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Preface

Polluted air and contaminated food and water are major causes of human health
deterioration. Over the years, well-established relationships between human health
effects and environmental pollution (focusing on air pollutants and chemicals) have
formed. A population can be exposed to environmental pollution throughout their
whole life span, which may increase during periods of particular vulnerability.

The relationship between health deterioration and environmental contamination
has been studied for several decades. “Losses” to human health have been estimated
in economic terms, as well as in terms of years of life lost. In addition, benefits due
to the reduction of human exposure to pollution have also been assessed. In this
context, various assessment methodologies have been developed and applied to
quantify dose-response relationships for many pollutants. From these relationships,
exposure research frameworks have been developed from: the identification of
human exposure; the emissions derived from anthropogenic and natural sources;
the development of policies and the assessment of cost of reduction of this expo-
sure. This enables the evaluation of human health benefits from the reduction in the
context of human welfare improvement. For this purpose, various models have been
developed to evaluate the role of public health externalities on society.

During the last decade, several research programs and individual projects have
been carried out on the aforementioned topics, including various EU Framework
Programmes along the EU Environment and Health Action Plan to support the
development of cost-effective policy measures against pollution-related diseases and
their wider impacts. The purpose of this book is to summarize the research results
from these programs, as well as projects carried out outside the EU region. The
knowledge regarding environmentally induced human health problems is presented
in a coherent and easy to understand way for the wider community. At present, an
important task is to properly communicate the great risk for human health deteriora-
tion due to increasing environmental pollution on a local, regional, and even global
scale. The book describes an ideal potential, the enhanced participation of the gen-
eral public in current and future studies of environmental determinants of human
health.
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The scope of the book is to provide the reader with an assessment of emission
sources and releases of various pollutants to the main environmental media and a
discussion of exposure pathways and health end points for these pollutants. Dose—
response relationships for selected pollutants (exposure—early effects relationship)
are then assessed. Technological and non-technological solutions to reduce human
exposure to pollutants are discussed, including the assessment of monetary and non-
monetary benefits from exposure reduction. Macroeconomic impacts of human
health deterioration are presented. Finally, risk communication and awareness are
described, including public participatory approaches.

The book provides information about various pollutants, both inorganic and
organic, in the context of their human health impacts. Methodological approaches
are reviewed, such as various types of environmental models, life cycle assessment
analysis, and human health scenarios in relation to environmental change at various
scales. Challenges on how to translate contaminant concentrations measured in
blood into the information useful for risk characterization are discussed. Monetary
and nonmonetary approaches are presented for assessing the human health benefits
in the context of human welfare improvement. The monitoring of environmental
pollution in the context of human health is also discussed. Climate change and a
future change in pollutant exposure will further complicate the assessment of human
health deterioration due to the contamination of the environment, providing a good
rationale to continue this monitoring, as concluded in the book. To this end, the
transition to a low-carbon economy (and society) and its impacts on the health of
the environment and humans are also discussed. A trend analysis of funding for
environment and human health research may be of particular interest to regulatory
authorities and policy makers.

Major features of the book include an assessment of environmental parameters
(such as air quality, environmental emissions, etc.) in the context of human health
deterioration and an improvement of knowledge on public health status as a compo-
nent of human welfare. A presentation of solutions for a reduction of human exposure
to environmental pollution is given in the context of environmental policy improve-
ment. A presentation of the role of the public in monitoring the human exposure
change due to environmental pollution is assessed in the context of risk communica-
tion. Hazard and risk assessment is approached in the context of consumer safety.

As the subject of health effects due to environmental pollution is extremely broad
and multidimensional, it is not feasible in the frame of this book to provide a com-
prehensive picture of this burgeoning field of research, policy, and public health
action. Therefore, where feasible, references are made to recent reviews of evi-
dence, outcome documents of relevant professional conferences, and statements
from expert communities, as well as major reports from the organizations and insti-
tutions involved in public policy on environment and population health.

This book is a crucial text for policy makers requiring scientific justification for the
development of new environmental regulations and exposure reduction strategies;
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scientists researching public health and environmental contamination; and members
of the public interested in human health issues.

The editors thank all of the contributing authors contributing to this volume and
are grateful to Norwegian Institute for Air Research (NILU) for the financial sup-
port during the preparation of this work.

Kjeller, Norway Jozef M. Pacyna
Elisabeth G. Pacyna
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Chapter 1
Sources and Fluxes of Harmful Metals

Jozef M. Pacyna, Kyrre Sundseth, and Elisabeth G. Pacyna

Abstract Metals are important chemicals occurring in various ecosystems. Some
of them are toxic, some are toxic when appearing in excess and some are essential
for the environment and human health. They are ubiquitous constituents of various
natural materials in the lithosphere, the hydrosphere and the biosphere.

High-temperature processes in the primary non-ferrous metal industries are the
major source of atmospheric arsenic (As), cadmium (Cd), copper (Cu), indium (In),
antimony (Sb), and zinc (Zn), and an important source of lead (Pb) and selenium
(Se). Combustion of coal in electric power plants and industrial, commercial, and
residential burners is the major source of anthropogenic mercury (Hg), molybde-
num (Mo), and selenium and a significant source of arsenic, chromium (Cr), man-
ganese (Mn), antimony, and thallium (T1). Combustion of oil for the same purpose
is the most important source of vanadium (V) and nickel (Ni). Combustion of leaded
gasoline is estimated to be the major source of lead. Atmospheric chromium and
manganese derive primarily from the iron and steel industry. The largest discharges
of these metals are estimated for soils followed by discharges to water.

The degree of human alteration of metals biogeochemical cycles caused by their
anthropogenic emissions affects human health impacts of these chemicals. The
information on alteration degree on global and regional scale is discussed.

Emissions of metals from various anthropogenic sources can be reduced using
technological (e.g. Best Available Technology (BAT) solutions) and non-
technological measures (e.g. Best Environment Practice (BEP) option). Various
emission reduction measures are presented.

Keywords Emission source ® Emission inventory ° Biogeochemical cycling
* Emission control « BAT « BEP

J.M. Pacyna (<) » K. Sundseth ¢ E.G. Pacyna

Department of Environmental Impacts and Economics (IMPEC),
NILU-Norwegian Institute for Air Research, PO Box 100, 2027 Kjeller, Norway
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1.1 Metals as Harmful Pollutants

During the last few decades human society has dramatically altered biogeochemical
cycles of various chemicals. Increasing human population requires larger amounts
of energy, other industrial goods and food. Provision of these goods has generated
increasing amounts of various pollutants emitted to the atmosphere, as well as
aquatic and terrestrial ecosystems (e.g. Rauch and Pacyna 2009; Pacyna et al.
2010a; UNEP 2013a, b). Metals are among the most important pollutants emitted to
the environment. On one side, metals are an important category of resources for
various uses and technologies. For many applications metals are critical resources
that enable modern technologies, e.g. the application of Rare Earth Elements (e.g.
Pacyna et al. 2015a).

On the others side, many metals have an adverse impact on the environment and
human health (e.g. UNEP 2013a). A number of studies have been carried out to
assess the impact of metals in terms of: (1) carcinogenesis and genotoxicity, (2)
neurotoxicology, (3) renal toxicology, and (4) reproductive and developmental toxi-
cology. In addition, research has been carried out on bioresponses and reactivities in
metal toxicity, immunomodulation by metals, and effects of metals on other organ
systems. Information on clinical aspects of metals toxicity, as well as on environ-
mental and human risk assessment has been reported (e.g. an overview in Chang
1996). Metals in the environment have been regarded as a risk factor for infectious
diseases (e.g. Ackland et al. 2015).

Knowledge about public health concern associated with metals has brought a
question of sources and fluxes of these pollutants. In this context various criteria
have been examined including the following issues:

* Has the biogeochemical cycle of a given metal been substantially altered by
human activities, and on what scale?

* What are the critical pathways by which the most toxic species of a metal can
reach the organ in man which is the most sensitive to its effect?, and

* What is the degree of public health concern associated with the metal?

The above mentioned issues were first discussed by an inter-disciplinary group
of scientists at the beginning of the 1980s (Andrea et al. 1984). Since then a large
body of information has been collected and discussed, including the latest analysis
presented in Ackland et al. (2015). As a result of these discussions, information on
selected metals as hazardous pollutants in the context of human health has been
prepared and presented in Table 1.1. Only some metals were selected, including
those with documented health effects and information on anthropogenic origin,
transport and migration through different environmental media, and exposure path-
ways. A major review of this information has been carried out by UNEP (2013a).

The information in Table 1.1 includes data on scale of perturbations of biogeo-
chemical cycles on global, regional and local scale, exposure pathways, and health
concern. Metals enter the environment through various natural and geological pro-
cesses, as well as human activities. After being emitted to the atmosphere, metals
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Table 1.1 Information on perturbations of geochemical cycles, exposure pathways and health
concern for selected metals

Scale of perturbation Health
Metal Global Regional Local Exposure pathway concern
Mercury (Hg) + + + AEW +
Lead (Pb) + + + A EW,M, T +
Arsenic (As) - + + A, FEW +b
Cadmium (Cd) - + + A,FEW, T +
Zinc (Zn) - + + AEW E
Copper (Cu) - + + A,F E
Selenium (Se) + + + A,F E
Antimony (Sb) - + + A,F +
Tin (Sn) + + + A,F,W +2
Chromium (Cr) - +,C + A FEW +¢
Manganese (Mn) - +,C + AEW E
Nickel (Ni) - + + AEW E
Vanadium (V) - +, ¢ + A,F +
Molybdenum (Mo) - + + A,F E

A air, F food, W drinking water, T tobacco, smoking, M hand to mouth pathway

Regarding perturbations of geochemical cycles: + means significant perturbations, — means no
perturbations, ¢ means enhanced due to mobilization of crustal materials

Regarding health concern: + means toxic in excess, £ means essential

*Toxic but organometallic forms only

"Trivalent forms toxic, pentavalent forms essential

‘Hexavalent form toxic, trivalent form essential

can be transported with air masses and water currents at various distances before
being deposited to the aquatic and terrestrial surfaces. Most of the metals are trans-
ported within the air masses on particles or with sediments in water. Some metals,
however, such as mercury (Hg) and to some extent selenium (Se), can be trans-
ported in gaseous phase, resulting in their long range transport within air masses.
The geographical scale defined in Table 1.1 as “global” means that metals can be
transported at very long distances, causing metal perturbations of biogeochemical
cycles on a continental scale, e.g. in large parts of the Northern Hemisphere.
“Regional” effects refer to a scale of 100—1000 km, while “local” effects cover the
range of less than 100 km. Significant health effects of metals are usually caused by
very strong perturbations at a local scale. All metals presented in Table 1.1 do have
their biogeochemical cycles altered by various drivers of environmental change on
regional and local scale. Mercury, lead (Pb), selenium and tin (Sn) can be regarded
as global pollutants in the context of alteration of their biogeochemical cycles.

