes of Cu.  Another pattern among these diseases is a high frequency of parental 
consanguinity. 

In humans, deficiency data come from case reports and case series.  Clinical volunteer studies 
use a metabolic unit depletion-repletion design with a dose metric in mg/day. Adverse responses 
from deficiency studies include negative Cu balance, alterations in phospholipids, 
glucose/insulin, immune parameters, cuproenzyme levels and cardiovascular effects.  

However, it was in animals that Cu deficiencies were first noted. Anemia and Swayback disease 
(zoonotic ataxia) were first documented in the 1920’s and 30s. In short-term experiments, one 
severely deficient dose is usually administered to assess the effects of deficiency in the 
developing young (during gestation, lactation and/or postweaning). The typical dose metric is mg 
Cu/kg feed (e.g. CuD = 0.6, CuA = 6). Results of these experiments demonstrated Cu 
deficiencies having target-organ specific effects (blood, heart, cardiovascular, brain/behavior, 
immune, metabolic) and affect cuproenzyme levels.  Most of these studies test only a single dose 
and do not provide data on dose-response. More recently, however, studies of marginal Cu 
deficiency with longer testing durations have been conducted and show dose-response and dose-
duration effects.   

If you look at the key copper enzymes, you will see that they are present throughout the body 
and are active in major target organ systems. In both humans and animals, many of the effects 
are subclinical.                           

Clinically-evident Cu deficiency is considered to be very rare, except in premature low-birth 
weight infants, malnourished infants, and adults receiving total parenteral nutrition without 
added Cu. Marginal deficiency is thought to occur extensively, but no reliable biomarkers of 
marginal Cu status are available to confirm this hypothesis. 

New data are available showing that copper deficiency in humans is associated with the adult 
onset of myeloneuropathy, a severe progressive neurological syndrome which resembles the 
subacute combined degeneration of Vitamin B12 deficiency. While there is no standard treatment 
regime, Cu replacement therapy has been found to arrest the neurological progression. There is 
however little, if any, reversibility in symptoms present at the time of commencement of 
treatment.  New data have also shown that copper deficiency in humans is associated with severe  
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blood disorders which resolve completely following copper supplementation. The incidence of 
copper deficiency-associated adult onset neurological and hematological disorders is considered 
to be underdiagnosed.  These data provide evidence for a public health impact of long-term 
copper deficiency.   

There is a reasonable amount of toxicity data, but its utility for copper risk assessment is not 
clear. Copper toxicity in the general population (among individuals without inborn errors of 
copper metabolism) is not a public health problem.  There are some case reports of accidental or 
intentional high-dose poisoning and some metabolic-unit clinical volunteer studies in which 
copper intake is elevated.  Other population-based studies include those with a range of acute 
copper exposures in drinking water (where the key effects are gastrointestinal) and daily 
supplementation in drinking water or capsule form for several months in free-living adults.  In 
animals, there are single-dose studies, and responses are assessed only in the liver and kidney.  
There is also one guideline subchronic toxicity study in rats and mice.  New animal toxicity data 
include a two-generational reproductive toxicity study which showed no adverse effects and an 
infant rhesus monkey study demonstrating minimal ultrastructural reversible changes occurring 
in the liver following elevated copper intake.  

Overall, histopathological examination in animals and supporting data in humans show that the 
liver is the primary target organ of copper toxicity.  In rodent studies, kidney effects have been 
reported at the same doses which induce hepatic effects.  

A series of mechanistic studies have shown that considerably adaptation and recovery occurs in 
the livers and kidneys of rats given elevated dietary copper at doses ranging from 2000-6000 
mg/kg/feed.  These progressively adaptive effects followed initial toxic responses.  First, copper 
accumulated in the liver and kidney with little measurable effects.  Increased copper loading 
subsequently resulted in increasing by inflammation and focal areas of cellular necrosis.  With 
the continuation of the high-copper diets, homeostatic adaptation occurred; copper 
concentrations reached a steady state in the liver and decreased significantly in the kidney.  This 
was accompanied or followed by regeneration and recovery in both organs, although some 
residual effects remained in the liver.  Plasma ALT levels, although increased relative to 
controls, also reached a steady state at the time that hepatic regeneration was first observed. This 
progressive adaptation/readaptation occurred while animals were still being dosed (up to 15 
weeks).  It is not known if full recovery would have occurred in the liver had the dosing been 
continued for a longer period.  The human relevance of these findings is unclear but they suggest 
a remarkable adaptive capacity of the liver to handling copper overload. 

From a risk assessment perspective, it is difficult to model one arm of the U-shaped dose-
response curve without consideration of the other.  Zones of safe and adequate copper intake 
must be defined for each age and gender group. However, the probability of deficiency is not 
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equivalent to the probability of toxicity.  Nutritionists are concerned with sufficiency, while 
toxicologists are concerned with toxicity and adequate uncertainty factors and the methodologies 
differ significantly between the two disciplines.  Regulatory or recommended oral intake 
guidelines for copper currently range from 1 to 10 mg/day for the general adult population. 

When evaluating the dose-response curve of essential metal risk assessment, a conceptual 
approach and/or common currency approach can be taken. The conceptual approach holds that 
homeostatic models provide an acceptable range of oral intake (AROI) to meet nutritional 
requirements and avoid toxicity. The common currency approach compares risk-risk or risk-
benefit.  This comparison involves decreasing the risk of one adverse health effect (deficiency) 
which is then balanced against increasing the potential risk of another adverse health effect 
(toxicity). 

Some key considerations for conducting a copper risk assessment are the quality of studies 
(toxicity, deficiency), and the use of biological endpoints of comparable functional significance 
to define zones or boundaries of safe and adequate intakes (or to make other adjustments). There 
is also substantial knowledge of the homeostatic mechanisms involved in copper regulation, 
which suggests that the coefficient of variation (CV) of susceptibility within human populations 
is likely to be low.  However, the nutrient status of other metals such as Zn and Fe can affect 
susceptibility to copper deficiency or toxicity.  Another important factor is using the appropriate 
dose metric (mg/day or mg/kg/d), the appropriate response metric (defining acceptable level of 
response), and biologically relevant measures of variability/uncertainty. 

In summary, there is a rich Cu database, which can provide an excellent and extensive source of 
information for exploring methodological and other issues in essential metal risk assessment.   
Future areas of investigational research include identifying sensitive, specific, dose-responsive 
biomarkers which are predictive of adverse clinical outcomes and marginal copper status.   
Another area of research is exposure assessment.  Recent multi-route studies have shown 
deficiency to be more of a widespread concern than toxicity. 
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Copper Issues – Discussant 
Scott Baker, International Copper Association (ICA), USA 

Figure 7 depicts a detailed version of the 
classic U-shaped dose-response curve. If 
you notice, you can see that the upper 
limit of deficiency crosses over the 
lower limit of excess, demarcated in 
blue lines in the graph. What we need to 
do is explore where the range of the 
NOAEL lies, in order to form solid risk 
management strategies.   

The conclusions of the European Union 
Voluntary Risk Assessment (EU VRA) 
group identified a few data gaps in Cu 
risk assessment. These gaps were found 
in occupational exposure to copper and 
copper compounds and in areas of research that involved inhalation dose-response assessments. 
The group was able to define some dose-response assessment of integrated health endpoints. By 
harnessing the power of genetics and molecular biology in the copper dose-response construct, 
we are able to identify these endpoints. Overall, the quality of dose-response data is improving. 
We are also conducting research into the molecular (early-warning) biomarkers of copper 
exposure and effect. 

In addition to Cu, we are conducting dose-response assessment of copper compounds, metals 
mixtures (Cu, Zn, Fe) and metal alloys. Through human deficiency models, we are balancing 
scientific weight-of-evidence for the U-shape. These tests are producing some good quality 
results which is positive. Additionally, toxicokinetic and dynamic data for better predictive 
modeling of bioavailability and time-dependent distribution and dose-to-target-tissue are being 
found and used. 

When focusing on human exposures, there are different implications for individuals worldwide. 
Dietary Cu intakes differ among different cultures, age groups and seasonality. Occupational, 
consumer, and public exposures must also be taken into account for risk assessments. 
Environmental and workplace monitoring would be beneficial for the occupational exposures. 
Another factor that must be controlled for is copper speciation and particle-size distribution 
(nanoparticles, air). 

Figure 7: The classic dose-response curve 
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In conclusion, an overarching goal and endpoint would be to have a level of harmonization of 
regulatory standards for copper in drinking water. Currently, the standards range from 0.1 to 2 
mg/L. These standards have been based on health effects (acute or chronic), aesthetics and even 
laundry staining.  

Copper Issues − Discussant 
Joyce Donohue, U.S. Environmental Protection Agency (EPA) 

There are a variety of challenges that we are faced with concerning copper risk assessment. We 
have a very narrow boundary of what is needed in the RDAs for Cu. A boundary of less than 10 
fold apart exists between dietary needs and early signs of overload. Another challenge is the 
portal of entry response to bolus dosing as compared to systemic responses. However, 
increasingly sophisticated techniques for examining toxicokinetic and effects data provide some 
assistance in the risk assessments. The newest studies are examining the role of chaperones 
within the cells, and the roles of mRNAs for proteins with copper-binding domains. As Scott 
Baker outlined, there are data gaps related to sensitive populations. Idiopathic toxicoses and 
Wilson’s disease heterozygotes are new diseases related to Cu imbalances that must be studied. 
However, while there is a large amount of human data, it is difficult to manage all of the data. 
When studying specific effects of Cu imbalances, it is very difficult on a logistical level to 
conduct human studies. This becomes especially true with a variety of confounding variables, the 
number of subjects, precise exposure duration, the impact of age and sex on needs and even the 
potential for excess. Another dilemma, as a person who is trying to develop an RfD for these 
people, lies in the exposure levels, and where their copper intake originates from. Other 
challenges lie in determining correlation of effects with dose or determining if supplement or 
total dose demonstrates the best relationship. Another aspect of typical research that has an effect 
on the ability to draw correlational findings is the impact of the dosing regimen. The number of 
times per day for supplements, and the vehicle (capsule, tablet, solution, diet) of dose play large 
roles in the manifestation of adverse effects. Models with adequate accuracy and precision are 
required to establish boundaries between levels of need and excess. 

Manganese – Overview & Update 
Annette Santamaria, ENVIRON International Corporation, Houston, USA 

I’ll be giving an overview of the sources of manganese (Mn) exposure, the essentiality and 
toxicity of Mn, a research update and discussing the risk assessment issues related to Mn.  

Mn is the 12th-most abundant element in the earth’s crust and is the fourth-most commonly used 
metal. It is naturally present in soil, water, air, and food and is an essential trace element that is 
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necessary for maintaining good health. Mn concentrations in natural soil can range from 40 to 
900 mg/kg, air concentrations can range from 0.01 to 0.07 µg/m3 and natural fresh water 
concentrations vary from 0.3 to 3,200 µg/L.  

Almost 100% of manganese intake 
comes from food and water. Some 
examples of Mn levels are found in 
Figure 8. There are also 
anthropogenic sources of Mn, 
ranging from metal alloy use in 
production (steel), which represents 
around 90% of Mn use, and maneb 
(fungicide). Mn is also used in dry-
cell batteries, as a fuel additive and 
in welding rods.  

Essential trace elements such as 
Mn are subject to homeostatic 
control mechanisms that may 
include regulation of absorption, 
excretion, and/or tissue retention. 
Toxicity can occur when the 
exposure is above or below the range which can be accommodated by homeostatic mechanisms. 
Specific mechanisms include rather rapid excretion of Mn from blood into bile or modification 
of gastrointestinal absorption. Some of the functions that manganese is essential for include 
skeletal development, immune system function, energy metabolism, activation of enzymes, 
nervous system function, reproductive hormone function, blood clotting and bone and connective 
tissue growth. Mn is also necessary for amino acid, lipid, protein, carbohydrate metabolism and 
neurotransmitter synthesis. It serves as a cofactor for several classes of enzymes such as 
hydrolases, kinases, decarboxylases and transferases. Additionally, it is a component of several 
metalloenzymes such as arginase, pyruvate carboxylase and superoxide dismutase.  

The existence of well-known homeostatic mechanisms has led regulatory authorities to conclude 
that the body is able to handle substantial variations in dietary Mn on a daily basis without 
adverse health effects. The EPA’s RfD is about 0.14 mg/kg/day (10 mg/d adult). This value is 
based on average intakes of adults eating Western-type and vegetarian diets in various surveys 
ranging from 0.7 to 10.9 mg Mn/d. Table 6 outlines some of the average intakes (AI) and upper 
limits (UL) for Mn among several age groups.  

 

One banana -
225 µg of Mn

Cup of tea 
1.2 mg Mn

Drinking water 
WHO – 0.4 mg/L

99.8% of daily Mn intake is 
from food and water

Supplements -
1-20 mg/d

Sweet Potato
500 µg Mn ½ cup

Slice bread
600 µg of Mn

Figure 8: Some examples of Mn sources 
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Table 6: Average intakes (AI) and upper limits (UL) for Mn among 
different age groups 

Mn deficiency has been 
shown in animal models as 
having an effect on growth 
and maintenance of 
connective tissue, cartilage, 
and bone; and reduced 
fertility. Other adverse 
health effects include 
altered carbohydrate 
metabolism, reduced 
glucose metabolism, 
abnormal lipid metabolism, 
and impaired insulin 
synthesis and action. The 
elemental deficiency in 
humans has been linked 
with dermatitis, slow growth of nails and hair, decreased serum cholesterol levels, decreased 
clotting proteins and weight loss. Low levels of serum Mn have been linked with epilepsy, 
osteoporosis, cataracts, multiple sclerosis and maple syrup urine disease. 

On the other hand, Mn is associated with manganism, a condition related to an excess intake of 
Mn. Manganism is associated with Parkinson’s-like movement disorder. It is characterized by 
Mn accumulation and toxicity in mid-brain structures (striatum and globus pallidus), and the 
mechanism of toxicity is under investigation. The disease is observed in workers from certain 
occupations where workers are exposed to high concentrations of Mn-containing dust. MRIs 
have confirmed excess Mn accumulation in the brain and clinical neurotoxicity was observed in 
cohorts with exposures typically greater than 1000 µg/m3 for prolonged periods of time.  

Additionally, clinical neurotoxicity was observed in patients with liver disease or liver failure, as 
they cannot adequately excrete Mn. Neurotoxicity has been observed in patients who have been 
administered with total parenteral nutrition (TPN) with Mn. Patients on long-term TPN can 
develop biliary stasis or obstructive jaundice which can result in excess Mn tissue accumulation.  

A few studies have raised concerns about adverse neurological effects from exposure to elevated 
concentrations of Mn in drinking water (Kawamura et al. 1941; Kondakis et al. 1989; 
Wasserman et al. 2006; Bouchard et al. 2007). Other sources of non-occupational exposure are  
the reports of potential neurological effects in residents living close to industrial sources of Mn 
(Mergler et al. 1999; Lucchini et al. 2007; Finkelstein and Jerrett 2007). 

Age Group AI UL 

0-6 mos 0.003 Not established 

7-12 mos 0.6 Not established 

1-3 yrs 1.2 2 

4-8 yrs 1.5 3 

9-13 yrs 1.6 – 1.9 6 

14-18 1.6 – 2.2 9 

>19 1.8 – 2.3 11 

Pregnant/lactating 2.0 – 2.6 9 – 11 
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Other non-occupational exposures are related to children. Concerns have been raised about 
infants and children being more susceptible to the neurotoxic effects of excessive Mn exposure. 
There may be a potential for increased absorption (Dorner et al. 1989), increased retention 
(Lonnerdal et al. 1994) and increased bioavailability (brain, lung). Two main routes of exposure 
for children and infants are through high Mn cord blood levels (Rossipal et al. 2000; Takser et al. 
2003, 2004) and Mn in infant formulas (Hozyasz and Ruszczynska 2004). 

Different results have been found in healthy adults. Dietary studies have demonstrated that 
relatively high doses of Mn can be safely tolerated by healthy adults. In female subjects, 15 mg/d 
for 124 days was associated with elevated serum Mn concentrations and superoxide dismutase 
(SOD) activity (Davis & Greger 1992). Intake of 20 mg/d for 60 days were found to have no 
neurological or metabolic effects and a shorter half-life than the low dose group (Finley et al. 
2003).  

As aforementioned there are some occupational groups that are exposed to Mn through 
inhalation. It is clear that there is a broad range of oral exposure that can be handled by the body. 
Clinical neurotoxicity has been reported in certain occupations where workers were exposed to 
high concentrations of Mn-containing dust. Subclinical neurobehavioral and neurological effects 
have been measured in cohorts that have been exposed to lower levels of Mn.  

 Although an adult human body can tolerate elevated levels of serum Mn concentrations, there 
are still adverse neuro-functional effects that are linked with occupational cohorts exposed to 
Mn. Some of these adverse health effects include altered motor functions (sequential alternating 
movements, finger tapping), reduced hand steadiness, decreased response speed, a decrease in 
cognitive functions and a greater self-reporting levels of fatigue, tension, anger, and confusion. 
Table 7 contains some studies that have been done among occupational groups that have been 

 Table 7: Occupational groups, by industry, potentially exposed to Mn by inhalation 

Study Respirable Mn (mg/m3) Industry 

Roels et al. 1992 0.15 Alkaline Battery 

Iregren 1990 0.25 Foundry 

Järvisalo et al. 1992 1.37 Welders 

Mergler et al. 1994 0.12 Mn Alloy 

Gibbs et al. 1999 0.066 Mn Alloy 

Deschamps et al. 2001 0.057 Enamels 

Young et al. 2005 0.058 Smelter 
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exposed to Mn through inhalation. Tables 8 and 9 contain examples of different benchmark 
doses (BMD) found for Mn.  

Table 8: Examples of benchmark doses (BMD) for Mn as described in scientific literature 

Study Ave. Duration BMDL10 mg/m3 Mean mg/m3 

Roels et al. (1992) 5.7 0.10 – 0.26 0.19 

Gibbs et al. (1999) 14.1 0.09 – 0.27 0.19 
 

Table 9: Examples of benchmark doses (BMD) for Mn, by agency 

Agency Study BMDL mg/m3 Reference Level μg/m3

EPA 1994 Roels et al. 1992 BMDL10 0.09 – 0.2 

ATSDR 2000 Roels et al. 1992 BMDL10 0.074 0.04 

WHO 2001 Roels et al. 1992 BMDL5 0.030 0.15 
 

Overall, a very small amount of Mn is normally taken into the body by inhalation (>1 μg/d). 
Large amounts can be absorbed in cases of high air concentrations such as in occupational 
exposures (>1000 μg/d). As a general rule, Mn is absorbed more efficiently following inhalation 
rather than oral exposure. Historically, there have been uncertainties regarding homeostatic 
control of low-level chronic Mn inhalation exposure. These uncertainties have been reflected in 
the risk assessments and reference concentrations for Mn over the years. 

To estimate risk, the measured exposure level of Mn in the environment can be compared to the 
exposure level that is considered to be safe for continuous exposure. Exposure guidelines are 
established by regulatory agencies such as the Occupational Safety and Health Administration 
(OSHA), the World Health Organization (WHO), the US EPA, or the environmental health 
organizations within specific countries or states (e.g., Health Canada or California EPA). 
Environmental regulations for Mn are very protective, with very large safety factors, to protect 
all members of the population. Table 10 contains some of the regulatory examples for Mn 
exposure levels.  

When conducting risk assessments, there are some important points that must be taken into 
consideration. One of these considerations is the direct nose-to-brain transport along the 
olfactory nerve. There is efficient Mn delivery to the olfactory bulb, but there is limited impact 
on other brain tissues. Impacts on the fetus and neonates are other considerations. There is a high 
demand for 
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Mn during early brain development, with little to no excretion of the element.  

Recent research has been done to examine 
the toxicokinetics of dietary versus inhaled 
Mn, the effect of different forms of Mn on 
uptake and distribution, the effects on 
potentially sensitive target groups, and 
whether duration of exposure impacts Mn 
homeostasis. Overall, the key determinant 
of toxicity appears to be the dose-to-target 
tissue across the route and duration of 
exposure (whether oral, inhaled or 
intravenous exposure). 

Physiologically Based Pharmacokinetic 
(PBPK) models are a very useful tool that 
can be used to examine these issues. 
Pharmacokinetic data may be used to 
address questions about how the body 
handles a chemical. The data can also be 
used to support the application of chemical-
specific adjustment factors (CSAF), instead 
of UFs in the risk assessment of that 
chemical. The Office of Environmental 
Health Hazard Assessment (OEHHA) 
recommends expanding the use of 

Table 10: Examples of regulatory environmental Mn guidelines, according to agency 

Agency  Current Guideline Proposed Guideline 

WHO  0.15 mg/m3 (2001)  N/A  

U.S. EPA  0.05 mg/m3 (1994)  0.09 – 0.2 mg/m3 (1998)  Current IRIS  

Health Canada  0.11 mg/m3 (1994)  0.05  mg/m3 (2008)*  

Cal EPA (OEHHA)  0.2 mg/m3 (1999)  0.11  mg/m3 (2008)  

ATSDR  0.04 mg/m3 (2000)  TBD – Nominated for Review  

Figure 9: An examples of a physiologically based 
pharmacokinetic model (PBPK) for Mn exposure 
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techniques such as the BMD method and PBPK modeling wherever possible. This would 
potentially improve the protection of public health with acute, eight-hour and chronic 
Recommended Exposure Limits (RELs) for all members of the population, in particular, infants 
and children. An example of a PBPK model is found in Figure 9. Mathematical representation of 
absorption, distribution, metabolism, and excretion are incorporated into the model. The Mn-
specific model would be built with and validated by extensive pharmacokinetic literature for Mn. 
It can be used to predict tissue levels at exposure ranges outside of those used to create the 
model.  

PBPK models have a great potential to refine Mn risk assessment. The models can determine the 
relative contribution of inhaled and ingested Mn to tissue levels in target organs. They are also 
able to evaluate the movement of Mn throughout the body (including the brain) and along the 
olfactory nerve to the olfactory bulb in rats and non-human primates. The models can quantify 
differences regarding tissue delivery due to differences in form and solubility and can provide a 
quantitative explanation for varying Mn levels during development (both in normal conditions 
and conditions of increased airborne Mn exposure).  

In conclusion, dose-to-target tissue is likely a key determinant in Mn toxicity, regardless of route 
and dose-to-target tissue by all dose routes can be examined by PBPK modeling. Risk 
assessments considering background tissue concentrations and potentially toxic increases by 
overexposure can therefore be greatly aided by the use of PBPK models.  

Manganese Issues 
Bruce Winder, California Environmental Protection Agency (EPA)  

The adverse effects that we are most concerned about are the alterations in the structure/function 
of organs/systems that, if occurring during development, tend to be more severe and/or 
permanent. Specific systems are the central nervous system, the immune system and the thyroid 
gland.  

The reason for this emphasis is related to our mandate under SB-25 of the Office of 
Environmental Health Hazard Assessment (OEHHA). The OEHHA is directed to assess 
exposure patterns among infants and children that are likely to result in disproportionately high 
exposure to ambient air pollutants in comparison to the general population. We are also 
mandated to address special susceptibility of infants and children to ambient air pollutants in 
comparison to the general population, as well as the effects on infants and children of exposure 
to toxic air contaminants and other substances that have a common mechanism of action. 
Another point that is being researched is the interaction of multiple air pollutants on infants and 
children, including the interaction between criteria air pollutants and toxic air contaminants. 



Health Risk Assessment of Essential Metals Workshop University of Ottawa 
  May 6-7, 2008 
 

35   

 
 

0.000

0.050

0.100

0.150

0.200

0.250

0-1 2-3 3-5 6-8 6-11 12-14  15-18 19-50

Age (yr)

M
n 

(m
g/

kg
/d

)

Inhalation
Adequate diet
UL diet

Figure 10: Mn exposure stratified by age and exposure status: 
inhalation and diet 

Exposure of essential metals must be calculated and studied by examining routes of exposure, 
whether inhalation or ingestion. Inhalation provides more rapid uptake of Mn into the blood from 
lungs, avoids first pass metabolism in liver and allows direct access to brain via olfactory nerves. 

Children absorb and retain 
more manganese from the 
diet (20-40% vs 5%). Also, a 
number of chemicals that are 
toxic by inhalation are 
relatively innocuous by the 
oral route, including 
respirable crystalline silica, 
beryllium, hexavalent 
chromium, and Ni. 

Annette Santamaria 
mentioned the difference in 
Mn exposure between 
inhalation and ingestion. 
Figure 10 is a graph of Mn 

exposure stratified by age and exposure status. The inhalation route does not take into 
consideration the digestion route of exposure.  

Mn toxicokinetics can be influenced by other metals. Mn uptake from the intestinal tract (Mena, 
1974; Erikson et al., 2002), lungs (Brain et al., 2006), and nose (Thompson et al., 2007), is 
enhanced by iron deficiency. Another study has found that rats rendered anemic by periodic 
bleeding absorbed significantly higher amounts of Mn (Brain et al., 2006). In each of these 
studies, the brain levels of Mn were increased by iron deficiency. Iron deficiency is widespread 
and disproportionately affects the young (Beard et al., 2001), thus children represent a more 
susceptible population.  
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Figure 11: Mn concentrations found in monkeys and rats, 
from varied exposures 

Mn Issues: Pharmacokinetics and Toxicity of Inhaled Mn in Young 
Rhesus Monkeys 
David Dorman, North Carolina |State University 

Table 11 provides a summary of the experimental design of the study. Varying Mn 
concentrations were used, and outcomes were measured at varied points in time. Figure 11 is a 
graph of Mn concentrations that were found in the monkeys and rats, at varied exposures. For 
our experimental design, we used a surrogate for the Mn particles. In choosing which form of 
Mn to use, we picked a form that would represent the worst case scenario in health effects.  

 

Figure 12 shows the graph of the T1 
relaxation times with results from the 
MRIs that were conducted on the 
monkeys.  Essentially, the MRIs were 
conducted and the animals were killed 
a few days later to further examine the 
tissues. Figure 13 shows the 
distribution of Mn concentrations in 
different areas of the brain. Figure 14 
depicts a T1 curve for a specific 
individual monkey. Figure 15 
demonstrates the visual differences in 

Table 11: Experimental design for evaluating the pharmacokinetics and toxicity of inhaled Mn in young 
Rhesus monkeys 

 Nominal MnSO4 exposure concentrations  (mg 
Mn/m3) 

Timepoint 0 0.06 0.3 1.5

15 ± 1 exposure days     4 

33 ± 2 exposure days     4 

≥ 65 exposure days  6 6 4 4 

45 ± 2 days post-exposure     4 

90 ± 2 days post-exposure     4 
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the MRI scan images with varying Mn concentrations and exposures. Figure 16 shows more data 
related to the Mn concentrations in brain tissues, with varying exposure routes. Figure 17 is 
another graph that depicts the Mn concentration results that were found in the different areas of 

the brain.  

 

 

 

Figure 12: T1 relaxation times with the results 
from the MRI scans conducted on the monkeys 
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Figure 13: Graph of the distribution of Mn 
concentrations in different areas of the brain 
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Figure 14: T1 curve for a specific individual 
monkey 

Figure 15: Visual differences in the MRI scan 
images with varying Mn concentrations and 
exposures 
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Figure 16: Data related to the Mn concentrations in brain tissues, with varying exposure routes 

 

 

Figure 17: Mn concentration results that were found in the different areas of the brain 
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Figure 18: Typical manifestation of Zn deficiencies in pigs 

Zinc – Overview & Update 
Craig Boreiko, International Zinc Association, Brussels 

Zn is an essential metal required for 
proper bodily function. It is 
required for growth and for 
completion of an organism’s life 
cycle, and is involved in 
metabolism. There are more than 
300 metalloenzymes that utilize Zn 
within their mechanisms of action. 
Zn cannot be wholly replaced by 
other substances, and also has the 
ability to exhibit homeostatic 
controls. Some of the processes that 
require Zn-containing enzymes 
include carbohydrate metabolism, 
protein metabolism, nucleic acid 
metabolism, immune system 
function, brain metabolism function, reproduction, growth regulation, and would healing.  

Figure 18 depicts some of the hallmark of Zn deficiencies, as manifested in pigs. From a public 
health perspective, zinc deficiency has been predominately found in the developing world, as 
demonstrated in the map of Figure 19. The map provides a survey of the percentage of the 
international population at risk for Zn deficiencies. Approximately half of the world’s population 
is Zn deficient, with Zn deficiencies being the 11th highest risk factor for death and disease 

worldwide, but the 5th highest 
in developing countries. A list 
of the leading risk factors in 
developing countries is found 
in Table 12. Zn also has the 
ability to prevent many child 
illnesses.  