It should also be noted, that some processes such as land use change and agricul-
ture may mobilize very large amounts of soil material as atmospheric dust and sus-
pended material in aquatic ecosystems. Some metals, such as chromium (Cr),
manganese (Mn) and vanadium (V) can be mobilized by these processes and trans-
ported on at least regional scale. This has been indicated in Table 1.1.
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Most of metals enter the human body with contaminated food and drinking water
or through inhalation of polluted air. Many metals are essential for life but their
intake has an optimum below that deficiency symptoms occur, and on the other side,
adverse impacts of too high intakes can be detected. Impacts on human health occur
mostly at the local scale, however, for some metals, such as mercury, these affects
are detected also on regional and global scale. Another pathway is also defined for
lead, namely hand - to - mouth pathway. This is the case mainly for children.
Inhalation of lead and cadmium (Cd) through tobacco smoking is also indicated in
Table 1.1.

A group of four metals: mercury, lead, arsenic (As) and cadmium has been sepa-
rated in Table 1.1. These metals are considered as the most important in the context
of documented effects on human health, and anthropogenic perturbations of their
biogeochemical cycles. Historically, lead was the most often studied metal due to
proven evidence of human health impacts and large amounts of anthropogenic
emissions of this pollutant (e.g. UNEP 2013a). As a result, a number of policies
were introduced to reduce anthropogenic emissions of lead, including phase out of
leaded additives to gasoline (e.g. van Storch et al. 2002, 2003). Recently, mercury
has become the most studied metal in the context of its adverse impacts in environ-
ment and human health, persistent character and transport with air masses on global
scale (Pacyna et al. 2010a; UNEP 2013b; Sundseth et al. 2015). In 2013, the
Minamata Convention has been agreed to reduce emissions and human exposure to
mercury on a global scale (Www.mercuryconvention.org).

1.2 Emissions of Metals

Metals listed in Table 1.1 can be emitted from natural and anthropogenic sources.

1.2.1 Natural Sources of Metals

Metals are ubiquitous constituents of various natural materials in lithosphere,
hydrosphere and biosphere. Global mean metal concentrations of metals in bulk
continental, upper continental and ocean crusts, as well as in continental and oce-
anic sediments, loess and soil are presented in Rauch and Pacyna (2009). These
concentrations are rather low for most metals. In some places metals are enriched in
geological formations, such as ore deposits or rock types, including naturally anom-
alous abundances of metals. Metals can be liberated from rocks and soil through
weathering when the lattice structures of rocks, to which metals are tightly bound,
break and the metal ions are emitted. In soils, the soil forming processes are the
major factors to move tightly in mineral lattices bound metal ions into soil water
solution (UNEP 2013a). Windblown dust is considered as the most important natu-
ral source of metals (e.g., Pacyna 1986; Rauch and Pacyna 2009; UNEP 2013a).
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Agricultural and residential patterns are changing the rates of continental weathering
and erosion. The input of hydrogen ions from precipitation changes the chemical
characteristics of the weathering process. The acidification of soils enhances of the
rate of podsolization and consequently the release of many metals which are other-
wise either rather immobile or locked into tightly closed loops within the
ecosystems.

Volcano explosive eruptions and quiet degassing are also important natural
sources of several metals in gaseous and particulate forms, including mercury, cad-
mium and arsenic. Emission rates for various metals vary substantially from one
region to another. Major historic eruptions have had both regional and global effects
in increasing deposition of metals from the atmosphere for periods of up to several
years, e.g. eruptions in Tambora in 1815 and Krakatou in 1883. Emissions of pollut-
ants from volcanoes has been studied quite widely, particularly emission of mercury
(Hinkley 2003; Rytuba 2005).

In certain parts of the world forest fires are very important sources of metals and
an intense turbulence of the atmosphere in desert regions can result in their very
high concentrations in soil dust and air. Biomass burning is not a phenomenon
restricted to the tropics as initially been thought. Large fires have become a common
feature of the world’s boreal forest. The type and quantity of gaseous and particulate
emissions resulting from burning are a strong function of both the ecosystem and
the phase of burning, namely flaming versus smoldering (e.g. Levine 1991). The
bulk of biomass burning is human indicated and appears to be increasing with time.
Gaseous and particulate emissions resulting from biomass burning may have
increased by as much as 50 % since 1850, as indicated on the basis of satellite data.

Other possible natural processes which can be important for some metals include
biological mobilization (including methylation) and airborne sea-salt. Two sea-salt
production processes have been considered as natural sources of metals: (1) “bubble
bursting” (cadmium, copper, nickel (Ni), lead, and zinc (Zn)) and (2) sea-air gas
exchange (arsenic and mercury). Emissions of metals from bubble bursting are
often estimates on the basis of metal concentrations in surface ocean waters and the
enrichment of metals in the atmospheric sea-salt particles. The potential signifi-
cance of arsenic and mercury vapour emissions is usually assessed from ambient
measurements of arsenic and mercury in marine aerosols and gaseous samples.

1.2.2 Anthropogenic Sources of Metals

Metals are ubiquitous in various raw materials as impurities, such as fossil fuels and
metal ores, as well as in industrial products. Some of them evaporate entirely or
partially from raw materials during the high-temperature production of industrial
goods, combustion of fuels, and incineration of municipal and industrial wastes,
entering the ambient air with exhaust gases. Releases to other environmental com-
partments (e.g. spills to water bodies, landfills, sewage lagoons, holding ponds) may
also result in volatilization and entrainment of several trace metals.
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1.2.2.1 Atmospheric Emissions

Major anthropogenic sources of metals to the atmosphere can be grouped as
follows:

 stationary fuel combustion for production of electricity and heat,
 internal combustion engines (lead emissions from gasoline combustion),
* nonferrous metal manufacturing,

* iron, steel and ferroalloy plants and foundries,

e cement production, waste incineration, and

e various uses of metals.

There are four major groups of parameters affecting the amount of metal emis-
sions from these sources:

e concentration of metals as impurities in raw materials, such as coal, crude oil,
and various ores,

* physical and chemical properties of metals affecting their behaviour during the
production process,

 the technology employed in industrial processes, and

* the type and efficiency of emission control equipment.

Concentrations of metals in raw materials are associated with the affinity of met-
als in pure coal, mineral fraction of raw material, etc. For example, there are more
than 60 chemicals in coal that shall be considered as coal impurities, including the
metals in Table 1.1. Some of them are associated with organic fraction of coal, some
with inorganic fraction and some with both fractions. The affinity of metals for pure
coal or mineral matter would affect metal emissions during coal combustion by
being responsible for a chemical form of a given metal emitted and metal associa-
tion with various types of coals, such as, bituminous, subbituminous coals or lig-
nites. Particularly, the chemical form of emitted metal is important, making impact
on transport length with air masses (solubility of metals), chemical behaviour dur-
ing this transport, as well as methylation processes. It should be noted that methyl-
ated form of metals decide on toxicity of many of them, thus on adverse impacts on
human health. The best example is mercury. Mercury is not emitted as toxic element
but when it undergoes methylation after emission to the atmosphere and deposition
to aquatic and terrestrial ecosystems, very toxic methylmercury forms are formed.

The fate of metals during coal combustion or other high temperature industrial
processes with non-ferrous and ferrous metal production depends not only on the
affinity, concentration and distribution of each metal within the coal or ore matrix
but also on industrial process conditions, such as temperature, heating rate, expo-
sure time and the surrounding environment of either oxidizing or reducing condi-
tions. The volatile species in the coal or ores are evaporated in the boiler or roaster
and then re-condensed as submicron fine particles when the flue gas cools in the
convective sections of industrial installations. This is the reason that concentrations
of chalcophiled lead, antimony (Sb), cadmium, selenium, arsenic, zinc and molyb-
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denum (Mo) increase markedly with decreasing particle size. About 90 % of
mercury is emitted in gaseous forms under such conditions. The physical form of
metal emissions is then of great importance when discussing the efficiency of metal
emission control, their transport within air masses and atmospheric deposition, and
metal exposure route characteristics such as, inhalation rate and the metal uptake
and migration within the food chain.

The type of fly ash control system and its efficiency also influence metal emis-
sions to the atmosphere. From among several types of control devices, electrostatic
precipitators (ESPs) and wet scrubbers are mainly installed in electric power plants,
major smelters and cement kilns. Average control efficiency for fine particles is
higher than 99.9 %. Generally, a venture wet scrubber system is more efficient then
ESP system for removing arsenic, cadmium, manganese, nickel, lead, and zinc. Flue
gas desulphurization (FGD) installations are also efficient control systems, not only
to remove sulphur compounds but also gaseous portion of metals, such as mercury
and selenium.

The above mentioned parameters affecting the amount of metal emission to the
atmosphere are widely discussed in Pacyna and Pacyna (2001) and Pacyna et al.
(2010b).

Aquatic Emissions
The major sources of metal pollution in aquatic ecosystems, including the ocean, are:

* domestic wastewater effluents (especially for arsenic, chromium, copper, man-
ganese, and nickel),

* coal-burning power plants (arsenic, mercury, and selenium in particular),

e non-ferrous metal smelters employing the hydrometallurgical process (mercury,
cadmium, nickel, lead and selenium),

e iron and steel plants (chromium, molybdenum, antimony, and zinc), and

* the damping of sewage sludge (arsenic, manganese and lead in particular).

The atmosphere is the major route of lead entry in natural waters. This sources
accounts also for 40 % V loading and substantial loadings of other metals. There are
also emissions of metals from products in use. They refer to corrosion from metal
surfaces exposed to the environment: roofs, fences, gutters, etc. The use of metals in
paint, sprays and pesticides also leads to emissions to the environment. They are
often considered as dissipative applications, where the use of a product equals the
emission to the environment.

Discharges into Soils

Soils are receiving large quantities of metals from a wide range of industrial wastes.
However, the two principal sources of metals in soils are:

* the disposal of ash residues from coal combustions, and
 the general wastage of commercial products on land.
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Urban refuse represents an important source of copper, mercury, lead and zinc
with significant contributions of cadmium, lead and vanadium also coming through
the atmospheric deposition. Chemical composition of urban refuse is the main fac-
tor affecting the amount of discharge of metals into soils. The large volume of
wastes associated with animal husbandry, logging, as well as agricultural and food
production form also an important contribution to the metal budget of many soils.