A homeostatic model for Zn 
exposure or intake is 
represented in Figure 20.  

< 10  %

10-24 %

25-49%

50-74%

> 75  %

Wuehler SE, Peerson JM, Brown KH. FASEB 2000

Figure 19: Estimated percentage of national population at risk of 
low Zn intake 
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Additionally, a biphasic, as shown in Figure 21,dose- 
response curve also applies to essential metals. In order to 
calculate requirements and exposure guidelines, there are a 
few terms that are used. The Estimated Average 

Requirement (EAR) is the 50th percentile requirement calculated from metabolic balance studies 
with adjustments made for growth.  Required uptake is converted to intake based upon 
bioavailability assumptions. Recommended daily allowances (RDA) is calculated by adding 
twice the equivalent of the standard deviation (for the EAR) to the EAR. Another measure is the 
recommended daily intake (RDI). The incorporation of these measurements into the dose 
response curve is depicted in Figure 22.  

 The IOM’s requirements for Zn intake are described in Table 13. As a result of children being 
smaller, they have lower absolute requirements. Women who are lactating require additional 
requirements. Calculations for average Zn requirements are usually country-specific. This is 
because different uncertainty factors (UFs) are assigned to different tissues or sub-populations. 
Figure 23 demonstrates the variability in the bioavailability, which affects the calculations for 
dietary requirements.  

 

 

 

 

Table 12: Leading risk factors in 
developing countries 

Underweight 14.9% 

Unsafe sex 10.2% 

Unsafe water 5.5% 

Indoor smoke 3.7% 

Zinc Deficiency 3.2% 

Iron deficiency 3.1% 

Vitamin A deficiency 3.0% 

Blood pressure 2.5% 

Tobacco 2.0% 

Cholesterol 1.9% 

Figure 20: A homeostatic model for Zn exposure or uptake 
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Figure 21: A biphasic dose-response model that applies to essential metals 

Figure 22: Incorporating the recommended daily allowance (RDA), upper limit (UL) and estimated 
average requirement (EAR) guidelines into the dose response curve 
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Table 13: The Institute of Medicine (IOM) 
guidelines for Zn intake 

Population Uptake RQ EAR RDA 

Infants 0.8 2.5 3

Child (4-8 yr) 1.2 4 5 

Child (9-13 yr) 2.1 7 8 

Child (14 – 18 yr) 3.3 8.5 11 

Adult Men 3.8 9.4 11 

Adult Women 3.3 6.8 8 

Pregnancy + 0.3 – 2.7 10 12 

 

Australian recommended intake guidelines are presented in Table 14. Other regulatory standards 
for Zn are represented in Table 15. As demarcated in the table, the Zn levels in water are based 
on taste standards, and are not health-based.  

Mild symptoms related to Zn exposure include decreased superoxide dismutase activity in red 
blood cells (RBC), lower serum copper levels and transient decrease in HDL cholesterol. Severe 
symptoms related to Zn exposure include hemolytic anemia, nausea and vomiting and metal 
fume fever (through inhalation).  

 

 

Population  Intake (mg/d)   Media Amount

Infants  3-6  Concentration in Blood 13 μmol/L required 

Children  4.5 - 18  Daily Diet Intake –adults (varies with diet, gender) 8 - 19 mg/day 

Adults  12 - 16  Water Limits 5 mg/L (taste)

Pregnancy  16 - 21  Occupational Air Limits 5-10 mg/m3

  Maximum Oral Intake Limits 21-60 mg/day
 

With respect to the regulatory framework that deals with these types of exposure issues, most 
regulators generally deal with point estimates. However, nature does not believe in point 
estimates. Regulators also believe that properties of a substance are intrinsic to that substance. 

Figure 23: Zn intake as a function of dietary 
bioavailability 

Table 14: Australia’s 
recommended intake levels 

Table 15: Examples of Zn regulatory standards 
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However, properties vary as of function of the population under study and vary with other health 
status variables (e.g. status for other trace mineral nutrients). Regulators are also uncomfortable 
with uncertainty, which is almost an inherent part in of risk assessment.  

One of the conflicts within risk assessment is, for example, when RDIs are set with coefficient of 
variation (CoV) of 10 – 30%, toxicologists prefer the safety factor of 10. Homeostatic controls 
will introduce non-linearity in uptake, distribution and excretion; all elements that are fairly 
difficult to control for within an assessment. Toxicokinetics is dictated by capacity-limited 
carrier systems, and ascertainment of exposure status and prediction of body burden is often not 
routine. Additionally, many of the ground rules developed for organic compound toxicity are not 
applicable.  

The erythrocyte superoxide dismutase (SOD) is a Cu-Zn dependent enzyme. The cause of the 
enzyme inhibition is uncertain, but it is speculated to originate from mild copper deficiency or 
reduced oxidative stress. The inhibition itself is probably not significant, however, the RBC SOD 
are present in large excesses and the deep tissue SOD is increased. Interpretation of this endpoint 
as NOAEL or LOAEL is a point of difference in the risk assessments. An example of a risk 
assessment is found in the US EPA’s excess limit derivation. The EPA has interpreted the SOD 
as LOAEL. Initial applications of safety factors of 10 (below RDI), a revised safety factor of 3 
and a 21 mg/d RfD was put forward for the guidelines drafting. On mg/kg basis, the RFD is still 
lower than the RDI for some groups. The RfD is an estimate, with uncertainty spanning perhaps 
an order of magnitude, of a daily oral exposure to the human population (including sensitive 
subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime.  

Within a European context, SOD inhibition can be interpreted as the NOAEL. 60 mg is set as a 
safe limit of exposure for the individual. Exposure scenarios include all of the worst assumptions 
of upper 90th percentile exposure scenarios. Mean exposure in the general population were 
acknowledged to be far lower (8 – 10 mg/day).  

For the IOM excess limit derivation, the SOD inhibition can be interpreted as the LOAEL. A 
safety factor of 1.5 is applied with this calculation. The recommended UL of exposure of 40 
mg/day was put forward.  

The WHO also interprets the SOD inhibition as a LOAEL, but of minimal health significance. 
This serves to minimize the number of individuals who may exceed this value. Deficiency and 
bioavailability are all recognized issues. Back calculations are made from 60 mg/day with a CoV 
to yield a population-based average intake limit of 45 mg/day. 
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Essentiality and toxicity are outlined in the graph in Figure 24. The AORI is located at the 
bottom of the curve, and deficiency and toxicity are the upper arms of the curves. Zinc exposure 
is sporadically linked to other health endpoints at exposure levels below NOAEL/LOAEL. 
Reviews of toxicity often ignore the nutritional literature, which is not beneficial for risk 
assessments. This is also detrimental because potential beneficial effects are not factored into the 
evaluations. Limited recognition of homeostatic controls and metal specific toxicokinetics (non-
linear dose response) is considered for risk assessments, which is also a weakness in these forms 
of assessments.  

  

Reproductive toxicity can be used as an example. High levels of exposure exert reproductive 
toxicity in rats. This is probably mediated by gross impairment upon metabolism of other trace 
minerals (Cu, Fe). Extrapolation of the data suggests effects below 20 mg/day and nutritional 
literature showed improved obstetric outcome at exposure levels of regulatory concern. 
Beneficial effects were deemed as “not relevant” to toxicological evaluation.  

Figure 24: Essentiality and toxicity within varied dose response curves 



Health Risk Assessment of Essential Metals Workshop 

 

46   

 
 

In conclusion, risk assessments for zinc encounter challenges common to many metals. Some 
challenges include homeostatic controls and non-linear toxicokinetics being difficult to 
accommodate in exposure assessment and risk extrapolation. “Toxicity” is often a manifestation 
of gross imbalance in trace minerals metabolism. There is a need for a nutritional perspective 
needed in data evaluation, as beneficial effects are relevant to toxicity. Nutritional requirements 
are often better characterized than toxicity. This is demonstrated by the small CoV being 
employed to set RDI, the large safety factors that are applied to toxic endpoints and “collisions” 
occur between toxicity and essentiality. Supra-physiologic doses may have both beneficial and 
adverse effects and disease affects trace minerals balance – changes can be causal or a 
consequence. 

 Zinc Issues − Discussant 
Ian Arnold, Ottawa, Canada 

What are some of the issues facing physicians? To the general public, Zn seems to enjoy a very 
positive image as a health booster. A prime example of this would be some of the videos on 
Youtube related to Zn. One is entitled “Zinc 101,” which provides an excellent overview of the 
value of Zn. Another is called “Ejaculation - lose up to 3mg of Zinc,” which overall produces a 
balanced view on zinc requirements from Dr. Brett, and also has a catchy title. “The Importance 
of Zinc in Bodybuilding Nutrition” can also be found on the website, and it is a good series of 
slides on the positive impact of Zn on bodybuilding.  

The population health impacts of Zn deficiency and the improvements seen in treatment are 
obvious. This is exemplified through a meta-analysis of the effects of oral Zn in the treatment of 
acute and persistent diarrhea. “Zinc supplementation reduces the duration and severity of acute 
and persistent diarrhea; however, the mechanisms by which zinc exerts its antidiarrheal effect 
have not been fully elucidated (Lukacik, 2008).” Another example is the introduction of routine 
zinc therapy for children with diarrhea, and safety evaluations. “A significant proportion of 
infants and children may experience vomiting or regurgitation, usually once, following the 
administration of the first dose of zinc. This is a transient phenomenon that did not impact on 
continuation of treatment with zinc (Khan, 2007).” 

However, at the upper end of the U-shaped dose response curve, the impacts seem to be more 
difficult to define. A recent Italian study concludes that they “found a direct association between 
high zinc intake and prostate cancer risk, particularly for advanced cancers. [Their] findings 
allowed [them] to exclude a favorable effect of zinc on prostate carcinogenesis (Gallus et al., 
2007).” Another study of patients treated with Zn supplementation for macular degeneration 
showed that “zinc supplementation at high levels result[ed] in increased hospitalizations for 
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urinary complications compared to placebo… [there was also] no increase in prostate or other 
cancers with zinc supplementation (Johnson et al., 2007).” 

It also does not seem clear how the interaction between (trace) metals affects the balance of these 
materials and the impact of this “metal balance” on disease. In spontaneously 
hypercholesterolemic Watanabe rabbits, cholesterol-fed beagles and rabbits, PS1/APP transgenic 
mice, Cu added to the drinking water produced significantly enhanced brain levels of A-beta. 
Aluminum or Zn ion-supplemented distilled water did not have a significant effect on brain A-
beta accumulation in cholesterol-fed rabbits.  In an unpublished pathologic post-mortem study 
comparing human AD brain specimens to non-AD controls, “no correlation was observed 
between aluminum levels and tau or Ab pathologies, nor with the age of patients. However, 
concentrations of Na and Zn in AD, Mn and Cd in aging were significantly increased. K, Mg and 
Cu in AD were significantly decreased. Ca, Fe, Ti, V, Cr, Co, Ni, Sr, Mo and Pb were found to 
be unmodified (Delacourte et al., n.d.).  

Even in the workplace, problems of Zn exposure continue to be reported. A case of 
hypersensitivity pneumonitis caused by zinc fume has been reported in Japan. “A 55-year-old 
man with a 3-year occupational history of welding was admitted for repeated episodes of fever, 
cough and dyspnea after inhalation of smoke while welding galvanized steel. . . symptoms and 
signs disappeared spontaneously only when he ceased welding . . .  hypersensitivity pneumonitis 
caused by zinc fumes (Miyazaki et al., 2006).” Despite this, differences exist in defining 
workplace limits. The Occupational Safety & Health Administration (OSHA) permissible 
exposure limits (PELs) final rule limit Zn oxide dust is 10 mg/m³(total), 5 mg/ m³ (respirable), 
and the OSHA PEL final rule limit for Zn oxide fume is 5 mg/m³. PEL for zinc oxide fume is 5 
mg/m³. The American Conference of Governmental Industrial Hygienists (ACGIH) Threshold 
Limit Values (TLVs) for zinc oxide is 2 mg/m³ (respirable fraction) with a Short Term Exposure 
Limit (STEL) of 10 mg/m³ (respirable fraction). 

An important conclusion is that the deficiency tail of the U-shaped curve appears to be well 
defined. Additionally, benefits of Zn supplementation at reasonable levels are clear. However, 
the upper end of the u-shaped curve is more difficult to define. Interaction between Zn and other 
trace metals and the state of metal balance appears to play a crucial role in determining health 
and disease and may explain, in part, the apparent contradictory results found in the medical 
literature. Workplace health issues related to exposure to Zn continue to be reported in the world 
literature. 

Zinc Issues - Discussant 
Joyce Donohue, United States Environmental Protection Agency 
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There are a variety of challenges associated with the risk assessment of Zn. The boundary 
between dietary needs and early signs of overload ranges around 30mg/day (for adults). 
Understanding the mechanisms of complex homeostatic regulation and the impact of dietary 
fiber and phytates on bioavailability also poses a challenge for risk assessors. Another challenge 
in understanding Zn issues is determining the mineral: mineral interactions in supplement 
studies. It is not clear whether effects observed are due to the supplement, or a mineral imbalance 
in the subjects. Specific challenges are Zn:Fe, Zn:Cu and Ca: Zn.  

Other challenges include the similarities of effects on the deficient and excess sides of the dosing 
spectrum. Population baselines for studies of lipoproteins and cholesterol are also quite hard to 
control for. It is difficult to understand whether control and experimental subjects fall in the same 
population percentile range with respect to the aforementioned criteria. Another confounder is 
created when it is unknown whether subjects with low, average and high HDL or cholesterol 
levels respond in the same manner to Zn deficient and Zn supplemented diets. 

Toxicology due to excess and deficiency 
Peter Aggett, University of Central Lancashire, Preston, United Kingdom 

A common method of risk assessment (hazard and dose-response assessment) is the risk-benefit 
analysis. It is also a common currency to describe the health impacts, for example, describing 
health issues in terms of Disability Adjusted Life Years (DALYs). Table 16 provides an example 
of a risk-benefit analysis of three foodstuffs in the Netherlands. Figure 25 portrays a dose-
response curve with an idealised acceptable range of oral intake.  

Some issues surrounding 
risk-benefit or benefit-risk 
analyses are the different 
disciplines of the assessors, 
whether the assessors are 
toxicologists or 
nutritionists. Results may 
be confounded by mutual 
respect and misplaced 
trust. The quality of the 
data bases can also affect 
the results, and it is 
difficult to determine 
whether there is a common 
currency in the entire 

Table 16: A risk-benefit analysis for three  foodstuffs in the Netherlands 
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knowledge base. A highest common denominator of quality for the knowledge base would be 
ideal. However, there are different approaches to dealing with uncertainty and variability that 
also affect the assessments. It is also important to keep in mind that ‘risk’ and ‘benefit’ are not 
antonyms.  

There are a few important 
definitions associated with 
toxicology and risk 
assessment. Hazard of 
excess is the inherent 
property of a nutrient or 
related substance to cause 
adverse health effects 
depending upon the level of 
intake. Risk is the probability 
or likelihood that a hazard 
will actually cause harm to 
an individual or population 
group. Hazard of 
inadequacy is the inherent 
property of “the absence” of 
a nutrient or related 
substance to cause adverse 
health effects depending 
upon the level of intake. 
Definitions for benefit are 
quite vague - they can be as 
simple as ‘avoiding 
deficiency or toxicity.’ 

For successful and useful 
risk assessments, a balance 
of hazards and “benefits” 
rather than risk-benefit 
analysis should be 
conducted. Characterization 
of adverse health events is also a key component for the analysis. Figure 26 provides an 
overview of the metabolic spectrum, identification of the root causes, critical control points and 
relevant markers is essential. 

Figure 25: A dose response curve with an idealised acceptable range of 
oral intake.  

Figure 26: An overview of the metabolic spectrum   



Health Risk Assessment of Essential Metals Workshop 

 

50   

 
 

Quality guidelines for risk benefit 
analyses are available in the 
Principles and Methods for the 
Assessment of Risk from Essential 
Trace Elements. A biologically based 
approach to risk assessment involves 
an exploration of a homeostatic 
approach to risk assessment of 
exposure to Essential Trace Elements. 
There are difficulties in balancing 
beneficial and adverse events, and it 
is important to set an Acceptable 
Range of Oral Intake (AROI). Figure 
27 depicts a metabolic template for 
metals and outlines some critical 
events in the process. 

Figure 28 is a dose-response curve where hazard-benefit-hazard responses to inadequate and 
excess exposure to a micronutrient are documented. The inadequate hazard is located on the left 

Figure 27: The critical events in the metabolic template for 
metals   

Figure 28: Dose-response curve with hazard-benefit-hazard responses to inadequate and excess 
exposure to a micronutrient are documented.  
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side of the graph, and the hazard of the excess is located on the right side. 

A Model for Establishing Upper Levels of Intake for Nutrients and Related Substances is a 
document from the WHO that is a critical evaluation of the experience using risk assessment 
approaches. It has valued the potential rigour and transparency of the process. Reappraisal of 
AHEs, uncertainty, and exposure assessment are included. 

Adverse health effects used in hazard characterization include clinical symptoms of significant 
but reversible effects, clinical signs indicative of significant reversible organ damage and clinical 
signs indicative of irreversible organ damage. The flow of phenomena against increases in 
exposure includes biochemical 
changes outside the homeostatic 
range without known sequelae, and 
biochemical changes outside the 
homeostatic range (a marker of 
potential adverse effects due to 
excess).  

Metabolic processes, categorized as 
ADME, include absorption (which 
involves uptake and transfer), 
distribution (which involves 
deposition), metabolism (involving 
use, change and deposition), and 
excretion. Observed intakes and 
body composition include metabolic balances as increased or decreased GI uptake and/or 

Figure 29: Population distribution of requirements of a 
nutrient 

Figure 30: Other forms of population distribution curves used; a unimodal/normal/Gaussian 
distribution is the preferred curve 
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transfer, circulating levels as 
altered distribution or changes 
in peripheral supply, metabolic 
changes, altered “stores” and 
excretion and functional 
changes.  

Figure 29 demonstrates where 
on a graph a Recommended 
Dietary Allowance (USA), a 
Reference Nutrient Intake 
(UK), or a Population 
Reference Intake (EU) is 
found. The choice of a 
population distribution model 
is a unimodal, 
Gaussian/normal distribution. 
Other forms of curves, as 
depicted in Figure 30 can 
provide negative values. Figure 
31 is a graph depicting a 
variety of distributions of 
intakes and requirements.  

There is a need for an 
international harmonisation of 
approaches for developing 
nutrient-based dietary 
standards. Figure 32 shows the 
range in the different levels of 
UL or ANR values. An 
illustrated spectrum of this is 
found in Cu. There are mixed 
databases, few systematic 
exposure response curves, very 
limited intake or exposure data 
and few human data. Figure 33 is a diagram of Cu metabolism. The corresponding descriptions 
to the numbers in the diagram are found below. 

Figure 31: Distributions of dietary intakes and requirements for Zn 

Figure 32: Population distribution of requirements for a nutrient: 
demonstrating the variability among different guidelines values 



Health Risk Assessment of Essential Metals Workshop University of Ottawa 
  May 6-7, 2008 
 

53   

 
 

 (1) There are specific 
carriers for the intestinal 
mucosal uptake of Cu, 
and  
(2) For its transfer across 
the basolateral membrane 
into 
(3) The portal circulation  
(4) Whence it is carried to 
the liver. First pass 
hepatic uptake is highly 
efficient (for modelling 
sake 100 percent).   
 (7) In the liver there are 
at least 4 pools; a store in 
metallothionein, its use in 
enzymes, incorporation 
into caeruloplasmin, and 
(8) An excretory pool.  It 
is possible that recently absorbed copper might be directed to the excretory pool, but it is more 
probable that hepatobiliary excretion of Cu involves material which has recirculated defunct 
caeruloplasmin to the liver and has been taken up by hepatocytes using another mechanism to 
that for the uptake of recently absorbed Cu.   
(5) Caeruloplasmin is secreted by the liver into the systemic circulation whence Cu is taken to 
peripheral issues which have caeruloplasmin receptors, which take up their Cu by endocytosis, 
the copper is removed from the caeruloplasmin and the protein is excreted.  As indicated the 
intestines absorb Cu from the diet, intestinal secretions, shed degraded cells, and, possibly, some 
of that which has been excreted.  However, it is possible that the chemical species of excreted 
copper minimises its reabsorption.   
(9) Usually there is a very small amount of Cu in the urine.  The kidney has some ability to 
conserve Cu in the renal filtrate. 
 
Figure 34 is a diagram that outlines the metabolic processes related to Cu excess. The processes 
are described below. 
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Figure 33: Diagram of Cu metabolism 
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 (1a) Initially excess Cu 
appears to accumulate in the 
liver, in the metallothionein 
based store, 
(1) And there is an increase in 

excretion.   
(2) At the gut mucosa, there is 

a down the regulation of 
the carriers.  

(3) With continued excess, 
metallothionein is induced 
in the gut mucosa and this 
blocks the transfer of 
copper into the body.   

(4) There comes a time when 
excessive hepatic Cu starts 
to damage the organ and 
there is evidence of hepatic architectural and functional disruption.   

(5) “Leakage of copper” into the circulation results in peripheral accumulation which over an 
extended period can cause significant damage to the brain, joints, and other organs.  Urinary 
and plasma Cu may be increased, but it is quite striking how small the increments in 
circulating Cu levels are even in the presence of significant Cu overload.  

 
Table 17 contains a list of the possible spectrum of Cu metabolism, with respect to ADI. 

In risk assessments, variability arises from interindividual differences arising from functional 
polymorphisms, programming, age, gender and physiological maturation.  Uncertainties can 
arise from factors which are unknown or imprecise, such as exposure, measurements, 
methodologies, extrapolations or manifestations of impact. An alternative, biologically based 
model would make use of nutrient kinetics (ADME) and dynamics and would use mechanisms of 
observed effects such as homeostasis and pathological events. The model would also work from 
a critical effect to identify a more convenient marker, exploiting information on the pathogenesis 
of the adverse event related to inadequate and excessive intakes. It would facilitate less 
conservative ULs from NOAEL approach, and extrapolations from ANR. 

INTAKE

Uptake 
Transfer

Portal
Haematopoietic

R.E.S.
Pancreas
Gonads
Brain

Muscle
Bone 
Skin
Hair

Systemic
PlasmaPlasma
Cu; Cp

(N,+,-)

Copper 
Excess:

Caeruloplasmin

Urinary Cu

1

2

3

1a
4

5

Excretion

Metallothionein

Metallothionein

Cu 
loss

copper in 
tissues

4

Figure 34: Diagram of metabolic processes related to Cu excess 
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The model would also 
provide identification, 
characterization and 
validation of markers for 
key homeostatic events. It 
would also enable 
exploitation of quantitative 
data on genomics, 
proteomics 
(metabolomics) either as 
markers or to validate 
other markers and 
potentially develop and 
exploit predictive 
indicators/ markers for 
short and long term 
outcomes. The model may 
also allow for temporal 
patterns of exposure, 
duration and risk, and the 
long-term latency of effects.  

Finally, a biologically-based model would support the acquisition of dose-response data. It 
would also provide an assessment of human variability (and uncertainty) and of interspecies 
uncertainty in extrapolation from animal models to humans. Lastly, it would provide a founding 
of a common spectrum for dose - response relationships for both toxicity and deficiency. 

U-shaped dose response curves 
Michael Dourson, Toxicology Excellence for Risk Assessment (TERA), Cincinnati, Ohio, USA 

I’m going to talk a little bit about current methods from a toxicologist’s perspective, with respect 
to the U-shaped dose-response curve.  Many individuals are familiar with these forms of 
presentations, especially regarding dose-response curves. However, I would like to discuss the 
current model and examine some points of improvement. Figure 35 is a risk assessment and risk 
management model from the National Academy of Science (NAS). Back in the early 1980s, we 
were conducting toxicological tests and experiments on a variety of substances. Reference doses 
were known as acceptable daily intakes (ADI), and this was essentially the risk management 
strategy - setting the daily intake levels.  

TOXICITY

ADEQUACY

DEFICIENCY

>5000

100

34

11
9
8.5 

5.2

2

DEATH
Gross disturbance of nutrient metabolism.
Tissue architectural  damage 
Hepatic “detoxification” and homeostasis 
overwhelmed
GI metallothionein induced 
Cu absorption down regulated 
Hepatic metal lothionein increased ++;
lysosomal excretion of copper
Hepatic uptake, sequestration and excretion effect 
homeostasis:
GI uptake efficient, Hepatobiliary excretion
Biliary excretion reduced
Hepatic deposition depleted
Gastrointestinal absorption increased
Negative copper balance
Cu enzyme activities reduced,
Impaired substra te metabolism
Peripheral pools disrupted
Disturbed function and substrate metabolism
DEATH

Table 17: A postulated spectrum of Cu metabolism: approximate daily 
intakes ug/kg body weight     
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When considering risk assessments 
for specific substances, the first 
question to ask would be if the 
substance is toxic. The second 
question addresses the extent of that 
substance’s toxicity. This question 
deals with dose-response assessment. 
Essentially, everything can be toxic. 
Water, if consumed in mass quantities, 
can be toxic. However, you would 
need approximately 3-4 gallons a day 
to kill you, whereas other toxic 
substances can have miniscule lethal 
doses. The third question deals with 
exposure assessment, addressing who 

is exposed to the substances, in what quantities, the duration and frequency of exposure. Risk 
characterization is a fourth element that deals with the relevance of the toxic nature of the 
substance. The fifth element is the risk management process, dealing with how the issue will be 
managed.  

Focusing on dose response assessment, this involves the derivation of tolerable daily intake 
levels (TDI), RfDs and risk specific doses (RSDs). Attaining this information provides a 
scientific basis for evaluating whether existing environmental exposures are impacting public 
health. We also try to take complex dose assessment and risk assessment information, and boil it 
down to a simple level that can also be used for risk communication. This data also promotes risk 
communication by informing the public of potential adverse effects of chemical exposure. Dose 
response assessments also enhance product stewardship efforts by providing more complete 
health and safety guidance to chemical manufacturers. 

For the TDI, RfD or RSD levels, the point of departure for determining these measurements is 
the NOAEL or BMD being divided by an uncertainty factor (UF). Essentially, it is dividing the 
risk by the slope of the dose-response curve. The risk is generally defined as the issue affecting 
on person in 10,000 to one person in 1,000,000, which is then divided by slope of the dose 
response curve at the BMD.  

A number of judgments are used in the determination of these sub-threshold doses. One of the 
main judgments is determining what constitutes an adverse effect, or syndrome of adverse 
effects, with a given chemical, and then finding its critical effect. This choice of the most 
appropriate point of departure is often derived from experimental animal data. The second main 

Figure 35:  The National Academy of Science (NAS) risk 
assessment and management model     
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judgment is finding the appropriate composite uncertainty (or safety) factor that should be use 
based on considerations of the entire toxicity data base.  

Figure 36 provides an 
example of the perchlorate 
dose-response curve. In the 
case of perchlorate, it has a 
variety of effects. It can 
affect the thyroid gland 
function, causing 
hypothyroidism, and can also 
affect neonatal central 
nervous system 
development. As stated on 
the graph, the first adverse 
effect is hypothyroidism; this 
is also the critical effect. 

However, in other cases, effects are clearly not adverse, nor precursors; other effects are clearly 
adverse or precursors; and many effects are of uncertain adversity. The judgment of what effects 
are adverse is often difficult and often depends on the spectrum of effects seen in the chosen 
study or other studies in the data base.   

There are other current issues and activities that revolve around the critical effects and points of 
departures in risk assessments. There is a new trend that leans towards better characterizing the 
dose response of the critical effect in the low-dose region.  For example, this is seen in BMD and 
categorical regression and Markov-Chain Monte Carlo for toxicokinetic models. This is also 
worked into the research done with cooperative agreements to address dose-response approaches 
for mutagenic chemicals (Moore and Haber, 2006) and the evaluation of severity, adversity, 
adaptation, compensation, hormesis and essentiality in critical effect. 

Another trend among scientists has been to increase the use of precursor data to judge the mode 
of action. For example, a mode of action framework was developed for evaluating experimental 
animal evidence in relationship to humans (Meek, 2008). NIOSH has also conducted research for 
evaluating biomarkers, which includes a Bayesian network for using biomarker data. Another 
example is found in the US EPA’s research on the pathology-physiological progression to 
develop criteria to categorize endpoints.  

Figure 36:  Dose response curve for perchlorate  
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The use of a 10-fold UF has 
become a default in risk 
assessment. However, there is a 
new trend that is using chemical 
data to replace this default value. 
The International Programme on 
Chemical Safety uses methods for 
using chemical-specific 
adjustment factors (CSAFs). 
There are Society of Toxicology 
SOT award-winning papers on 
the implications of genetic 
polymorphisms for development 
of uncertainty factors and CSAFs, 
children’s risk, and methods for 
addressing human variability (Haber et al., 2002). Ideally, we want to move towards using data 
as the default, and not simple a 10-fold UF. 