Municipal sewage sludge may not be a particularly important source of metals
on a global scale. However, municipal sewage represents one of the most important
sources of metal contamination in soils on a local scale.

1.2.2.2 Global Emission of Metals to the Environment

A first assessment of metal emissions from natural sources on a global scale has
been presented by Nriagu (1989). The largest emissions were estimated for metals
emitted during weathering of rocks and windblown dust, including copper, chro-
mium, manganese, nickel, lead, selenium, vanadium and zinc.

The first quantitative worldwide estimate of the annual industrial input of metals
into the air, soil, and water at the beginning of the 1980s was published by Nriagu
and Pacyna (1988). Pyrometallurgical processes in the primary non-ferrous metal
industries were found to be the major source of atmospheric arsenic, cadmium,
copper, In, antimony, and zinc, and an important source of lead and selenium.
Combustion of coal in electric power plants and industrial, commercial, and resi-
dential burners was the major source of anthropogenic mercury, molybdenum, and
selenium and a significant source of arsenic, chromium, manganese, antimony, and
thallium. Combustion of oil for the same purpose was the most important source of
vanadium and nickel. Combustion of leaded gasoline was estimated to be the major
source of lead. Atmospheric chromium and manganese were derived primarily
from the iron and steel industry. The largest discharges of these metals were esti-
mated for soils followed by discharges to water. The atmospheric emissions are the
lowest for all metals assessed.

The updates of the above mentioned global emission inventory have been pre-
pared by Pacyna and Pacyna (2001) with emission data calculated for the conditions
at the beginning of the 1990s and very recently for this work. The outcome of these
assessments is presented in Table 1.2. The data in table confirm the earlier conclu-
sion that emissions of metals from anthropogenic sources to soil are the highest
compared to anthropogenic emissions of these contaminants to the aquatic ecosys-
tems and the atmosphere and to emissions from natural sources.

The assessment in Table 1.2 confirms an earlier conclusion by Nriagu and Pacyna
(1988) that mankind has become the most important element in the global biogeo-
chemical cycling of metals. The man-kind mobilization of metals into biosphere,
estimated as the difference between the terrestrial and aquatic inputs minus
atmospheric emissions comes to about 13 tonnes for mercury, 934 tonnes for lead,
123 tonnes for arsenic, 31 tonnes for cadmium, 1600 tonnes for zinc, 1066 tonnes for
copper, 82 tonnes for selenium, 44 tonnes for antimony, 1038 tonnes for chromium,
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Table 1.2 Current global emissions of metals to the environment (in 10° tonnes/year)

Anthropogenic Ratio atmospheric/

Metal Natural Atmospheric Water Soil Total natural
Hg 2.5 2.0 4.6 8.3 14.9 0.8
Pb 12.0 119.3 138.0 796.0 1053.3 10.0
As 12.0 5.0 41.0 82.0 128.0 0.4
Cd 1.3 3.0 9.4 22.0 34.4 2.3
Zn 45.8 57.0 226.0 1372.0 1655.0 1.2
Cu 28.0 25.9 112.0 955.0 1092.9 0.9
Se 9.3 4.6 41.0 41.0 86.6 0.5
Sb 2.4 1.6 18.0 26.0 45.6 0.7
Cr 44.0 14.7 142.0 896.0 1053.7 0.3
Mn 317.0 11.0 262.0 1670.0 1943.0 0.03
Ni 30.0 95.3 113.0 325.0 533.3 32

v 26.0 240.0 12.0 132.0 384.0 9.2
Mo 3.0 2.6 11.0 88.0 101.6 0.9

1932 tonnes for manganese, 438 tonnes for nickel, 144 tonnes for vanadium and 99
tonnes for molybdenum. This man-kind mobilization of metals is much higher than
their emission from natural sources.

The largest anthropogenic emissions of metals were estimated in Asia. This can
be explained by growing demands for energy in the region and increasing industrial
production. As a result, the Asian emissions are not only larger than the emissions
on other continents, but also showing an increasing trend. Another factor contribut-
ing to high emissions in Asia is the efficiency of emission control which is lower
than in Europe and North America. Concerning the two latter continents, emissions
of metals show a decreasing tendency over the last two decades.

The annual total toxicity of all the metals mobilized exceeds the combined total
toxicity of all the radioactive and organic wastes generated each year, as measured
by the quantity of water needed to dilute such wastes to drinking water standard.
The circulation of toxic metals through the soil, water and air and their inevitable
transfer to the human food chain has become a very serious health risk. Better
understanding of metal cycling is clearly needed to quantify this risk.

1.3 Biogeochemical Cycling of Metals on Global Scale

Metals undergo a natural biogeochemical cycling in the Earth system. This cycling
starts with the processes within the Earth’s crust and on its surface. On a global
scale the earth’s inner magma, containing various metals is brought to the surface as
rocks. Weathering of these rocks releases the metals into the surface environment.
Then the metals undergo cycling within and between various environmental
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compartments, such as the ocean, the atmosphere, land and groundwater. Metals are
deposited during this cycling and buried again, mostly in sediments. Subsidence of
these sediments to the Earth’s inner sphere completes the cycle. This geological part
of the biogeochemical cycling of metals has been described by various authors,
including De Vos and Tarvainen (2006) and in the UNEP (2013a) report.

Metals can be mobilized as a result of various chemical, mechanical and biologi-
cal processes occurring in the Earth’s systems. These processes cause metals to be
dissolved from rocks exposed to acid rainwater. Metals can be liberated during the
mechanically breaking rocks, e.g. by plants. Another natural way of mobilizing
metals to the atmosphere is through volcanic activities.

Upon being mobilized, metals can undergo chemical processes, such as oxida-
tion and reduction, complexation and sorption. These processes have a direct impact
on fate and biological significance of metals. Understanding of metal speciation is
extremely important for assessing the metal impact on biotic ecosystems. Metals
adsorbed or complexed are generally not available for biological uptake. However,
oxidation (e.g. for sixvalent chromium) and methylation (e.g. for mercury) do have
great influence on bioavailability of these metals. Changing the redox state of met-
als, e.g. by various organisms, leads to changing the speciation of metals, thus their
biological uptake.

Discharges of metals to the atmosphere and aquatic and terrestrial ecosystems
during various anthropogenic processes described above change the natural biogeo-
chemical cycling of metals. Though metals serve as “technological nutrients”, our
understanding of perturbations of natural biogeochemical cycles of these chemicals
is much less understood than the anthropogenic impacts in biogeochemical cycling
of “grand nutrients” (Rauch and Pacyna 2009). This is particularly true for assess-
ment of human made perturbations of metal biogeochemical cycles on a global
scale. Most of the studies do address only stocks and flows of metals between the
environmental compartments. The first assessment of Earth’s global biogeochemi-
cal cycles of metals, such as Ag, chromium, copper, nickel, lead and zinc has been
prepared by Rauch and Pacyna (2009). This assessment provided an understanding
of the comparable magnitudes of metals appropriated by humans and by the natural
environment. An assessment tool was developed to quantify the changes to the envi-
ronment caused by any change of anthropogenic drivers, such as industry produc-
tion, population growth, or increased demand for energy and food production.

An example of biogeochemical cycling of lead is presented in Fig. 1.1 after
Rauch and Pacyna (2009). In the first part of the assessment, natural reservoirs and
metal stocks have been quantified using an information on the mass totals of the
subdivided continental crust and oceanic crust and lead concentrations in this crust.
Global living biomass has been disaggregated between terrestrial phytomass and
marine phytomass, assuming that 80 % of the world’s biomass is constituted by
trees. The Pb concentrations were estimated for foliage, twigs and branches, bark,
wood and roots, separately. Average Pb concentrations in marine organisms were
applied separately. Details on the above mentioned assessment are available in
Rauch and Pacyna (2009) together with the information on anthropogenic reser-
voirs and flows of lead.
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Fig. 1.1 Earth’s global cycle of lead, anthropogenic data are for year 2000. The colors indicate the
percent uncertainty (from Rauch and Pacyna 2009, reprinted with permission from John Wiley and
Sons)

The results of lead cycling in Fig. 1.1 show the amounts of tonnes of the metal
in various reservoirs and flows in the year 2000, coloured to reflect the estimated
uncertainty. These results indicate that despite successful reduction in hydrologic
and atmospheric emissions, society’s increasing consumption of metals has
increased both in-use stocks and waste stream discards of lead. It was pointed out
that the process of translocating metal from below ground to human built infra-
structure has seen an overall reduction over the past few decades in the wasteful
and potentially harmful dissipative emissions to environmental media. However,
the continued increase in mass movement from ore to in-use stocks has repercus-
sions for the future of environmental emissions. Though dissipative emissions from
in-use stocks have traditionally been minor relative to upstream emissions, the
chances of increased emissions from in-use stocks is greater with the increasing
size of this reservoir. This will have consequences for the future sources of lead
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resources, as more metal will likely be sourced from the discards of in-use stocks
through recycling. This recovery will not necessarily reduce the burden on raw ore
extraction, for most raw ores remain highly concentrated relative to in-use stocks,
and ore is required to provide for increasing levels of consumption and compensate
for dissipative losses.

Overall results of analysis carried out by Rauch and Pacyna (2009) indicate that
human action has become a significant geomorphic agent in lead and other metal
mobilization. Total natural and anthropogenic flows presently exist at approxi-
mately the same order of magnitude across most metals investigated. The largest
total mass movements in the natural system (crustal production and subduction,
sediment erosion and denudation, and ocean deposition) exceed the largest anthro-
pogenic mass movements (mining extraction, metal production, and metal con-
sumption). Copper is the only metal in which anthropogenic flows exceed natural
flows by an order of magnitude or more. This order of magnitude equivalency com-
pares with the grand nutrients, where the mobilization of C by human activity is less
than an order of magnitude of natural flows, N and S are approximately the same,
and P mobilization exceeds that of nature by half an order of magnitude (Falkowski
etal. 2000). As concluded by Rauch and Pacyna (2009), such perturbation of Earth’s
natural global metal cycles is resulting in the reallocation of metal mass from sur-
face sediments to continental margins and from ore bodies to in-use stocks.

1.4 Regional Scale Flows of Metals

Anthropogenic emissions alter substantially metal cycling on regional, e.g. conti-
nental scale. The degree of this alteration depends mainly on the amount of emis-
sions to the atmosphere, water and land and their flows through these environmental
compartments. Recently there were a few EU projects aiming at the improvement of
metal emission estimates to the environment in Europe, including the SOCOPSE
project on Source control of priority substances in Europe (www.socopse.se) and
the ESPREME project on Estimation of willingness-to-pay to reduce risks of expo-
sure to have metals and cost—benefit analysis for reducing heavy metal occurrence
in Europe (http://espreme.ier.uni-stuttgart.de).

Emission inventories were used to study metal impacts on the environment in the
form of Substance Flow Analysis (SFA). A stock—flow model approach, originally
developed to simultaneously forecast resource demand (inputs) and waste genera-
tion (outputs), was applied for developing future projections on emissions, dis-
charges and releases from metals used intentionally in products, whilst at the same
time accounting for the metals accumulated in society (i.e. in the use phase). The
basic model assumptions are driven by physical determinants, such as regulative
changes or substitution effects which in turn, affect the demand of metals embodied
in products. This in turn, induces a push of emissions or waste over a certain lifetime
whilst metals stocks are accumulated and generated in the system. Exchange of the


http://www.socopse.se/
http://espreme.ier.uni-stuttgart.de/

1 Sources and Fluxes of Harmful Metals 13

metals between different environmental reservoirs (atmosphere, water and land) is
based on a greatly simplified mass balance technique based on fixed exchange rates
between the environmental compartments. An example of the SFA analysis for cad-
mium in Europe is presented below.

The emission sources for the SFA application for cadmium in Europe were iden-
tified as:

e By-product emission sources, including:

— Phosphate fertilizer production

— Non-ferrous metals

— Iron and steel production

— Combustion installations

— Manufacturing processes

— Cement production

— Road transport and other mobile sources
— Waste treatment and disposal, and

e Cadmium intentional uses, including:

Cadmium electroplating

— Secondary battery manufacture
Cadmium stabilizers for plastics
Cadmium pigments in plastics

The most common industry source of cadmium is the by- product obtained when
treating zinc, copper, lead and iron ores. The combustion of fossil fuels in combus-
tion installations (especially coal and oil burning power plants) and waste treatment
and disposal are also large sources for emitted cadmium. In addition there are emis-
sions from phosphate fertilizer production and usage, cement productions, road
transport and other mobile sources. Description of the above mentioned sources is
presented in Pacyna (2009).

Material Flow Analysis for cadmium in Europe in 2000 in tonnes/year is pre-
sented in Fig. 1.2. The estimated emissions into the atmosphere are about 584 tons
cadmium per year. Cadmium emissions from fuel combustion installations contrib-
ute alone to about 63 % to the total emissions. For fuel combustion, the main part of
the emissions are emerging from oil boilers (26 % of total emissions to air) and coal
boilers (17 % of total emissions to air). Large quantities are also related from cement
production, non-ferrous metal industry and iron and steel production being respon-
sible for 11, 9 and 9 % of the total emissions to air. Agriculture and road transport
are assumed to be very low. Large parts of the atmospheric deposition are deposited
into the aquatic and terrestrial surfaces in Europe. Atmospheric emissions with an
average residence time of 7 days are deposited into the oceans (30 %) while about
70 % is deposited on land.

Cadmium emissions to the aquatic environment is for Europe estimated to be
about 500 tons per year where the half of the discharge basically is caused by
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Fig. 1.2 MFA diagram for cadmium in Europe in 2000 (numbers in tonnes/year, unless indicated
otherwise)

Cd as product

manufacturing processes (including metals, chemicals and petroleum products) and
atmospheric deposition (25 % of the total emissions to water each). Both, primary
non-ferrous metal production and domestic waste treatment plants are counting for
about 20 % of the total emissions to water.

The compartment for soil and terrestrial ecosystems is the largest receiver of
cadmium and it is estimated to receive about 1500 tons per year. The source of this
emission is first of all occurring from waste treatment and disposal. The contribu-
tion of this source is estimated to be about 30 % and it is basically related to disposal
of fly ash and bottom ash from power plants and waste incineration. Land filling of
urban refuse is responsible for about 25 % and wastage of commercial products are
responsible for about 5 % of the cadmium emissions to the terrestrial ecosystems in
Europe. The atmospheric deposition to terrestrial ecosystems is responsible for
about 13 %. Land filling of various foods and agriculture wastes counts for about
11 % of the total emissions received by the compartment for soil. Except food, the
disposal of wastes from various manufacturing processes and wastage of commer-
cial products on land both are responsible for about 5 % of the total. Municipal sew-
age sludge application is estimated to give low contributions.
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1.5 Local Scale Flows of Metals

Emissions of metals may occur at different stages of a given installation or produc-
tion technology. In order to assess the environmental and human health impact of
emissions from a given technology or point source, a metal mass balance is needed.
This assessment is aiming at:

e quantification of emissions from various emission generation points within a
given installation or technology,

 selection of appropriate emission control device in order to reduce emissions at
these points

* definition of best available practice in order to reduce/avoid emissions from these
points.

An example of mercury balance in a 2000 MW coal-fired power plant is pre-
sented in Fig. 1.3 on the basis of a project on integrated environment assessment of
new boilers employed at a 2000 MW coal-fired power plant, carried out by the
authors of this Chapter recently. As much as 912 kg of mercury are being introduced
to the boilers of this plant each year. Atmospheric emissions with a flue gases
account for 85 kg, thus about 9.3 % of mercury entering the power plan. The largest
amounts of mercury are estimated for the products after dry type of desulphuriza-
tion (dry FGD) of flue gases from six existing blocks, accounting for 499 kg.
Therefore, it is of utmost importance to determine an appropriate measure for deal-
ing with these products or even using them, as they can be very much contaminated
by mercury.
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Fig. 1.3 Mercury balance in a 2000 MW coal-fired power plant (in tonnes/year)
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Quite often the dry FGD products end as wastes and they are deposited on
landfills, or used to fill up the space in open pit mines after coal exploitation. In this
way mercury enters the environment and it can be transported with ground waters
to enter the food chain. Mercury can be also re-emitted to the atmosphere, depend-
ing on the air temperature, humidity and other meteorological conditions.

Mercury in the stream leaving the wet type of FGD often enters gypsum. In this
way mercury can be re-emitted to the atmosphere from building materials using
gypsum. Eventually, mercury can be deposited on landfills with the used building
materials based on gypsum.

Similar analysis on the basis of chemical mass balance for various installations,
technologies, or point sources of emissions can be carried out for other metals. The
main goal of such study is the assessment of human alterations of environmental
cycles of metals on a local scale.

1.6 Measures to Reduce Anthropogenic Emissions of Metals

Emissions of metals from various anthropogenic sources can be reduced using tech-
nological (e.g. Best Available Technology —BAT concept) and non-technological
measures (e.g. Best Environment Practice—BEP concept).

1.6.1 Technological Measures

In general, metal emissions can be reduced through the application of the following
methods (Pacyna and Ahmadzai 1997):

e pre-treatment methods, such us fuel substitution and fuel washing,

e primary reduction methods, when emission reduction occurs at the emission
generating point, e.g. through the application of various combustion modifica-
tion methods in electricity production boilers, and

e secondary methods, when emission reduction occurs in the flue gas.

Fuel substitution and fuel washing are the major pre-treatment measures for
reduction of metal emissions. The following options of fuel substitution are often
considered:

e switching from high- to low-ash and sulphur content coals burnt in coal-fired
power plants, including direct switching from one kind of coal supply to another
and blending various kinds of coal,

* increasing the use of natural gas, which has inherently lower content of metals
than coal and oil, and

* increasing the use of alternative fuels and wider application of renewable sources
to produce energy.
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The decision to switch fuels is based on the following considerations: (1)
availability and cost of new fuels, (2) the assessment of several engineering fac-
tors, such as fuel handling, coal preheating, internal boiler configurations, ash
handling system, etc., and (3) the characteristics of the generating unit.

The cleaning of coal takes place in water, a dense medium or a dry medium.
Physical cleaning processes are based on either the specific gravity or surface prop-
erty differences between the fuel and its metal impurities. Chemical cleaning
depends of chemical reactivity of metals as fuel impurities. An estimate reduction
of metal content in various coals by fuel cleaning is between 5 and 10 % (Pacyna
and Ahmadzai 1997). The cleaning of crude oil occurs mostly through residue
desulphurization (RDS). However, this process is less important than cleaning of
coals, as crude oil contains less metals as impurities than most coals, except for
nickel and vanadium for some heavy contaminated crude oils.

Regarding primary methods of emission reduction, it should be noted that vari-
ous technologies within the same industry may emit different amounts of metals to
the air or aquatic environment (Pacyna and Pacyna 2005). It can be generalized for
conventional thermal power plants that the plant design, particularly the burner con-
figuration has an impact on the metal emission quantities. Wet bottom boilers pro-
duce the highest emissions among the coal-fired utility boilers, as they need to
operate at the temperature above the ash -melting temperature. The load of the
burner affects also the emissions of metals in such a way that for low load and full
load the emissions are the largest. For a 50 % load the emission rates can be lower
by a factor of two. The influence of plant design or its size on atmospheric emissions
of metals from oil-fired boilers is not as clear as for the coal-fired boilers. Under
similar conditions the emission rates for the two major types of oil-fired boilers:
tangential and horizontal units are comparable.

Non-conventional methods of combustion, such as fluidized bed combustion
(FBC) were found to generate comparable or slightly lower emissions of metals
than the conventional power plants (e.g. Pacyna and Pacyna 2005). However, a long
residence time of the bed material may result in increased fine particle production
and thus more efficient condensation of gaseous metals, primarily mercury.

Among various steel making technologies the electric arc (EA) process produces
the largest amounts of metals and their emission factors are about one order of mag-
nitude higher than those for other techniques, e.g., basic oxygen (BO) and open
hearth (OH) processes. The EA furnaces are used primarily to produce special alloy
steels or to melt large amounts of scrap for the reuse. The scrap which often contains
metals is processed in electric furnaces at very high temperatures resulting in vola-
tilization of metals.

Quantities of atmospheric emissions from waste incineration depend greatly on
the type of combustor and its operating characteristics. The mass burn/waterwall
(MB/WW) type of combustor is often used. In this design the waste bed is exposed
to fairly uniform high combustion temperatures resulting in high emissions of
gaseous portions of metals. Other types of combustors seem to emit lesser amounts
of metals.
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The type and efficiency of control equipment is the major parameter affecting the
amount of metals released to the atmosphere. Major fraction of metals emitted from
high-temperature sources, such as coal-fired power plants, non-ferrous metal smelt-
ers, ferrous foundries, cement kilns and waste incinerators, occurs on fine particles
with a diameter of less than 2 um. At present, ESPs and Fabric Filters (FFs) are the
major types of particle control devices used in major industrial and electric power
plants. Current removal efficiency of ESPs and FFs is more than 99.5 % for particles
carrying metals mentioned in Table 1.1, except mercury.