Figure 37 outlines some of the implications that may address the question if there exists an 
essential level above the range of the TDI, RfD or RSD.   

Essential elements, as per a risk assessment definition, are statistical or biological significant 
increases in adverse effects at both lower and higher doses from an optimal or background point 
in the dose response curve. Hormesis, is defined by risk assessment as statistical or biological 
significant decreases in adverse effects below background in the low dose region. With either 
definition, low, but yet measurable doses, exhibit a positive and beneficial effect. Figure 38 

depicts the general form of hormesis and 
essentiality curves. The hormesis curve is 
represented by the red line and the blue line 
represents the essentiality curve.  

Mechanisms for hormesis are used by 
essential nutrients such as chromium & 
copper. The mechanisms involve 
overcompensation & induction of protective 
responses. This can include increased heat 
shock proteins from mild heat stress or 
glutathione from oxidative stress. There are 
benefits and risks for different organs. Low 

Figure 37:  Does an essential level exist above the range of the 
TDI, RfD or RSD?  

Figure 38: General forms of hormesis (blue curve) 
and essentiality (purple curve) curves 
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doses of ethanol can have benefits in heart, but high dose can cause problems in the CNS and the 
liver. There are shifts in the response spectrum, for example, cyclophosphamide has increased 
resistance to flu and a decreased resistance to tumors. Other mechanisms include stimulatory and 
inhibitory receptors within the same organs (for example, apomorphine) and masking, 
antimicrobial stimulation of growth masking of overall toxicity that is measured by changes in 
body weight. 

The current approach to essentiality is depicted in Figure 39. Groups that may or may not 
interact with each other are separated in order to assess toxicity and determining RfDs, and other 
‘safe’ doses.  

What is the way forward? We 
can do case-by-case, which is 
what we are doing now, or 
we can take a Mode of 
Action approach (MOA). A 
key question to ask is if the 
MOAs are the same and the 
effect severities similar? The 
answer for both components 
of that question will depend 
on a variety of situations. In 
the case where both answers 
are ‘no,’RDA, RSD or RfDs 
must be developed, and they 
must allow for overlap if the 

biology indicates areas for the overlap. Additionally, one could plot a composite effect/benefit 
curve by addressing severity via categorical regression. When the MOAs are not the same and 
the effect severities are similar, one can plot composite data using new models and determine 
nadir. When the MOAs are the same, and the effect severities are not similar, one can plot the 
composite effect/benefit curve by addressing severity via categorical regression. For situations 
where the MOAs are the same and the effect severities are similar, one can make plots using new 
models and determine nadir.  

Figure 40 is the graph of the existing real curve where the mechanism is not the same and the 
effect severity is not similar. RDA, RSD, TDI or RfD values must be developed, the resulting 
curves can be combined (as in the graph) or a model via categorical regression can be generated. 

Figure 39: The current approach to the essentiality problem; 
separate groups that may or may not talk to one another develop 
“safe” levels 
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In the case where the mechanism is 
the same, but the severity is 
similar, Figure 41 demonstrates the 
graph that would ensue. The curve 
differs for each form of disease: the 
J-shaped curve represents total 
mortality for ethanol intake; there 
is no apparent increase until higher 
drinking levels for the cancer graph 
in the top right of the diagram; the 
U-shaped curve is attributed to 
cardiovascular disease; and the L-
shaped threshold effect describes 
coronary heart disease . 

When the mechanism is the same 
and there is no similar effect 
severity, I could not come up with 
real-life examples of this situation. 

With respect to the case where the 
mechanism is the same and the 
effect severity is similar, we have 
an example from our hormesis 
literature. Figure 42 represents the 
curve that describes the 
relationship of the adverse effects 
sustained by the survivors of 
Hiroshima and Nagasaki, and the 
radiation hormesis patterns. A 
point to note on the graph, the 
lowest data point is 8 cGy, which is 
the optimum dose for suppression 
of leukemia. 

Figure 40: The mechanism is not the same and the effect 
severity is not similar. RDA, and RSD, TDI or RfD curves are 
combined  

Figure 41: The mechanism is the same and the effect severity is 
not similar.  
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Unlike a variety of other toxicants, 
essentiality is testable at low doses 
relevant to actual human exposures. This 
bears specific relevance with ethical 
implications, where using other toxic 
substances for human testing is unethical. 
Essentiality also provides evidence that 
two thresholds likely exist for toxic 
effects in an individual. In turn, this 
evidence may aid in the estimation of 
these thresholds in populations. 
Knowledge of the shape of the low dose-
response curves of the critical effect for 
both essentiality and toxicity would allow 
for estimating the nadir in the dose 
response assessment. 

In conclusion, the existing risk assessment and risk management model is general and can 
incorporate essential elements, but it lacks precision.  We must be able to have an increased level 
of precision for estimating dose-response effects within the model. A mode of action framework 
may provide approaches for characterizing risk and benefit of essential elements, but must 
address the differing severity of effects. Lastly, current dose response data gaps hinder the 
evaluation of the risk and benefit of several essential elements. We must start to explore new 
modeling methods, such as categorical regression in order to bridge these knowledge gaps.  

Combining data from different sources using categorical 
regression 
Daniel Krewski, McLaughlin Centre for Population Health Risk Assessment, University of 
Ottawa, CANADA 

As depicted in Figure 43, there are a variety of elements incorporated into a dose-response curve, 
especially for essential metals. There are several challenges to defining the zone of homeostasis, 
found in the middle of the graph, and there are slim margins of protection outside that normal 
homeostatic range. Dose-response curves are likely to differ in magnitude between deficiency 
and excess and there remains some uncertainty with respect to what levels should be 
recommended to balance the risk of toxicity and deficiency. In order to fully understand the 
implications of Cu on human health, and implement sound management strategies, the dose-
response relationship for Cu needs to be adequately defined.  

Figure 42: relationship of the adverse effects 
sustained by the survivors of Hiroshima and 
Nagasaki, and the radiation hormesis patterns 
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Traditional modeling 
methods take a NOAEL 
where you don’t see any 
characterization of 
uncertainty levels. There 
is a limited use of the 
available dose-response 
information 
incorporated into the 
NOAEL, and the values 
are usually based on 
single dose-time data 
points. The NOAEL is 
also selected based on 
the presence or absence of effect at a specific dose level. The BDM is the point estimate of the 
dose which induces a given response (e.g. 10%) above unexposed controls. Unlike the NOAEL, 
it quantifies uncertainty characterizations, having a measure of variability based on actual data 
incorporated in to the calculation (BMDL). Rather than extrapolation to low doses not 
experimentally tested, the BMD is calculated with responses within experimental ranges. BMD 
calculations also use all of the data information by fitting a model, using empirical curve-fitting 
techniques. Additionally, only binary severity scores are used. 

Categorical regression analysis can be used when mechanistic models are lacking, and when 
insufficient evidence is available to support a complex dose-response relationship. Application of 
regression analysis and organizing response data in the form of ordered categories of severity in 
order to predict the probability of achieving a particular severity category as a function of one or 
more independent variables. This form of analysis can be used to model multiple studies and 
endpoints simultaneously using a common toxicity metric. Additionally, a dose response-model 
may be fitted to data where only severity ratings are available. The actual software itself is quite 
elaborate, and started being used in the 1980s. While the US EPA did not have a very polished 
piece of software a few decades ago, the software is now very user-friendly, and vey easy to 
work with. 

At this point in time, there is a good sample of animal studies investigating the health effects 
from copper deficiency and toxicity. However, the heterogeneity amongst these studies in terms 
of species, dosage, endpoint and route of exposure limits the application of traditional methods 
of analysis. Traditional dose response assessment approaches where the RfD for toxicity is 
divided by a UF may bring the resulting value into the deficiency range. Multiplying the 
reference nutrient intake may bring the “safe” dose above the toxicologically safe dose.  

Figure 43: The complex nature of a dose response curve for essential metals 
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There are a few advantages to using categorical regression analyses. The analysis has the ability 
to define a relationship be increasing incidence and severity of response. As the U-shaped dose 
response curve is inherently complex, considerable amounts of diverse information are required 
to ensure that a model can define this relationship as accurately as possible. Additionally, it is a 
more appropriate method to insure that the best available evidence is utilized and integrated into 
a single quantitative analysis. It can be used to combine data from multiple studies and utilize 
information on multiple species, and this is one of the advantages categorical regression has over 
BMD and low dose extrapolations analyses. The resultant curve is no longer based solely on the 
most sensitive strain, species or sex, and it may be more predictive of actual human risk. Scatter 
demonstrated in the regression can also provide useful information on the uncertainty in the dose 
response model. 

The categorical regression analyses are conducted by a computer program developed to support 
toxicologists and health scientists conduct exposure-response analyses. Developed by U.S. EPA, 
the program executes a regression analysis of the severity scores and exposure parameters. There 
are three statistical models available: logistic (logit), normal (probit) and gumbel (log-log). The 
regression determines whether the coefficients for concentration and time differ by severity 
level. The program is also able to develop methods for estimation and hypothesis testing of 
model parameters, determining the range of options for sensitivity analysis and can produce 
graphical displays of data and fitted models. It is also possible to combine data sets from 
different experiments, and conduct statistical testing for the differences between the combined 
experiments.  

In April 2007, a review was published in the Journal of Toxicology and Environmental Health, 
highlighting strategies for modeling the dose-response relationship for Cu. The article highlights 
the uncertainties with respect to the mechanisms underlying Cu-induced toxicity and the 
potential utility of applying categorical regression modeling to analyze the diverse range of data 
to develop a dose-response relationship.  

For the actual data collection process, we basically had to look through the world’s literature by 
conducting a review of the scientific literature, and identified papers on Cu toxicity due to excess 
and deficiency. We then reviewed the papers for quality and selected key studies that would be 
used for the categorical regression using a consensus approach. Through our consensus 
approach, we reviewed over 600 papers for hazard identification and dose response assessment. 
Studies that were excluded from our analysis included exposures in utero, studies with no 
reliable level of exposure, depletion / repletion phases, studies with only pharmacokinetic data 
and case reports with no known exposure duration. Table 18 contains the criteria that were used 
for exclusion of studies. High quality studies were preferred, and a selection of studies of 
medium or low quality was also included. They were included either because they were the only 
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ones available on a particular outcome (reproduction or development) or they were widely cited 
in reviews of Cu toxicity and thus, were well known. Figure 44 provides a detailed overview of 
the number of studies that were found, excluded, and the categories that they fall within.  

Table 18: Exclusion criteria for the literature reviewed for to study 

Most Useful                                                                                                                             Least Useful  

1  2  3  4  5  

Multiple dose or 
multiple 
outcomes from 
intact animals or 
humans  

Adequate 
Reporting  

Physiological 
Measures  

Multiple or single dose 
from intact animals or 
humans  

Fairly Good Reporting  

Likely to yield useful 
information  

Change in time points 

Cellular effects  

Single dose or 
clinical study/case 
report  with 
indeterminate dose  

Tracer or PK Study  

Info re. body burden 
or kinetics  

Mechanistic or 
cellular effects  

No dose 
information  

Physiological 
information  

Review  

No Utility  

We ended up with 92 papers where examples of NOAELs and BMDs were determined. Each 
endpoint assigned a severity score of 0, 1, 2, or 3 for the categorical regression, where 
0=homeostasis, 1=enzyme changes, 2=metabolic perturbations and 3=gross toxicity or 
deficiency. Both excess and deficiency studies were based on the same scoring system. Table 19 
provides a more detailed explanation of the severity scoring criteria. Overall, a total of 3,844 
severity scores were assigned. A total of 312 maximum severity scores were selected from each 

dose group in each study. Table 20 provides 
an example of an input file in CatReg (with 
Cu data). Each marker represents one 
exposure group from each study, hence more 
than one line for the same reference ID. 

Different dose metrics were used in studies 
involving disparate health effects and animal 
species. Therefore, the most appropriate 
common dose metric should have been 
selected. It is essential to explore different 
measures of copper exposure, as the 
application of different dose metrics can alter Figure 44: The results for the hazard identification 

literature search 
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the dose-response curve and produce different results when extrapolating across animal species. 
There is currently no clear evidence to support one common dose metric over another; however, 
at this point it appears that mg/kg bw/day would be a reasonable option.  Other forms of 
interspecies scaling were bw2/3 for surface area, bw3/4  for intermediate and mg/day for total 
intake. There are relevant publications available that have reviewed the precision of different 
scaling approaches.   

Table 19: A more detailed explanation of the severity scoring criteria  

Deficiency Endpoints  Severity Score Toxicity Endpoints  

Cu burden; metallothionein; urine Cu  
 
Loss of Cu-dependent enzyme function 
(SOD); Changed blood cell number or 
function  
 
 
Organ weight changes; plasma 
glucose/insulin; heart rate; EKG changes; 
minor histopatholgy; white blood cell 
activity/counts  
 
Mortality; gross histopathology 
reproductive function changes  

0 
 

1 
 
 
 
 

2 
 
 
 
 

3 

Cu burden; metallothionein; urine Cu  
 
Changes in cholesterol and triglyceride 
levels in blood/liver; large Cu burden; 
body weight; nausea; diarrhea; enzyme 
changes without histopathology  
 
Body weight; anemia; hemolysis; vitamin 
levels; liver enzymes; inflammation; 
organ weight changes  
 
 
Death; gross histopathology  

 

Table 20: An example input file in CatReg (with Cu data) 

Marker  Ref.id  Exp  Group Species Sex  
mg/kg 
bw Weeks  GpSize  BestNum 

1  1  1  1  MU F 0.06 5.6 1  1 

2  1  1  2  MU  F  0.6  5.6  1  2  

3  4  1  1  RA  M  0.02  6  1  1  

4  4  1  2  RA  M  0.25  6  1  2  

5  4  1  3  RA  M  0.8  6  1  3  

6  8  1  1  MU  F  0  4  1  1  

7  8  1  2  MU  F  1.5  4  1  3  
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Figure 45: ED10 Dose - Duration curves for severity level 3 
for toxicity to Cu excess (95% CI) for human (n=20) 
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Figure 45 was generated with the 
CatReg’s CatPlot function, which was 
based on data from 20 human studies. 
Looking specifically at toxicity in this 
example, and at severity level 3, the 
symbols represent observed effects and 
solid lines are estimated EC10 and 
dashed lines are 95% confidence 
bounds for EC10. This plotting function 
can help determine whether the 
estimated EC10 depends on duration.  