Unlike other metals, mercury enters the atmosphere from various industrial pro-
cesses mostly (around 90 %) in a gas form. The application of FGD has a very
important impact on removal of mercury. A number studies have been carried out to
assess the extent of this removal and parameters having major impact on this
removal. These studies were reviewed in connection with the preparation for the
Minamata Convention (Pacyna et al. 2010b). It was concluded that the relatively
low temperatures found in wet scrubber systems allow many of the more volatile
metals to condense from the vapour phase and thus to be removed from the flue
gases. In general, removal efficiency for mercury ranges from 30 to 50 %. It was
also concluded that the overall removal of mercury in various spray dry systems
varies from about 35 to 85 %. The highest removal efficiencies are achieved from
spray dry systems fitted with downstream fabric filters. Even higher mercury emis-
sion control efficiency is obtained with the application of mercury specific sorbents.
As much as 90-95 % of mercury in the flue gas can be reduced by such installations
(Pacyna et al. 2015b).

1.6.2 Non-technological Measures

The main objective of the Best Environmental Practices (BEP) concept is to identify
and promote recommended practices as requirements in the environment protection
context for new facilities and as goals for continual improvements for existing facil-
ities. The BEP is formed along the Code of Environmental Practices for a given
sector of economy. In fact, such Code also includes the recommended measures to
prevent or mitigate adverse effects on the environment. In most of the cases these
measures are non-technological, as the technological measures are mostly within
the BAT concept.

There are various means and levels of implementation of BEPs (e.g., EC 2006),
including:

* voluntary adoption by a corporation and/or facility;

* use as performance benchmarks for environmental audits;

* use as a benchmark for public corporate commitments and performance reporting;

* inclusion as a commitment in an environmental performance agreement between
a corporation and/or facility and government bodies responsible for environmen-
tal protection or pollution prevention;
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 inclusion of some or all of the recommendations as regulatory requirements at
various government levels.

There are two major steps before the BEP concept is to be developed, including
the description of: (1) activities and processes within a given industrial sector or a
facility, that may result in possible adverse environmental and human health impacts,
and (2) environmental concerns related to these activities and processes. These two
steps and the whole concept of BEP can be implemented on the whole industrial
sector at national scale or at the level of a given facility.

The literature information on developing and employing the BEP concept with
regard to metal contamination concern at an industrial sector scale is quite limited.
On the whole sector scale the most comprehensive document available is the
Environmental Code of Practice for Base Metals Smelters and Refineries document
(EC 2006). This document describes smelter and refinery operations and environ-
mental concerns in the zinc production sector. Environmental protection practices
are recommended to reduce or eliminate the adverse environmental impacts associ-
ated with smelters and refineries. Recommendations are defined separately for: (1)
environmental management systems, (2) atmospheric release management, (3)
water and wastewater management, and (4) waste management.

Environmental management systems are defined as an organized set of activities,
actions, and procedures that go beyond legal requirements in the process of ensuring
the minimal adverse impacts on the environment from various processes within the
zinc production (EC 2006). In this way the zinc production sector would become
more environment friendly industry. The recommendations identified with environ-
mental management systems take into account various policies, principles, and
commitments defined by Environment Canada, various provinces, and organiza-
tions. They include environment management plans, pollution prevention, emer-
gency and decommissioning planning, various inspections, auditing, and training,
as well as reporting for public.

Atmospheric release management is dealing with recommendations leading to
the minimization of emissions of pollutants to the atmosphere. Mercury is treated
separately in these recommendations and mercury emission guidelines are described
in the Recommendation R 205 (EC 2006). The following targets for the release of
mercury from base metal smelters are defined under the Canada-wide Standards
(EC 2006):

» For existing facilities: application by all primary zinc, lead, and copper smelters
of best available pollution prevention and control techniques economically
achievable to achieve an environmental source performance (atmospheric emis-
sion) guideline of 2 g of mercury per tonne total production of finished metals.

* For new and expanding facilities: application of best available pollution preven-
tion and control techniques to minimize mercury emissions throughout the life
cycle of the minerals in question to achieve an environmental source performance
(atmospheric emission) guideline of 0.2 g of mercury per tonne production of
finished zinc, nickel, and lead and 1 g of mercury per tonne production of fin-
ished copper, and consideration of a mercury offset program to ensure that no
“net” emission increases occur.
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Water and wastewater management deals with recommendations for water use/
reuse in various processes within the metal base production, wastewater collection
and containment sizing, as well as water effluent guidelines and reporting. These
guidelines are metal specific. For example, mercury appears in the ambient water
quality guideline Recommendation R 306. The ambient water guideline for inor-
ganic mercury is defined as 0.026 ug/l and 0.004 ug/l for methylmercury. This is
guideline proposed by the Canadian Council of Ministers of the Environment,
Canadian Environmental Quality Guidelines for the Protection of Freshwater
Aquatic Life (in EC 2006).

Environmental Code of Practice or BEP concept on a whole sector scale often
serves as a basis/guidance for development of the BEP concept at a given facility.
On one side facilities are often requested to report on BEP using the sector forms,
as mentioned above, on the other side the performance of a given facility along a
detailed BEP form is often used as a benchmark for public corporate commitments,
as well as for the improvement of the environmental image of the facility.

One of the first steps in the implementation of BEP concept at a facility level is
the development of a control plan for environmental aspect assessment. This plan
takes into account recommendations defined in the environmental code of practice
for a given industrial sector in the country where facility is located. This is an impor-
tant issue because the plan at a facility level should be compatible with and useful
for reporting of a facility performance along the national or sector-based code of
practice. Having this issue in mind, the control plan would need to include the ele-
ments related to:

 Identification of key production processes, production equipment, emission con-
trol systems, procedures for dealing with storage of wastes and monitoring.

¢ Establishment of environmental standards, recommendations for environmental
friendly production processes (limits of atmospheric emissions, releases to
aquatic and terrestrial ecosystems), procedures for handling raw materials, prod-
uct and wastes, procedures for testing the implementation of these recommenda-
tions and procedures, responsibilities regarding the environmental risks.

e Identification of personal responsibilities for implementation of control plan,
training programs resulted from the plan, as well as expectations arriving from
the plan.

The above mentioned elements are presented in the control plan along the issues
of safety and health, site specificity (including site chemistry), environmental charge
through emissions and wastes, and environmental problem management.

1.7 Decision Support System (DSS) for Metal Emission
Control

The degree of necessary reduction of emissions and fluxes of metals to the environ-
ment is assessed using various tools (models, databases, measurement data) inte-
grated into a Decision Support System (DSS). The DSS is a framework established
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Fig. 1.4 Structural approach that forms a framework for Decision Support System

for policy makers responsible for development of environmental policies in various
regions, countries or on a global scale (e.g. within UN Environment Programme —
UNEP). In formation on emissions and fluxes of pollutants is the key information
for the development and use of DSS. The structural approach that forms a frame-
work for decision support is presented in Fig. 1.4.

There are various steps in the development of DSS presented in Fig. 1.4. These
steps include:

e problem definition,

e system definition,

e inventory of sources and emissions,

e definition of emission scenarios,

e inventory of possible emission reduction measures,

¢ assessment of the effects of emission reduction measures, and
¢ selection of the best measures for emission reduction.

The problem definition sets the aim of the assessment. The result of this step is
an overview of existing legislations, directives, or other commitments towards of
emission reductions of metals, as well as provides the reasoning of the required
emission reductions.
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The boundaries of the assessed system are then defined. The geographical,
temporal, physical and societal characteristics of the system are decided upon.
These characteristics may be adjusted when the impacts are analysed in more detail
in the next steps.

The next step involves an inventory of sources and emissions, which eventually
affects the environmental concentrations of metals. The inventory phase should con-
tain data collection for all relevant source categories emitting or consuming metals
according to the system boundaries decided upon in the problem and system defini-
tion (in previous steps). Emissions and flows should be calculated, resulting in the
construction of a substance flow diagrams for metals.

The following step seeks to answer whether additional measures are necessary to
reduce emissions of metals and to investigate if there are reasons to assume that the
present emission quantities will change in the future. The SFA diagrams are con-
structed with future emissions and flows. The baseline scenario in such case consid-
ers any relevant legislation/directives and/or modifications of them during the time
scale undertaken in the analysis. Some emission sources may already or in the near
future be eliminated by existing regulations and policies. This fact should reflected
when building the future emission scenarios. The analysis within this step can be
used for identification of the most important emission sources, as well as for descrip-
tion of cross-media environmental effects under the baseline scenario.

Possible additional measures and their emission removal efficiencies (including
co- control of other substances) are identified in the next step of the DSS. The result
is a SFA scheme that illustrates likely future emissions based on assumptions on
implementation degrees of technical measures (e.g. within BAT) as well as other
management options, e.g. within BEP. The options include process- oriented
options, end- of- pipe techniques, product substitution, as well as community level
options (e.g. waste disposal, sediment or soil removal etc.). The investment and
operation costs for these measures are also taken into account.

The environmental and human health effects of the measures identified in the
previous step are assessed in the following step. Potential impacts are identified
through data on emissions and exposures (source—receptor relationships) and on
human health and environmental related effects (dose-response functions for vari-
ous metals). The assessment of impacts should focus on the difference between the
baseline scenario and the alternative (restricted) scenario. In this way, the additional
costs or savings compared to the baseline scenario are assessed. The impacts should
as far as possible be described quantitatively where suitable data exists. The results
of the step are presented in a form of a table of effects, costs and benefits for a given
emission scenario for metals, compared to the baseline scenario.

In the final step of the DSS, a selection of a set of best emission reduction mea-
sures is prepared for their implementation. The ranking of the measures is based on
the results of cost-benefit analysis associated with these measures.

The DSS for metals in Europe has been developed by the authors of this Chapter
together with other scientists within the EU project SOCOPSE (e.g. Baartmans
et al. 2008). The application of this DSS for mercury in Europe has been made by
Sundseth (2012). He concluded that large economic benefits can be achieved globally
with the reduction of mercury emissions using the measures applied in the EU
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region. The investigated Baseline scenario highlighted the importance of full imple-
mentation of existing measures, and the importance of making further progress in
reducing mercury emissions from European sources. However, the application of
cost—benefit analysis indicated that the economic cost of alternative technological
options for coal combustion and industrial boilers in the EU region, which is the
main emission source for mercury in Europe, exceeds the economic benefits.
Sundseth (2012) pointed out that reducing emissions in developing countries may
be most effective which reconfirms the importance of the Minamata convention
plans for emission reductions worldwide.

1.8 Final Remarks

Metals are important chemicals occurring in various ecosystems. Some of them are
toxic, some are toxic when appearing in excess and some are essential for the envi-
ronment and human health. Environmental and human health impacts of metals
depend of various factors, however, the key parameters are emission quantity to the
air, water and land, and their transport through various ecosystems resulting in the
food chain and air contamination, which are the main pathways of metals for enter-
ing human body. Thus the quantity of metal emissions and the degree of human
alteration of metals biogeochemical cycles are the key information for the human
health impacts of these chemicals.

Complete and accurate emission inventories and future emission scenarios for
metals are needed in order to assess the current and future exposure of the ecosys-
tems and human to these pollutants. Major sources of metals are already well
defined, particularly when assessing the emissions on local and regional scale. Most
of these emissions inventories are prepared on the basis of emission factors for vari-
ous sources and source categories. More emission measurements are needed for
verification of emission factors and improving them with respect to their accuracy
and appropriate applicability (for a given technology, source category or even a
geographical region). Information is often lacking on chemical and physical forms
of metal emissions, as well as on metal organic forms, so important when discussing
the toxicity of metals.

Anthropogenic sources of metal emissions are better evaluated than natural
sources, including the re-emission of volatile species, such as mercury from land
and aquatic ecosystems to the atmosphere. More focus is needed on the assessment
of metal emissions from biogenic sources, crustal weathering and volcanic activi-
ties. Improved information on sources and emissions of metals will have the main
effect on the improvement of our knowledge on biogeochemical cycling of these
pollutants. Improvement of information on emissions of metals is particularly
needed for assessment of water and land releases. More accurate information on
biogeochemical cycling of metals will result in the improvement of our knowledge
of metal exposure pathways, and consequently of metal dose to human. Quality of
information on dose-response functions for metals will benefit from the above
mentioned improvement. Accurate assessment of dose-response functions is the
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most important research task when studying the impacts of environmental pollutants
on human health.

There are various technological and non-technological measures that can be
applied to reduce emissions and fluxes of metals in the case of their excess. The
selection of the most appropriate measure in the context of largest environmental
and human health benefits and the optimal investment and operational costs can be
made using the framework of the decision support system. The DSS structure has
been developed, however, its successful application depends on the quality of vari-
ous models and data bases brought into the DSS. While environmental transport and
distribution models undergo continuous improvement, particularly the improve-
ment of chemical and physical schemes for metal transport, more research emphasis
is needed to improve the quality of food chain modelling and the uptake models to
various human organs, particularly to critical organs for specific metals.

In general, major focus of environmental research on metals has been on lead
and mercury, resulting in legal actions to reduce emissions and exposure to these
contaminants. Lead additives to gasoline are phased out worldwide. In 2013, the
Minamata convention has been established with the aim to reduce the levels of mer-
cury in the environment. However, there are also other metals which need more
attention because of their biogeochemical cycling is altered significantly by human
activities causing a risk to human health. These metals are mentioned in Table 1.1,
with focus on arsenic, cadmium, nickel, and vanadium. However, there are also
other metals, such as Rare Earth Elements (REE), which need to be studied in the
context of increasing demand by the market and industry for these chemicals on one
side and a very limited knowledge on their toxicity and other environmental impacts
on the other side.
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Chapter 2
Exposure to Environmental Hazards
and Effects on Chronic Disease

Miranda Loh

Abstract There are numerous hazards that people are exposed to in everyday life:
at home, at work, and in other locations (microenvironments). Between exposure
and health effect there are a large number of modifying risk factors, as embodied in
the concept of the exposome. Exposures to other hazards, genetics, and society all
play a role in whether and how an exposure results in an adverse effect. The timing
of exposure is also an important factor. In utero and early life exposures may be of
particular importance for initiating some types of diseases that manifest later in life.
Chronic diseases such as cardiovascular and respiratory disease are important
contributors to the global burden of disease. These diseases are a result of the inter-
play of several risk factors, which include environmental exposures. The exposomic
approach is therefore particularly applicable to the study of environmental causes of
chronic disease. Rather than take a pollutant-by-pollutant focus, this chapter will
examine two common chronic diseases which research has shown to have multiple
contributing environmental risk factors. The proposed diseases are cardiovascular
disease and non-malignant respiratory disease (particularly asthma). The chapter will
cover both acute and chronic effects, including a discussion of the evidence for some
hazards where exposures in childhood or before birth can potentiate future disease.

Keywords Exposome ¢ Exposure ® Cardiovascular disease ¢ Asthma

2.1 Introduction

There are numerous hazards that people are exposed to in everyday life: at home, at
work, and in other locations (microenvironments). Health impacts of environmental
hazards are a product of many different factors. These factors can be co-exposures,
epigenetics, genetics, psychosocial stress, the physical environment, cultural factors,
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etc. Whereas in the past, research into health impacts of environmental exposures
tended to focus on eliciting the effect of a single hazard, while controlling for poten-
tial confounding factors, the research paradigm is moving towards a multi-factorial
approach. The idea of “~omics” embodies this approach, where “-ome” refers to the
totality of something, the genome, the transcriptome, the microbiome, etc. Methods
of analysis—chemical, biological, and statistical —are now more focused on evaluat-
ing multiple risks as a whole, examining risk profiles, rather than single predictors.

Exposure science is now faced with the “exposome”, or all exposures that a per-
son experiences from conception to death (Wild 2012). It is thought that only a
small percentage of disease is explained by genetic factors (Thomas 2010). Gene-
environment interactions likely play an important, but not well understood role in
disease development. These include a wide range of factors, which can be grouped
as general external (e.g. urban environment, psychosocial stress), specific external
(e.g. air pollutants, radiation), and internal (e.g. genetics, inflammation) as reflected
in Fig. 2.1. The interaction of these spheres results in disease manifestation. The
challenge for the future will be developing frameworks and methodologies for
assessing the exposome. Although it may be impossible to assess all aspects of the
exposome, at least in the near future, it is important to begin taking this approach for
understanding and preventing disease.

This chapter will examine two common chronic diseases which research has
shown to have multiple contributing environmental risk factors. The proposed
diseases are cardiovascular disease and asthma. Chronic diseases such as these

General externa

Social capital, education,
financial status, psychological
and mental stress, urban—rural
environment, climate, etc

Specific externa
Radiation, infectious
agents, chemical
contaminants and

* environmental pollutants,
diet, lifestyle factors (e.g.
tobacco, alcohol),
occupation, medical
interventions, etc

Internal

Metabolism, endogenous
hormones, body
morphology, physical
activity, gut microflora,
inflammation, lipid
peroxidation, oxidative
stress, ageing etc

Fig. 2.1 The exposome (Wild 2012) by permission of Oxford University Press
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are important contributors to the global burden of disease, and are a result of the
interplay of several risk factors, which include environmental exposures.
The exposomic approach is therefore particularly applicable to the study of envi-
ronmental causes of chronic disease. Although the pathways through which the
environment influences the development and manifestation of these diseases dif-
fer, inflammation is a key common mechanism of action. There are a number of
hazards and risk factors that affect both heart and lung disease, including expo-
sure to air pollution, arsenic, cigarette smoke (and smoking), diet, obesity, and
stress. Exposures in utero and in early life are also thought to be an important
influence on the later development of disease. This chapter will not discuss expo-
sures to parents pre-conception, but includes a brief discussion of exposures via
the mother in utero. In the fetal origins of disease theory, exposures in utero may
make a person more susceptible to disease later on in life. Exposures and life-
style patterns after birth and into adulthood also affect the propensity of the per-
son to develop disease as an adult.

The chapter will cover both acute and chronic effects, including a discussion
of the evidence for some hazards where exposures in childhood or before birth
can potentiate future disease. The focus will be primarily on the “specific exter-
nal” exposome, with some discussion of how “general external” factors may
contribute to disease effects. Internal aspects will not be examined. The factors
described here are meant to cover many of the non-occupational risk factors for
Cardiovascular disease (CVD) and asthma, but are not a complete list.

2.2 Cardiovascular Disease and Asthma

2.2.1 Cardiovascular Disease

Cardiovascular diseases (CVD) are the leading cause of death globally, and ischemic
heart disease is estimated to be responsible for about half of all CVD deaths. Genetics
and lifestyle play a key role in development of disease, but environmental risk fac-
tors are also an important contributor. Risk prediction based on the Framingham
Heart Study for heart disease outcomes such as myocardial infarction, coronary heart
disease, and death, include age, gender, total serum cholesterol, high density lipopro-
teins (HDL), blood pressure, diabetes, and smoking (D’ Agostino et al. 2001). Ethnic
and racial groups exhibit differences in CVD risk. Tobacco, low HDL and high low
density lipoproteins (LDL), and elevated glucose are accepted as causal risk factors
for CVD, while external risk factors that predispose individuals to CVD include
physical inactivity, socioeconomics, stress, and diet (Yusuf et al. 2001). Exposure to
several pollutants has also been found to increase risk of developing cardiovascular
disease, and contribute to inducing acute cardiovascular events. Inflammation is a
key mechanism by which many non-genetic risk factors, including environmental
ones, are thought to influence development of CVD.
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2.2.2 Asthma

Asthma is a complex disease of the airways, with several phenotypes (observ-
able characteristics) and endotypes (disease entity defined by a specific bio-
logical mechanism) (Lé6tvall et al. 2011). Allergic phenotypes tend to occur in
youth, and are more likely in males, although they can still manifest in adult-
hood. The onset of asthma in childhood is greater in males than females,
whereas in adulthood the pattern is switched. Non-allergic asthma tends to
occur more often in adulthood. A number of environmental agents have been
found to play a role in impacting the development of the lung, and hence sus-
ceptibility to lung disease in childhood or adulthood (Miller and Marty 2010).
Asthma can be characterized by chronic inflammation, which leads to airway
hyper-responsiveness and remodeling (Bousquet et al. 2000), although there
have been observations that not all asthma patients have a strong inflammatory
component (Lotvall et al. 2011).

2.2.3 Common Exposures and Risk Factors
for Cardiovascular Disease and Asthma

Major “specific external” exposome factors that play a role in development and
symptom manifestation of both CVD and asthma include exposures to air pollu-
tion, cigarette smoke, arsenic, and diet (Fig. 2.2). Psychosocial stress and socio-
economic status are also “general external” exposome factors for both sets of
diseases. Specific occupational exposures can also play an important role for
development and exacerbation of CVD and asthma, although these are not
described in detail in this chapter. Other exposures related to CVD include noise
and metals, while those related to asthma include cleaning product chemicals,
phthalates, and dampness and mould.