Figure 46 was generated with the 
CatReg’s strataplot function, which 
simultaneously displays the response 
data for each stratum.  This allows for 
the comparison of ED10 curves for 
different strata. The data used for the 
plot was data from humans, rats and 
mice. While rats and mice are showing 
a similar response, humans are showing 
different responses as compared to the 
animal models; there is a very nice 
separation between the animal and 
human data. 

Figure 47 was generated with CatReg’s 
prplot function which displays the 
probability curve as a function of 
concentration keeping duration fixed. 
This plotting function is useful for 
assessing whether the fitted probability 
curve is consistent with the data and for 
representing the risk over a range of exposure levels. The probability of severity level 3 or 
greater (by increasing the dose) is 50% probability of severity level 3 at approximately 1 mg/kg 
body weight per day.  
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Figure 46: ED10 Dose - Duration curves for severity level 3 
for toxicity to Cu excess  
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 Taking a look at how we adjusted 
for the obvious inter-species 
differences, we will look at Figure 
48. These plots are generated with 
CatReg’s Confplot function which 
displays the confidence intervals for 
the stratified ED10s. This graph 
depicts the overall estimates 
combined across all three species. 
Figure 49 takes into account the 
surface area. Figure 50 incorporates 
the intermediate or alternative 
process for calculating surface area. 
As shown in Figure 51, the plot with 
the total intake was found to have 
the smallest confidence interval. 
Figure 52 represents the data with a 
log dose. The larger confidence 
limits indicate that fewer studies 
were used for the regression. 

 One last point to make before I 
conclude is the question about 
parallel dose-response curves. 
Figure 53 demonstrates this parallel 
relationship. A cumulative odds 
model states that the probability that 
a severity level “s” or higher will 
occur at a given concentration and 
time is given by the exposure 
response curve. Also, the intercept 
parameters may differ by severity 
level but the coefficients for C and T 
do not differ by severity. The 

exposure-response curves for different severity levels will be parallel, and this is sometimes 
considered a strict assumption. This also implies that the exposure-response curves for different 
severity levels will not cross which would indicate a contradiction (p of 1 or greater is less that p 
of 2 or greater).  
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Figure 47: ED10 Dose - Duration curves for severity level 3 
for toxicity to Cu excess, curve generated by CatReg’s 
prplot function 
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Figure 48: ED10 Dose - graph of overall estimates combined 
across all three species, generated with CatReg’s Confplot 
function 
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A second model to consider is the unrestricted cumulative model, a non-parallel dose-response 
curve, as depicted in Figure 54. This model differs by estimating separate coefficients for C and 
T at each severity level.  It is possible that the severity curves might cross, but often the values 
for C and T at which there would be a contradiction are well outside the range of values of 
interest. This model can still be used to make an empirical risk estimate. Crossing depends on 
whether the cross occurs outside the range of interest.  
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Figure 49: ED10 Dose - graph taking into 
consideration surface area, generated with 
CatReg’s Confplot function 

Figure 50: ED10 Dose - graph incorporates the 
intermediate or alternative process for calculating 
surface area 

Figure 51: ED10 Dose - the plot with the total 
intake was found to have the smallest confidence 
interval calculating surface area 

Figure 52: ED10 Dose - graph of the data with a log 
dose 
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Some considerations for future 
analysis are that the current Cu 
database is updated to include 
additional species. Specific models 
must be selected for the analysis, 
whether they are restricted vs. 
unrestricted or cumulative vs. 
conditional odds. Exposure duration 
should also be carefully selected, 
whether it is 10 to 100 days, and a 
final dosimetry (mg/day?) must be 
selected. Multiple levels of severity 
must be examined, and a qualitative 
analysis of all data to determine the 
endpoints of the homeostatic range 
for copper must be conducted. 
Lastly, uncertainty factors for 
sensitive individuals must be 
considered.  

 

 

 

 

 

 

 

 

Discussion 
 Donna Mergler, Université du Québec à Montréal: Taking a human, and exposing a human, to 
100 days or the real life situation of exposure is certainly different than experiments done in a 
laboratory. An example that I know best is Mn, where the animal and human data are not 
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Figure 53: Parallel dose-response curves 
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necessarily on the same scale. How does one take life stage exposure, and examine toxicity 
testing with respect to different life stages? 
 

Mel Andersen, The Hamner Institutes for Health Sciences: I found it interesting that your final 
dose measure was mg/d. To what extent were those characteristics determined?   

Daniel Krewski, McLaughlin Centre for Population Health: I have a confession: when people 
suggested looking at mg/d as a dose metric, it just seemed too crude. However, mg/d for other 
essential elements does seem to have some merit.  

Mel Andersen, The Hamner Institutes for Health Sciences: I don’t know much about copper, but 
the people who know much about copper could say how it compares to mg/d.  

Craig Boreiko, International Zinc Association: I found it interesting that the ED10 did not 
change in fact that you’re severity t2 endpoints are a mixture of acute and chronic end points. 
 

Len Levy, Cranfield University: Would this form of categorical regression work for other areas? 
If you’ve got something like a potent carcinogen, among some of the effects that you are 
observing, you may have to do a risk assessment based entirely upon the carcinogenicity.  

Daniel Krewski, McLaughlin Centre for Population Health: To answer the question of how will 
this work for other areas, my first naive response would be to try for another essential metal. We 
are hoping to be able to do this for other datasets. My second comment is on cancer as an 
outcome, which does have some mechanisms that are different from systemic toxicity.  

Bonnie Stern, BR Stern and Associates: What is the biological significance of the units of 
measurement?  

Daniel Krewski, McLaughlin Centre for Population Health: I spent the first 10 years of my life 
in animal and using standardize by body weight, and it became some sort of a tradition. 

Tissue dose based risk assessment 
Melvin Andersen, The Hamner Institutes for Health Sciences, North Carolina, USA 

I’m going to talk about tissue dose based risk assessments. I will be talking specifically, PBPK 
modeling and the development of dosimetry based risk assessment approaches. I will also 
address the differences in applying these approaches for ‘xenobiotics’ and for essential metals, 
e.g., ‘normobiotics,’ the dosimetry modeling with Mn (status and plans) and potential uses for 
risk assessments.  
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The purpose of dosimetry models in 
risk assessment is to identify toxic 
effects in animal or human 
populations. These models also allow 
for the evaluation of available data on 
time courses, tissue accumulation, and 
route of exposure. They also describe 
likely mode(s) of action, propose 
relationships between tissue dose and 
responses, calculate tissue dose during 
exposures causing toxicity and 
estimate risk in humans based on 
assumptions of similar tissue 
response for equivalent target tissue 
dose.  

An example of a PBPK model is 
found in Figure 55. The figure 
describes the uptake by inhalation 
and uptake from the GI tract, as well 
as how the fat, muscle, liver, and 
other tissues interact with the 
presence of the methylene chloride.  
It is clear that there are target tissues, 
modes of action, and different modes 
of administration that have to be 
considered. 

The interspecies dose comparison for 
metabolites from the glutathione 
transferase pathway is shown in 
Figure 56. The comparison allows for 
estimation of relevant dosimeter for 

tissue response and calculation of the dosimeter for different dose routes, dosing scenarios, and 
in different species when the pertinent biological parameters are known across species. 

Within Non-cancer xenobiotic risk assessments, the NOAEL or the BMD values are used to 
calculate the tissue dose. Uncertainty factors, up to 10, are applied for extrapolating from the 
LOAEL to NOAEL, short- to long-duration, animal to human data, for human variability and for 

Figure 55: A PBPK model for methylene chloride 

Figure 56: The interspecies dose comparison for metabolites 
from the glutathione transferase pathway 
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an inadequate database. UCFs are applied to adjust tissue dose, and dosimetry models are used to 
calculate acceptable exposures.  

Regarding the U-shaped dose-response curve, there are some key questions that must be 
considered when analyzing adequacy and excess. For example, what intake rates (i.e., what 
target tissue levels) are associated with normal function? What pharmacokinetic processes are 
responsible for maintaining manganese tissue concentrations in the body? In what manner do 
dose route and intake rates affect manganese concentrations in target tissues?  

For the case of Mn, we can take the analogy of Dr. Jekyll and Mr. Hyde as reference to toxicity 
and essentiality. Mn is an essential nutrient with multiple adverse effects that are noted when 
levels in diet are inadequate, representing the Dr. Jekyll side of the metal. Such adverse effects 
include skeletal abnormalities, neonatal ataxia, impaired reproduction and defects in 
intermediary metabolism. Mr. Hyde is represented through the toxicity associated with 
accumulation in specific portions of central nervous system. Routes of exposure include 
inhalation of dust (most frequent route), drinking water/diet (infrequent), complications of liver 
disease in humans and parenteral supplementation in humans. The human body is able to control 
how much Mn is present in the body. Table 21 demonstrates the varied levels of Mn uptake by 
different tissues.    

 

What do we mean by mode of action? One likely 
source of toxicity involves free Mn, causing 
oxidative cycling, and leading to the formation of 
dopamine quinines. After ‘essential’ sites are 

Dietary Mn level

Tissue 4 ppm 75 ppm 300 ppm 1000 ppm

% of dose/g of dry mattera

Stomach 10.05 ± 3.24b 3.29 ± 1.62b 1.62 ± .31c 1.40 ± .41c
Duodenum 44.80 ± 18.28b 7.04 ± 2.05bc 1.62 ± .61c 1.62 ± .79c
Jejunum 10.30 ± 3.60b 3.68 ± .76bc 1.83 ± .64c 1.41 ± .46c
Ileum 4.62 ± 1.21b 5.43 ± .99b 4.68 ± 2.10b 6.90 ± 2.96c
Cecum .81 ± .68b 1.12 ± .22b 1.21 ± .53b .97 ± .59b
Colon .22 ± .16b 1.39 ± 1.32b .66 ± .27b .98 ± .50b

Table 21: Levels of Mn uptake in different tissues 

Figure 57: The balance of Mn intake  
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occupied, free Mn increases disproportionately within the body. There is a ‘teeter-totter’ for Mn, 
as shown in Figure 57. At low intakes, and probably also during development, there are 
processes which ensure that Mn is not removed very quickly. On the other side of the spectrum, 
there are also processes that that allow or enhance Mn elimination (primarily biliary) or restrict 
its reaction with other bodily chemicals.  

 What do we have to consider in order to understand Mn disposition? Researchers must have a 
solid understanding of background tissue concentrations and multiple dose routes. Additionally, 
the differences between animal species (rats, monkeys, humans) must be accounted for. An 
understanding of dose-dependent binding and tissue kinetics is required to distinguish free and 
bound tissues. We should also know when to expect significant increases in tissue-free Mn.  

We are able to consider developing a dosimetry model for manganese because of the availability 
of high quality data sets with tissue time courses for Mn in rats and monkeys. The dosimetry 
models do not create data, as they serve to organize information and help understand 
relationships between varying dose rates and altered outcomes.  

Figure 58 demonstrates various exposures and elements that affect the elimination rate constant 

for Mn in animal models. Figure 59 depicts the elimination constant in humans. Notable points 
are that the rate constants for exchange are not very different from rodents, and that dose-
dependent increases in kelim restrict the accumulation of Mn in an otherwise linear model.  

0 20 40 60 80
1

10

100

0 20 40 60 80

Pe
rc

en
t o

f D
os

e 
R

em
ai

ni
ng

Days Days

0.0 mg/m3    0.03mg/m3    0.3mg/m3    3.0 mg/m3

A B

0 20 40 60 80
1

10

100

0 20 40 60 80

Pe
rc

en
t o

f D
os

e 
R

em
ai

ni
ng

Days Days

0.0 mg/m3    0.03mg/m3    0.3mg/m3    3.0 mg/m3

A B

Figure 58: Elimination rate constant increased after 
exposures to high Mn for 2-weeks 

Figure 59: Elimination rate constant for 
Mn in humans 
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Occam’s razor is called purposeful 
simplification, and this is demonstrated in 
Figure 60. Free concentrations of Mn have 
come into a tissue, and they must move with 
the help of transmitters across the cell 
membrane. Figure 61 depicts a more detailed 

and larger description of Mn 
in the entire body.  

One really irritating aspect 
related to these 
physiologically-based models 
is that we have to take into 
account the diet of the 
organism. As shown in 
Figure 62, studies done in 14 
or 90 days with rats and 
monkeys demonstrate 
varying levels of biliary 
excretion of Mn. Figure 63 
shows that when examining 
tissue-specific areas, the 
tissues are sometimes able to 
maintain steady states. 
However, after a two week 
exposure set, accumulation in 
the liver is discovered, as 
shown in Figure 64. Figure 
65 shows that after 90-day 
exposure, there is not much 
difference in the Mn 

concentrations.  

Figure 60: Purposeful simplification of Mn 
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Figure 61: Detailed model of Mn in the adult human body 
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Figure 62: Diet affects biliary excretion of tracer 
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Figure 63: Tissues maintaining steady states  
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In relating the rat model to monkey data, there are a few elements that must be considered. 
Extrapolation of the model is involved, which means making the model parameters consistent 
with the physiology of a monkey. We had to take our rat model and change the parameters such 
as body weight, blood flows, tissue volumes, and biliary excretion to that of a young adult 
monkey. We also use scaled parameters which allowed us to adjust a parameter based on body 
weight of a species by a scalar, in this case, we used ¾. 

 For the purposeful simplification, the determinants of Mn distribution are represented in Figure 
66. Tissue binding, degradation and turnover, as well as membrane transport and differential 
accumulation play a role in Mn distribution. Both of these contribute to what amount of Mn 
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Figure 64: Account for two-week exposures, liver graph is on the left and striatum is on the right 

Figure 65: Mn concentrations after 90-day exposure 
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arrives at the tissues. The fluctuating levels of Mn concentration in the monkey are pictured in 
the graphs of Figure 67.  

Dosimetry models are able to help refine risk assessments in a variety of ways. They allow for 
the assessment of tissue dose in primates in relation to observed responses and allow for the 
development a better 
understanding of the 
appropriate dose measure for 
risk assessment. These models 
also show how changes in 
specific processes, e.g., 
dietary uptake, altered 
absorption, pre-existing liver 
disease, etc., and how they are 
expected to alter free Mn in 
target tissues. The dosimetry 
models are also able to assess 
free tissue Mn for different 
exposure situations.  