2.2.3.1 Air Pollution

Much of the evidence around air pollution risks relates to combustion-source pollut-
ants. Exposure to these pollutants can take place outdoors, in transit, at work, and
indoors. Outdoor sources include power plants, industry, residential wood burning,
vehicles, and ships. Indoor sources include smoking, cooking, candle and incense
burning, and fireplaces. Outdoor sources are the most easily controlled by regula-
tory authorities and policies, but people spend relatively little time outdoors (~ less
than 10 % of time, on average) (Kleipeis et al. 2001; Schweizer et al. 2007).

Air pollution is a complex mixture of gases and particulate matter, which is deter-
mined by sources and atmospheric or microenvironmental climate and conditions.
The mixture of pollutants a person breathes in depends on the location of the person
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Fig. 2.2 Aspects of the external exposome that influence asthma and cardiovascular disease. The
solid arrows indicate relatively strong evidence for either symptoms or induction of disease and
the dashed arrows indicate suggestive but not conclusive evidence

and the sources that contribute to the pollution in that location. Outdoor sources
include power plants, industry, residential wood burning, vehicles, and ships along
with natural sources such as desert dust (in some regions) and wildfires.

Of outdoor sources, traffic pollution is of particular concern because this source
tends to be closer to the population as a whole, especially in urban areas. People there-
fore have a greater risk of exposure to traffic pollution. Epidemiology studies have
also found associations between exposure to traffic and cardiovascular disease and
asthma. Traffic pollution includes particulate matter (PM), nitrogen dioxide, carbon
monoxide, aldehydes, volatile organic compounds (VOCs), and semi-volatile com-
pounds (SVOCs), such as polycyclic aromatic hydrocarbons (PAHs). One difficulty
with assessing the health impacts for pollutants from a common source, such as traf-
fic, is that the concentrations tend to be correlated, thus making it difficult to separate
the effects of one pollutant from another. Controlled exposures or laboratory studies
provide some possibility of distinguishing the individual effects of pollutants.
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Particulate matter has been strongly related to cardiovascular disease in
epidemiology, toxicology, and controlled exposure studies (Brook et al. 2010;
Miller et al. 2012). Evidence for the effects of ozone and nitrogen dioxide on
cardiovascular disease is not as clear as for particulate matter (Review of evi-
dence on health aspects of air pollution—REVIHAAP project 2013). In chamber
studies, exposures to concentrated ambient particles or dilute diesel exhaust led
to acute vasoconstriction in volunteers, but exposures to NO, and filtered air
showed no effects on vascular dysfunction (Langrish et al. 2010). Exposure to
NO, may increase the effects of particulate matter, although this has not been
demonstrated in all areas (Brook et al. 2004).

Nitrogen dioxide is often used as a marker of traffic exhaust, and there is some
evidence in the time series literature for respiratory related mortality (Review of
evidence on health aspects of air pollution —REVIHAAP project 2013). Nitrogen
dioxide levels in homes with gas appliances has been found to range from 180 to
2500 pg/m?, which are many times higher than typical outdoor levels (Heinrich
2011). In controlled exposure studies NO, leads to sustained increases in neutro-
phil response and decreases in lung function in healthy subjects, but only When
exposure is >1 ppm, which is about two orders of magnitude greater than typical
outdoor exposures (Parnia et al. 2002). Evidence is less clear for lower concentra-
tions, which are what people are exposed to in daily life. Nitrogen dioxide may
play a role in exacerbating asthma, and has been associated with incident wheeze,
but it is uncertain whether or how nitrogen dioxide influences the development of
asthma. A modest association between NO, and incidence of asthma (OR 1.09,
0.96-1.23 per 10 pg/m? increase) was found in a meta-analysis of five birth cohorts
for longitudinal exposure and childhood asthma, but with substantial variability
between studies (Bowatte et al. 2015). Co-exposures of more than one air pollutant
have been found to increase the airway response of the allergic asthmatic response
to triggers (Parnia et al. 2002).

Ozone exposure is also associated with asthma symptoms, exacerbations, and
decreased lung function in adults. It has been shown to induce inflammation in the
lung, and animal studies indicate that ozone exposure leads to airway remodeling
(Review of evidence on health aspects of air pollution—REVIHAAP project 2013).
Experimental exposure of humans to ozone causes irritation and cough, with decre-
mentsin FVCand FEV 1, butathigh levels (0.4 ppm) (Koren et al. 1989). Inflammatory
biomarkers were also shown to increase, along with indicators of increased vascular
permeability. Such effects may allow allergens to penetrate deeper into airway
mucosa, increasing or altering the immune response (Parnia et al. 2002).

Particulate matter itself is a mixture of particles of different sizes and composi-
tion. PM is a trigger for short-term cardiovascular events, and for biological responses
that can raise long-term CV risk (Brook et al. 2010). Several characteristics of PM
are thought to play a role in its toxicity: size, surface area, and composition. These
characteristics are linked to the sources that emit PM and the physio-chemical trans-
formations that the particles undergo in the atmosphere. Although particles of vari-
ous sources have been linked with CVD, combustion-produced particles are of
particular interest, due to the small size of these particles, and the potential for



2 Exposure to Environmental Hazards and Effects on Chronic Disease 33

numerous toxins to be sorbed onto these particles. One mechanistic explanation for
the effect of PM on CVD is through the inflammatory response. Inhalation of parti-
cles leads to inflammation in the airways, with fine and ultrafine particles reaching
the alveolar region. Particles less than a nanometer in size may cross the alveolar
membrane and enter systemic circulation.

In occupational settings, particles are classified into three sizes. Inhalable parti-
cles enter the nose and mouth through breathing, and are 100 pm in diameter or less.
These may include dusts and other mechanically generated particles. Thoracic par-
ticles (<20 pm diameter) penetrate further into the bronchi, and respirable particles
(<4 pm diameter) yet further into the alveoli. Non-occupational regulations distin-
guish between PM,, and PM, s, which are particles with an aerodynamic diameter
<10 pm and <2.5 pm, respectively. PM, s is also known as fine particulate matter,
while particles between 2.5 and 10 pm are termed coarse particles. Fine particles are
generally emitted from combustion sources, such as fires, power plants, and vehi-
cles, and from secondary formation from gases or liquid droplets. Coarse particles
in the environment can include dust, such as re-suspended road dust and desert dust.
Biological aerosols such as pollen, mould, allergens from insects and pets, bacteria,
and viruses can be found throughout the range of particle sizes. Freshly emitted
particles from traffic are in the ultrafine range (<100 nm). Ultrafine particle (UFP)
concentrations tend to drop off relatively quickly from the road, with levels reaching
background around 300 m, with a 50 % reduction by about 150 m (HEI Review
Panel on Ultrafine Particles 2013).

In addition to size, particulate matter can differ widely in composition from
source to source. Healthy volunteers exposed to diesel exhaust particulate in con-
trolled exposure studies have been found to induce responses such as inflammation,
endothelial dysfunction, and thrombosis (Lucking et al. 2008; Lundbick et al. 2009;
Tornqvist et al. 2007). Exposure to particles of different composition in controlled
exposure studies (i.e. concentrated ambient particulates, CAPS, and diesel exhaust)
showed differing effects on heart rate variability, with reductions in variability seen
with CAPS but not with diesel (Miller et al. 2012). Individual constituents of parti-
cles such as certain metals may affect risk of CVD development.

Although combustion source particles are thought to be most dangerous for
health, time series studies have also found that desert dust can impact mortality and
hospital admissions (Middleton et al. 2008; Perez et al. 2008). Particles from indoor
sources may also be from combustion sources, dust, biological material, or second-
ary organic aerosols, generated from reactions between volatile organic compounds
and ozone. Health effects of indoor source particles are less well studied, and it is
assumed that combustion source indoor particles would have the same effect as
ambient particles. However, the inflammatory response to particles in the respira-
tory tract may be a key mechanism, in the development and exacerbation of CVD,
thus implying that all particles may be of concern.

Air pollutants have been clearly shown to increase the risk of asthma exacerbations
and symptoms, and may also increase risk of developing asthma, especially in chil-
dren (Gowers et al. 2012). Traffic exhaust exposure is associated with higher risk of
asthma symptom development. Ozone, nitrogen dioxide, and particulate matter, all
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also related to traffic, have been associated with asthma exacerbation. A multi-cohort
study of more than 23,000 adults followed over 10 years was suggestive of an effect
from NO, and PM,, on asthma development, but results were not conclusive
(Jacquemin et al. 2015). A review by the British Committee on the Medical Effects of
Air Pollutants (COMEAP) determined that evidence for individual pollutants in
asthma induction is still inconclusive, but studies indicate that living close to major
roads (<150 m) is linked to wheeze and asthma, with increasing effects with proximity
(Gowers et al. 2012). In addition, truck traffic has been identified as a risk for asthma,
which may be considered a proxy for increased exposure to diesel exhaust.

Particulate matter elicits an inflammatory response and contains aeroallergens,
metals, PAH, and other substances that may trigger both allergic and non-allergic
airway responses. A meta-analysis of four birth cohort studies found an increased
incidence of childhood asthma (OR 1.14, 1.00-1.30 per 2 pg/m? increase in PM,5)
but also with substantial heterogeneity between studies (Bowatte et al. 2015). Diesel
exhaust particulate (DEP) has been identified as a possible carrier of allergens on
surface, therefore increasing exposure during pollution episodes, or near roads with
diesel traffic (Parnia et al. 2002). DEP have been shown to enhance IgE production
and activation of basophils, particularly due to the polycyclic aromatic hydrocar-
bons (PAH) on the particle surface rather than carbon core (Lubitz et al. 2010;
Parnia et al. 2002; Takahashi et al. 2010), but do not induce IgE production. Also,
DEP causes inflammation of the airways, which makes them more susceptible to
allergen challenge. Damage to epithelium and cilia reduces the effectiveness of the
biological barrier against allergens (Parnia et al. 2002). In general, PM has been
associated with asthma symptoms, but evidence for development of asthma is lim-
ited, although in utero exposure to PM, s has been associated with early childhood
asthma (Hsu et al. 2015).