Figure 66: Determinants of Mn distribution 

Figure 67: Mn concentrations in monkeys 
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 Sensitivity coefficients are needed to assess the factors important in controlling tissue Mn for 
different exposure situation. Figures 68 and 69 depict two very different graphs showing Mn 
concentrations in the body. 

 

In order for PBPK models to help refine Mn risk assessment, dosimetry models and RfCs/RELs 
must consider a few factors. These include route-to-route extrapolation, duration adjustments, 
interspecies extrapolation, intra-species extrapolation and aggregate risk assessment.  

A more quantitative approach involves developing a dosimetry-based risk assessment for inhaled 
Mn, taking into account Mn essentiality as well as Mn toxicity. This would be based on variation 
in normal Mn brain concentrations ([Mnbrain]). Normal tissue is [Mnbrain] = Mn + s [Mnbrain]. 
Acceptable exposures would lead to an increase in [Mnbrain] of no more than some fractional 
percentage, a, of the normal variability.  In order to obtain these measurements, we cannot 
directly measure the small incremental change in [Mnbrain]. However, the use of the PBPK model 
to calculate the exposure concentration that would give rise to this incremental increase in 
background [Mnbrain] is helpful.  

Some of the advantages of simulation modeling in physiology and risk assessment include being 
able to organize available information, expose contradictions, explore implications of beliefs 
about the chemical and expose data gaps. With the simulation modeling, we are also able to 
predict responses under new or inaccessible conditions, identify what’s important and suggest 
and prioritize new experiments. 

 

Figure 68: Mn concentrations in the striatum Figure 69: Mn concentrations in the liver 
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Panel Discussion - Essential Metals: some problematical issues in 
risk assessment 
Len Levy, Cranfield University, UK 

I am an occupational toxicologist from the United Kingdom. One of the problems that I find 
most of the occupational issues are concerned with is inhalation exposure. I would like to address 
two classes of metals - those that are essential to human health (Cu, Zn, Fe, chromium (Cr), 
molybdenum, Se, cobalt and iodine), and those that are probably essential for human health 
(silicon, Mn, Ni, boron and vanadium). 

In terms of carcinogenicity, many risk assessments are based on non-threshold extrapolations 
that do not allow for normal body defence systems (e.g. hexavalent Cr). Inhaled Cr VI can be 
reduced or detoxified to Cr III to a measurable degree, but not allowed for in linear risk 
assessment of cancer risks.  

Speciation is also problem for target-organ concentrations, as well as carcinogenic action (Ni and 
vanadium). In the case of Cr, it seems like the issue is a clear valency distinction, but this is not 
the case for vanadium compounds. Read-across for carcinogenicity depends on good knowledge 
of mechanisms. Unfortunately, this is missing in many cases. Metal carcinogens seem to be site 
specific, which is also problematic for risk assessments. Route-to-route extrapolation (inhaled to 
oral) is usually inappropriate for site-specific toxicity, and dose-rate dependency may be critical 
(low-steady state from diet but high bolus effect from inhaled occupational exposures). Overall, 
these sort of mechanistic gaps preclude robust risk assessments. 

The other serious point is neurotoxicity. A critical health effect of Mn is neurobehavioural 
impairment (specifically motor). There are about 30 studies on exposed workers, but they all 
vary in methodology, with the greatest weakness in exposure assessment. Most risk assessments 
assume a threshold and choose one “best” study to drive exposure/effect to arrive at an optimal 
exposure level (OEL). I am quite nervous about examining a lot of studies and choosing the 
‘best’ three or four as the most informative and representative of occupational studies. This may 
especially not be the best use of all the data if the one chosen study is not “typical” for all Mn-
related work scenarios. The upside to selective use of the dataset is that it helps “strengthen” the 
negative nature of any harmful effects, even for marginal changes. However, the downside is that 
it may by default ignore a very useful set of biological and mechanistic data which would 
enhance any risk assessment. As Craig Boreiko said earlier, reviews of toxicology may in fact 
ignore the nutritional literature, which can also be detrimental to risk assessments. 

The last thing is has been mentioned previously at this workshop is HERAG, the Health Risk 
Assessment Guidance for Metals. Fact sheet 7 is excellent overview for dealing with essentiality.  
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Panel Discussion - The Path Forward 
Donna Mergler, University of Quebec in Montreal (UQAM) 

I am approaching this as someone who conducts epidemiological studies with poor exposure 
data. Figure 70 is a diagram for a life-span approach. Through a life span approach, we know 
that there is a continuing and constant exposure to chemicals in our environment. In addition to 
this, when we talk about an essential element like manganese, it is important to note its 
essentiality and its potential for toxicity. We talked about the importance of having Mn during 
pregnancy, and at other times during the lifespan. This serves to demonstrate that the need for 
Mn likewise varies with 
respect to men and 
women. Another example 
of this would be that 
women between the ages 
of 20 and 40 have 
significantly much higher 
levels of Mn than men, 
and not only when they 
are pregnant. We have 
also based our risk 
assessment on one of 
these aspects - the 
working environment.  

We are using male workers to determine risk assessments for the rest of the population. We have 
incorporated a lot of uncertainty factors, but we do not know the specific mechanisms of action 
for Mn in other sub-populations. What is surprising to me, as a researcher, is that there has been 
very few research that follows-up on this form of community research. This is a problem that is 
so important, and we are basing our risk assessments on what is going on with workers. Because 
Mn is an essential element, there is no obligation to report on Mn guidelines in water. However, 
there is no obligation from municipalities to abide by these guidelines, as it is an aesthetic 
guideline. All of this is to say that I think we need many more population-based studies, right 
through the life-span. Studies should be conducted from in-utero, through childhood 
development, through puberty, adolescent growth, occupational exposures and right through to 
the elderly populations. We need to go down to background exposure levels, assess biochemical 
changes, changes in biomarkers, and levels that are beginning to be in the range of homeostatic 
control. I think that we should also collaborate and cooperate more with population studies and 

Figure 70: The life span approach  
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animal studies. I think that we need the mechanistic basis - we cannot remain simply on 
observations. 

Panel Discussion - The Path Forward 
William Boyes, U.S. Environmental Protection Agency 

I’m a neurotoxicologist, and most of my work is involved with being in a lab. I have been 
advising the EPA, and we started looking at Mn many years ago. Our main concern was with 
inhaled exposure to Mn. In 1991, there was a research needs document that discussed the issue, 
and dealt with a lot of the scientific uncertainties that had been identified by an expert panel. 
Interestingly, the panel really wanted to have studies on bioaccumulation. We were aware that 
Mn was an essential nutrient, as this was present in almost every one of the EPA’s documents.  

It is kind of interesting to me to look at the RfD. The EPA had a range of 5-25 mg/d and it was 
essentially taken from the nutritional requirements. I believe that we will be able to extensively 
use the pharmacokinetic work. There is a lot more data on the dosimetry and the 
pharmacokinetics, however, we will still have to account for outcomes. The EPA will have to 
make some new steps and decide on a reasonable approach to take within the Agency. It will also 
be useful to try to use the model to actually see if one is able to make predictions.  

Panel Discussion - Risk Assessment for Essential Metals - 
Considerations for the Path Forward 
Barbara Beck, Gradient Corp. 

Considering exposure assessment, with respect to bioaccessibility and bioavailability, further 
development of in vitro bioaccessibility models for essential metals is needed. There is also the 
possibility that in vitro models for intestinal absorption can be developed - this possibility should 
be explored, as it would be useful for toxicity testing. Increasing the integration with dietary 
modifying factors in risk assessment could increase the relation to population variability. Also 
beneficial may be an increase in integration with in vivo models. Exploring other routes of 
exposure would be useful, as the form of metals in food often is not equal to the form in soil, air 
or water. 

We also need to explore the use and uptake of new technologies in risk assessments. There could 
potentially be a role for genomics, proteomics (post-translational modifications), and 
metabolomics (especially considering role of essential metals in redox chemistry). As described 
in the Toxicity Testing in the 21st Century report, the use of computational biology has great 
potential for improving current risk assessment methodologies (NAS, 2007). There is a need to 
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understand functional/toxicity pathways to appropriately interpret changes due to deficiency 
states, sufficiency states (RDA (basal) and RDA and above (normative)) and toxic states. We 
must identify concentration(s) for transitions from basal/normative to toxic state. There is also a 
need for phenotypic anchoring (and the most appropriate anchor, for example, would be SOD 
inhibition versus inhibition of Cu/Fe uptake). Table 22 provides data from an example where 
exposure was evaluated through in vitro methods.  

When making 
changes to the 
manner in which risk 
assessments are 
conducted, special 
attention must be 
drawn to the details. 
For instance, the 
appropriate cell type 
must be identified, 
whether the cells be 
primary or from a 
cell line. There are 
particular challenges 
with essential metals, 
in the multiplicity of 
cellular targets for 
essentiality and for 
toxicity. For 
example, Zn is 
required for homeostasis at the level of the GI tract, whereas it can be linked with toxicity in 
multiple targets including Cu-containing enzymes. The time course must also be monitored. 
Initial in vivo perturbation can be followed by the re-establishment of homeostasis (for example, 
SH-amino acid deficiency and metabolomic changes). It is unknown if these homeostatic 
changes can happen in in vitro. Susceptible populations and appropriate models must be found 
and used. Essential and potentially toxic doses can vary among these populations.  

Finally, one last consideration for risk assessments would be studying the perturbations in 
toxicity pathways and identifying “transcriptional neutrality.” It should be noted that this 
transcriptional neutrality is not appropriate for essential metals. One of the bottom lines is that 
these forms of testing should be about homeostasis and beyond. 

Table 22: In Vitro Genomic Changes: An Example Using As 
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Panel Discussion - Contribution of Drinking Water to Dietary 
Requirements of Essential Metals 
Michelle Deveau, Health Canada, Canada 

I will begin by considering drinking water as a bit more of a potential source of essential metals. 
In Canada, the guideline for Cu in drinking water is 1 mg/L (Aesthetic Objective; 1992). Sources 
of the Cu include very low levels in surface water (rarely exceeding 0.005 mg/L) and leaching 
from plumbing or distribution systems, especially if the water is corrosive. The exposure 
guideline was generated from an average concentration of 0.176 mg/L. The WHO has a health-
based guideline, set at 2 mg/L, and the EPA incorporates a Treatment Technique action level and 
MCLG at 1.3 mg/L. 

For Mn, the Canadian guideline is set at 0.05 mg/L, as set by the Aesthetic Objective in 1987. 
Sources of Mn in the drinking water supply come from weathered geological deposits. Exposure 
varies greatly across the country; in a 1974-76 national study, 67% of 84 sites had measurements 
of <0.02 mg/L and 25% had measurements of >0.05 mg/L. At levels exceeding 0.15 mg/L, Mn 
stains plumbing fixtures and laundry and causes undesirable tastes in beverages.  Even at 
concentrations as low as 0.02 mg/L, problems may be encountered; however, it is difficult to 
remove manganese to achieve concentrations below 0.05 mg/L. Intake from food is substantially 
higher than intake from drinking water, even in areas where the Mn content of water is high. Mn 
usually becomes an issue in groundwater and can become an issue in surface water when anoxic. 
The Canadian guideline uses an average concentration of 0.02 mg/L, which is 0.6% of total 
intake. The WHO’s guideline is health-based, and is 0.4 mg/L. The EPAs guideline is much 
lower, at 0.05 mg/L.  

The Canadian guideline for Zn concentrations in drinking water is 5 mg/L, also set by the 
Aesthetic Objective in 1987. Sources of Zn originate from industrial and domestic emissions, 
from weathered geological deposit and Zn can leach from plumbing fittings. The Canadian 
guideline assumes average daily exposure from drinking water to be <0.013 mg/day for adults 
(1981 national survey), which is <1% of total intake. There is no health-based objective 
developed for the WHO, and the EPA’s guideline is also 5 mg/L. 

The objective of my project was to determine to what level water contributes to the daily intake 
of six essential trace elements that are found in Canadian drinking water (Cu, Mn, Zn, Cr, Fe and 
Se). The results for Cr, Fe and Se will not be presented. 

The methods for calculating intake from water started with creating groups of similar age 
categories, as shown in Table 23. We then multiplied the default water intake (L) for each 
agency by the respective guideline level (mg/L) to determine the maximum ingestion (mg) of 
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each metal per day. We then multiplied the default water intake for Health Canada by the 
Canadian exposure data used in guideline development. Finally, we compared each of the 
calculated intake values with IOM’s RDA or AI for the similar age category. 

Table 23: Breakdown for age categories 

 Drinking Water Guidelines Nutritional Intake  

Age category HC  WHO  EPA IOM  

Bottle-fed infants 0-6 mo (0.75 L)  bottle-fed infants 
(0.75 L)   0-6 mo  

Toddlers/Young 
Children 7 mo-4 yrs (0.8 L)  children (1 L)   7-12 mo  

1-3 yrs  

Children 5-11 yrs (0.9 L)    4-8 yrs 
9-13 yrs  

Adolescents 12-19 yrs (1.3 L)    14-18 yrs  

Adults >20 yrs (1.5 L)  adult (2 L) adult (2 L) >19 yrs  

 

Tables 24 to 26 show the results of the intake levels with each age category. Table 27 provides 
the data for the contribution of the daily intake of the metals that is found in the drinking water. 
Water may play a role in supplementing the intake of metals for individuals whose diets are 
borderline deficient/insufficient. Actual intakes will vary greatly between locations, over time, 
and even throughout the day for metals that leach into the water from the distribution system.  
Also, water samples obtained do not necessarily represent the water being drunk by an 
individual, especially for metals that leach from the distribution system.  Data of actual intakes 
was taken from exposure data used in the HC guidelines, which haven’t been updated since 
1980s/90s, therefore the data may be out of date. The National Survey will be underway 
relatively soon and therefore the data should soon be updated (measured at various points in 
distribution system, but not at the tap). Therefore the ranges here are not meant to be precise, as 
they are estimates being used to give an idea of the contribution of drinking water to dietary 
requirements  
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Ingestion at  Maximum

Age DRI HC WHO EPA
Bottle-fed infants
(0-6 mo)

0.20 mg/d 
(AI; 0-6 mo)

0.75 mg/d
YES

1.5 mg/d
YES --

Toddlers/Young 
Chi ldren (7 mo-4 yrs)

0.22 mg/d 
(AI; 7-12 mo)

0.8 mg/d
YES

2 mg/d
YES --

0.34 mg/d 
(RDA; 1-3 yr)

0.8 mg/d
YES

2 mg/d
YES --

Children 
(5-11 yrs)

0.44 mg/d 
(RDA; 4-8 yr)

0.9 mg/d
YES -- --

0.70 mg/d 
(RDA; 9-13 yr)

0.9 mg/d
YES -- --

Adolescents 
(12-19 yrs)

0.89 mg/d
(RDA; 14-18 yr)

1.3 mg/d
YES -- --

Adults 
(>20 yrs)

0.90 mg/d
(RDA; >19 yr)

1.5 mg/d
YES

4 mg/d
YES

2.6 mg/d
YES

Table 25: Maximum Mn intake from water 

Ingestion at M axim um

Age D RI H C W HO EPA

Bottle-fed infants
(0-6 mo)

0 .003 mg/d 
(AI; 0-6 mo)

0.038  mg/d
Y ES

0.3 mg/d
Y ES --

Tod dl e rs/Yo un g  
C h il dre n  (7  mo -4  yrs)

0.6  mg/d  
(A I; 7 -12 mo)

0.04 mg /d
NO

0.4 mg/d
NO --

1.2  mg/d  
(AI ; 1-3 yr)

0.04 mg /d
NO 0.4 mg/d

NO --

Children 
(5-11 yrs )

1.5  mg/d  
(AI ; 4-8 yr)

0.045  mg/d
NO -- --

1 .9 (M),  1.6 (F) mg/d  
(AI;  9-13  yr)

0.045  mg/d
NO -- --

Adolescents 
(12-19 y rs)

2 .2 (M),  1.6 (F) mg/d
(A I; 14-18  yr)

0.065  mg/d
NO -- --

Adults  
(>20 y rs)

2 .3 (M),  1.8 (F) mg/d
(AI ; >19 yr)

0.075  mg/d
NO

0.8 mg/d
NO

0 .1 mg/d
NO

Table 24: Maximum Cu intake from water 
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Table 27: Estimated intake of metals from water in Canada

 % of DRI  
% of AI 

(bottlefed) 
Contribution of water 

to total daily intake (%)  

Copper  23-64  66 10.7  

Manganese  0.9-3
 
 500 0.6  

Zinc  0.1-0.3  0.5 <1  
 

In conclusion, if metal concentrations are as high as the guidelines, DRIs would be met only for 
Cu, Zn in children younger than 5. This is still not high enough to fully contribute to the DRI for 
other metals. Ingestion of measured concentrations of metals in Canadian water contributes only 
a minor amount towards meeting the DRI. The exception is Cu, where 23-66% of either AI or 
RDA is met. Infants 0-6 months are in the upper end of range for percentage of DRI for all 

Ingestion at Maximum

Age DRI HC WHO EPA

Bottle- fed infants
(0-6 mo)

2 mg/d 
(AI ; 0-6 mo)

3.75 mg/d
YES No Guideline --

Tod d le rs/You ng  
Ch ildr en  ( 7 m o-4  yrs)

3 mg/d 
(RDA; 7-12 mo)

4 mg/d
YES

No Guideline
--

3 mg/d 
(RDA; 1-3 yr)

4 mg/d
YES No Guideline --

Children 
(5-11 yrs)

5 mg/d 
(RDA; 4-8 yr)

4.5 mg/d
NO No Guideline --

8 mg/d 
(RDA; 9-13 yr)

4.5 mg/d
NO No Guideline --

Adolescents 
(12-19 yrs)

11 (M), 9 (F) mg/d
(RDA;  14-18 yr)

6.5 mg/d
NO No Guideline --

Adults 
(>20 yrs)

11 (M), 8 (F) mg/d
(RDA; >19 yr)

7.5 mg/d
NO

No Guideline 10 mg/d
NO (M), YES (F)

Table 26: Maximum Zn intake from water 
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metals and bottle-fed infants may consume more Mn than breastfed infants, even prior to adding 
water to formula. 

Panel Discussion - Health Risk Assessment Guidance for Metals 
(HERAG) 
Ruth Danzeisen, International Copper Association, USA 

HERAG was initiated in 2003, and its main goals are essentially all the issues that have been 
stated in the last day and a half at this workshop. It is an assembly of the most advanced and 
appropriate methods for human health risk assessment of metals. It attempts to address the 
specific properties of metals, compounds, alloys and other naturally occurring inorganic 
substances, apply risk assessment methodologies different to those developed for organic 
industrial chemicals and seeks to amend, not replace, current risk assessment methodology. 

Its intended use is to aid professionals in industry in the field of human health risk assessment 
and regulatory authorities on a national and international scale. A basic understanding in risk 
assessment methodology is assumed. HERAG is intended to be a ‘living document’, and input 
from experts around the world is welcome. Figure 71 provides an overview of the key 
components of HERAG. 

Some of the outcomes 
of HERAG are a 
summary document 
providing key 
guidance elements for 
metals risk 
assessment. It 
addresses background, 
purpose, intended use, 
scope and 
organization of the 
HERAG Project. 
Further, there are 
eight final fact sheets, 
which are more 
specific and detailed, 
and include concise 
summaries of relevant 

Slide 5

Data richness (some 
metals) quality screening

Dose Response for metals

U-shaped DR curve

Narrow window between 
toxicity and deficiency

Natural background

Etc…

Figure 71: Components of HERAG 
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aspects and examples from previous metal risk assessments. 

The final HERAG fact sheets are grouped into exposure assessment (occupational dermal 
exposure; occupational inhalation exposure; indirect- and consumer exposure), effects 
assessment (gastrointestinal uptake and absorption and toxicokinetic models; mutagenicity; 
quality screening of health effects literature), and risk characterization (Essentiality, Assessment 
factors). Available upon request are classification, read-across and derogation criteria, and 
sections on carcinogenicity, reproductive toxicity and sensitization. 

It has to be noted that novel approaches such as categorical regression as a tool in metals dose-
response assessment are not yet used, for example, in the current EU metals risk assessments 
(lead, nickel, zinc, copper). The regulatory community is not yet requesting or utilizing novel 
approaches and -solutions. After establishing new methods like categorical regression, an equal 
effort has to be placed onto acceptance of and education in these methods, so that they will be 
used in risk assessment reality.    

Rod Klassen, NRCan 

NRCan has contributed support for this workshop. Geoscience has a role and I would like to take 
this opportunity to introduce it; but by and large it seems as though geoscience has a peripheral 
role to what has been outlined in this workshop.  An understanding of spatial variability may be 
beneficial for studying natural background geographic conditions. Although the value of 
geoscience may be most relevant in natural biological sciences, it may provide a useful tool in 
essential metal risk assessment, and I do think that it has a role, even if it is an untested role. 

Summary 
Daniel Krewski, McLaughlin Centre for Population Health Risk Assessment, University of 
Ottawa, CANADA 

The beginning of our workshop started with Sam Kacew providing us with an international 
perspective on risk assessment for essential metals. He outlined the workshop objectives as 
attempting to cover risk assessment methodologies, challenges in metals risk assessment (U-
shaped dose-response), and applications for Cu, Zn and Mn and to facilitate a discussion among 
stakeholders. 

Beverly Hale provided us with a talk on the Network on metals risk assessment (MITHE-SE), 
whose focus was on human exposure to metals (including bioavailability and bioaccessibility). 
Major themes that were covered were aquatic ecosystems, soils and plants (cadmium), and food 
and ingested particles. She also mentioned some areas where improved risk assessment and 
(cost-effective) risk management strategies could be utilized and implemented. 
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Lorraine Gambling provided an overview of the European legislation REACH, which came into 
effect June 4, 2007. It is a plan that will be phased-in over 11 years. She also described risk 
assessment guidance prepared by metals industry (MERAG, HERAG), the need to consider both 
toxicity and essentiality of metals and gave a discussion of the adverse effects related to Cu, Mn, 
and Zn toxicity.  

Randall Wentsel provided an overview of the EPA Framework for Metals Risk Assessment that 
was completed in 2007. There are five principles in the framework: metals are naturally 
occurring, they often occur as mixtures, many metals are essential to health, metals can change 
states (organic to inorganic) and researchers must consider toxicokinetics of metals. 

Bonnie Stern discussed how Cu interacts with a number of enzymes to maintain normal 
biological function. Menkes and Wilson’s diseases associated with inborn errors of Cu 
metabolism. There is a U-shaped dose-response for Cu, and we must seek an acceptable range of 
oral intake (AROI). Rich Cu toxicity databases are available to characterize Cu dose-response 
curves, and should be utilized.  

Scott Baker provided a description on how the upper limit on deficiency overlaps with lower 
limit on toxicity. He identified some data gaps related to effects of occupational exposure, effects 
of inhalation exposures, integrated dose-response modeling, early warning biomarkers and 
toxicokinetics. He also talked about different exposure guidelines established by different 
agencies throughout the world, and a potential ideal situation where these guidelines are 
harmonized. 

Joyce Donohue discussed a narrow boundary (<10 mg/day) between excess and deficiency. She 
also talked about the importance of the portal of entry, and the complex nature of homeostatic 
mechanisms. Major challenges were identified as understanding uncertainty, and establishing 
boundaries between excess and deficiencies. 

Annette Santamaria gave a presentation about Mn. She discussed how the element is naturally 
occurring in soil, air and fresh water (98.8% from food and water). The primary (90%) 
anthropogenic source of Mn is steel production. The EPA RfD is 0.14 mg/kg/day (10 mg/day 
adult) and the IOM AI ranges from 0.003 (infants) to 2.3 (adults) mg/day. Inhalation exposure 
guidelines have been established/proposed by a number of agencies, and there could be potential 
for harmonization of these guidelines. Additionally, there is new toxicokinetic data available for 
use in Mn risk assessment. 

Bruce Winder discussed how the California EPA is currently developing an inhalation exposure 
guideline for Mn. There is a need to consider susceptibility of infants and children under 
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Children’s Environmental Protection Act, as inhalation infant exposure to Mn approaching toxic 
levels. 

David Dorman talked about how human neurotoxicity not emulated in rodents, and therefore 
focused on primates. Mn clearance from neural tissue in primates faster than expected, and thus 
MnSO4 was used for testing because of high its solubility/bioavailability properties. Mn was 
found to accumulate in globus pallidus. 

Craig Boreiko described how many biological processes involve Zn containing enzymes, and 
discussed how half the world’s population is zinc deficient. The IOM RDAs range from 3 – 12 
mg/day (depending on age, sex, and pregnancy status). The health protective exposure guidelines 
include oral intakes of 21-60 mg/day and occupational air limits at 5-10 mg/m3. Once again, 
there is a narrow boundary between deficiency and excess. 

Ian Arnold gave an overview of an opportunity to mitigate population health impacts of zinc 
deficiency. There is a need to characterize the upper end of zinc toxicity curve, with potential 
implications for prostate cancer. The ‘metal balance’ is being able to understand interaction 
between zinc and other metals. Continued attention to occupational health issues related to zinc 
is needed. 

Joyce Donohue explained the nature of the tight boundary between dietary needs and overload. 
Grain content of diet (phytate) affects bioavailability. Another question that she raised was 
whether or not HDL levels affect responses to zinc. 

Peter Aggett discussed nutrition (deficiency) and toxicology (excess) as key disciplines in 
evaluating benefit-risk aspects of essential metals. A consideration of biology, specifically as a 
metabolic template for metals would be useful. A spectrum of health effects (links to severity 
scoring in categorical regression) and biomarkers of effects could also be considered. 

Michael Dourson discussed the development of a ‘safe’ exposure guidelines (TDI, RfD, RSD) 
based on dose-response analysis. He outlined key equations, such as POD = NOAEL or BMD 
and RfD = POD/UF [or CSAF]. A risk level must be chosen (e.g., 10-6) for developing an RSD. 
He also talked about an integrated approach to cancer and non-cancer risk assessment. In 
conducting dose-assessment, the outcome of interest must be chosen, whether it is an adverse 
health effect or known precursor. Also discussed was the U-shaped dose-response for essential 
metals, and how it helps to define AROI (between ADI and RfD). 

Daniel Krewski gave an overview of how categorical regression provides a useful tool for 
combining data from different sources, using a common severity metric to put disparate health 
outcomes on the same scale. A rich Cu toxicity database provides an opportunity to apply this 
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technique to get an omnibus description of copper dose response (including both excess and 
deficiency). 

Melvin Andersen presented PBPK models as now being widely used for tissue dosimetry. The 
models provide a basis for dose, route, and species extrapolation. They are also linked to recent 
work by Hayes et al. on the use of ‘biomonitoring equivalents’ in risk assessment. Additionally, 
PBPK model are now available for Mn. 

A panel discussion was chaired by Bette Meek. The challenge to panel was to explore further 
aspects of essential metals risk assessment, drawing on experience from other areas of risk 
assessment.  

Leonard Levy clarified which metals are essential for health (e.g., silicon, boron, vanadium), 
which metals have carcinogenic potential (e.g., chromium VI), and how should they be assessed. 
Read-across (used in REACH) depends on knowledge of mode of action, and the need to 
evaluate subtle neurotoxic effects of metals was also discussed. 

Donna Mergler spoke about the current risk assessments of Mn based largely on occupational 
exposures to men. She discussed that a life-span approach to risk assessment needed to 
accommodate changing biology, and changing environmental health impacts. Gender differences 
also warrant attention. 

William Boyes talked about the need to have unified assessment to understand the Mn body 
burden from all different routes of exposure, and when normal homeostatic controls are 
exceeded. 

Barbara Beck explored in vitro models for bioaccessibility of metals, the use of ‘omics 
technologies and computational biology in metals risk assessment (NRC, 2007). She also talked 
about the need to better understand pathways associated with deficiency, sufficiency, and 
toxicity. 

Michelle Deveau presented the Canadian drinking water guidelines based on aesthetic criteria for 
Cu (1 mg/L), Mn (0.05 mg/L (prevents staining)), and Zn (5 mg/L (water unpalatable at higher 
levels of health concern)). Except for infants and young children, DRI levels for Mn or Zn not 
met by water alone, assuming these metals are present at the guideline level. Average Cu levels 
in water will however meet 23-66% of DRI for Cu. 

Ruth Danzeisen provided an overview of HERAG and its guidance on risk assessment 
approaches for metals. She described how it builds on exposure assessment, effects assessment, 
and risk characterization. A summary document and the eight fact sheets on aspects of risk 
assessment are also available. 
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“Next Steps” include a workshop report summarizing today’s discussions and a document of 
workshop proceedings. Additionally, we should be thinking of applications of new risk 
assessment methods and data (PBPK, CatReg) to essential metals. 

I would like to thank the Steering Committee, the sponsors, speakers and participants for all of 
their help with this workshop. 