An important source of exposure for many air pollutants is cigarette smoke.
Smoking is a known risk factor for cardiovascular and respiratory diseases,
including asthma. In addition, non-smokers chronically exposed to cigarette
smoke are similarly at risk (Barnoya and Glantz 2005; Oberg et al. 2011; Pope
et al. 2009). Exposure to second hand smoke (SHS) is of particular concern
indoors, where due to a smaller volume for dilution and, in some homes, lower
ventilation rates, the accumulation of particles and other pollutants from ciga-
rette smoking can lead to quite high levels of pollutants (Callinan et al. 2010;
Loh et al. 2006; Nazaroff and Singer 2004; Semple et al. 2012; Waring and Siegel
2007). For example, the concentration of PM,s and benzene in Irish pubs
decreased approximately 80 % from pre-ban levels after the Irish ban on work-
place smoking (Goodman et al. 2007). These bans have also been found to
decrease hospital admissions for cardiovascular and asthma outcomes (Cesaroni
et al. 2008; Goodman et al. 2007; Sims et al. 2010).While smoking bans in work-
places and public buildings have become more prevalent in many countries,
smoking may still occur inside homes and private vehicles.

In vivo studies of exposure to diesel exhaust and cigarette smoke show that in
utero and in early life exposures can induce physiological changes that increase
the risk of cardiovascular related risk factors (e.g. blood pressure, weight gain)
in adult mice (Weldy et al. 2014). Some epidemiological studies have found that
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prenatal exposure to air pollution results in birth outcomes indicating reductions
in fetal growth (e.g. small for gestational age, low birthweight, low intra-uterine
growth rate), which may be associated with CVD later in life (Ballester et al.
2010; Srdm et al. 2005).

2.2.3.2 Noise

Noise exposure may contribute to the development of CVD due to stress or activa-
tion of the sympathetic nervous system, and has been associated with increased
blood pressure, changes in heart rate, and release of stress hormones (Babisch
2011; Basner et al. 2014). Overall, road traffic and aircraft noise seems to have an
independent effect on CVD and hypertension from air pollution, although effects
and significance across epidemiology studies are mixed (Davies and Kamp 2012).
Nocturnal noise is considered more important than daytime noise, especially with
respect to sleep disturbance.

The HYENA study of noise near Heathrow Airport in London found significant
increases in blood pressure with night noise, but not with daytime noise. Cohort
studies, which investigate long-term exposure to noise, have found increased
hypertension with road traffic noise, with a meta-analysis showing an odds ratio of
1.08 (1.04—1.13) per 10 dB increase in Lpy (day-night equivalent level, over 24 h,
with an additional penalty for night-time noise), where noise levels were in the
range of 50-75 dB (Miinzel et al. 2014). Sleep restriction or fragmentation is
another factor that affects the development of various CVD risk factors, and has
been associated with inadequate pancreatic insulin secretion, decreased insulin
sensitivity, changes in appetite regulating hormones, increased sympathetic tone,
and venous endothelial dysfunction (Miinzel et al. 2014). Habitual sleep of less
than 6 h per night has been related to obesity, diabetes, hypertension, CVD-related
and all-cause mortality (Miinzel et al. 2014). Vulnerable groups such as the elderly,
shift workers, and those with illness may be more susceptible to noise related sleep
disturbance (WHO 2009). These groups are also more vulnerable to other environ-
mental risks for CVD, particularly air pollution.

In non-occupational settings, noise exposure from transportation-related
sources has been most studied, especially with road and aircraft noise. Road noise
is often correlated with air pollutants released by vehicles, and therefore these
must both be considered in analyses. Noise exposure has two components: a mea-
sure of loudness (sound pressure level) and frequency. Loudness is generally what
is used to define noise exposure in epidemiology studies, but frequency is also an
important characteristic. The frequency of a noise can affect a person’s perception
of the annoyance of noise, even if the noise is not loud. High frequency noises are
also easier to dampen than low frequency noise, due to the much shorter wave-
length of high frequency noises. Masking of one noise source with another also
depends on whether the noise sources’ frequency domains overlap (WHO 2009).
The intervals at which a noise occurs can also affect the health impact of noise.
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Noise can be monitored using sound level meters for area measurements, or
dosimeters, for personal measurements. In many epidemiology studies, however,
noise exposure is modeled at the outer facade of a building, based on inputs such
as traffic flow and road type. Noise exposure is generally reported as L ey 1, which
refers to A-weighted sound pressure level in decibels averaged over an amount
of time, 7. The A-weighting refers to a means of correcting sound pressure levels
for the frequencies to which the human ear is most sensitive. Day (L,,) and night
(Lyign) noise where sound pressure levels are averaged over specified daytime
and nighttime hours may be used as metrics of environmental noise exposure.
Additionally, the L,., may be used, where noise levels in the daytime, evening,
and night are differentially weighted, with the greatest penalty for night-time
noise. While the sound pressure levels only refer to loudness, it is assumed that
they are specific to noise of a particular source and frequency domain.

Transport-related noise levels are relatively lower than levels at which occupa-
tional noise is regulated. Low noise exposure assignment is <50 dBA, while high
exposures are >60, however noise below 40 dBA may disturb sleep (Miinzel et al.
2014; WHO 2009). The World Health Organisation (WHO) recommends that
noise be assessed for relevant locations in the home at different times of the day,
such as the bedroom for nighttime noise. However, this resolution of data is not
generally available. Sound dampening of buildings can account for from 24 to
over 45 dB of reduction of outdoor source noise. Noise from other sources in the
home, or noise at non-home locations that people spend time in are not included
when examining the health impacts of noise.

2.2.3.3 Metals

Certain elements have been found to influence the development of CVD and asthma,
generally at high levels of exposure. Much of the evidence, especially for asthma, is
seen in occupational exposures, for example in smelter workers, welders, and simi-
lar jobs working with high metal exposures. Cigarettes are also a significant source
for smokers and those with frequent exposure to environmental tobacco smoke.
There is support for a link between lead exposures, especially at high levels as seen
in occupational settings, and hypertension, although the evidence for the effect at
low environmental exposures is not clear (Bhatnagar 2006; Hu et al. 1996; Navas-
Acien et al. 2007). The mechanism of action is still unknown, but may involve
changes in renal function and oxidative stress (Vaziri 2008). There has been some
suggestion that cadmium and mercury exposure may also influence the develop-
ment of CVD, but these effects are not yet well supported by the literature. Exposure
to metals tends to be via ingestion (dietary and non-dietary) or inhalation, with
varying absorption efficiencies depending on the route of exposure and medium of
exposure (e.g. water, food, dust, or soil) (Solenkova et al. 2014). For most people,
cadmium and mercury exposure would come from food. Leafy vegetables, potatoes,
grains, some nuts and legumes, and organ meats have high levels of cadmium
(EFSA (European Food Safety Authority) 2012; Solenkova et al. 2014). Mercury
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intake can be particularly high for those who eat certain types of fish, or marine
mammal meat. Other sources include certain cosmetics, dental amalgams, and med-
icines (Solenkova et al. 2014).

Lead exposures have declined greatly in many countries, with the removal of
lead from gasoline, paint, and common products. Occupational groups, those living
in homes with lead paint, or those living near industries such as smelters are vulner-
able to high exposures. In the United States, the Centers for Disease Control (CDC)
reduced the guideline for blood lead from 10 to 5 pg/dL. Ingestion of lead is of most
concern for children, although in areas where the particle load of lead is high, inha-
lation may be an additional exposure route. Exposures can exceed the guidelines
even for non-occupational groups for people who live near lead-emitting industries
(Gulson et al. 1994; Wilson et al. 1986). In some countries, lead may still be present
in pottery glazes or glassware used for food, and this may be an additional pathway
of exposure. Occupational exposures most likely occur from inhalation of lead
fumes or lead dust, and from ingestion of lead dust. Occupations at greater risk for
lead exposure include those that manufacture or use ammunition, recycling of elec-
tronics, metal, or batteries, welders, and workers in lead mining, refining, or smelt-
ing. Occupational limits are 50 pg/m? in the US and UK.

2.2.3.4 Arsenic

Arsenic exposure is near ubiquitous, as it is found in many foods, both naturally and
as a contaminant. Arsenic is a metalloid that people are commonly exposed to either
as inorganic arsenic, As(III) or As(V), which are thought to be of most concern, and
also as organic species. In addition to chronic lifetime exposures, in utero exposure
to arsenic has been associated with increased risk of CVD. Inhalation exposure is a
relatively small contributor to total arsenic exposure, except in occupational set-
tings. Arsenic may be found bound to particles in the air and in soil, and can be
present in high concentrations in certain regions due to a region’s geological char-
acteristics, or due to contamination, such as in areas near copper smelters or mines.
Arsenic in soil or indoor dust may be inadvertently ingested, a pathway of exposure
that infants and toddlers are particularly susceptible to. In areas with high arsenic in
soil or dust, arsenic in urine in young children has been found to be correlated with
soil or dust concentrations. The major pathways of exposure to arsenic, however,
are ingestion of contaminated drinking water and food.

Arsenic exposure has been linked to increased risk of developing cardiovascular
diseases and related risk factors of hypertension and diabetes and decreased lung
function, bronchiectasis, and increased susceptibility to respiratory infections.
Although arsenic is associated with reduced lung function and respiratory infection,
it has not yet been found to be related to asthma. It was, interestingly, considered an
anti-asthmatic in earlier times. Health effects have primarily been observed in popu-
lations with relatively high exposures via contaminated drinking water. Effects at
lower levels, which many more people are exposed to, are not conclusive.
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Chronic exposure to high levels of arsenic in drinking water (>100 ppb) is related
to hypertension and CVD in various populations around the world. In a meta-
analysis, Moon et al. found pooled relative risks comparing the highest to lowest
exposure groups of 1.32 (95 % CI 1.05-1.67) for CVD, 1.89 (1.33-2.69) for coro-
nary heart disease, 1.08 (0.98-1.19), and 2.17 (1.47-3.20) for peripheral artery dis-
ease (Moon et al. 2012). Exposure at low to moderate levels (<100 ppb) shows
mixed results for an effect on CVD and related disease. The WHO recommends a
limit of 10 ppb of arsenic in drinking water. Arsenic in drinking water is of most
concern in areas where it is present in the mineralogy of an area and leaches into the
ground water drinking supply. Well known high contamination cases have occurred
in Bangladesh, China, Chile, among others. Anthropogenic activities, such as min-
ing, can also lead to contamination of ground water if not controlled.

A study in Chile of adults who were exposed in utero to high levels of arsenic in
drinking water (>800 ppb) were at higher risk of bronchiectasis, a chronic obstructive
lung disease (Dauphine et al. 2013). Studies in mice have found that exposures in utero
and in early life around the current and past drinking water standards (10 ppb and
50 ppb, respectively), can induce airway hyper-responsiveness and changes in gene
regulation for collagen and elastin, indicating that structural changes occur early on
that may lead to lung disease (Lantz et al. 2009). Although high arsenic exposures from
water ingestion are only prevalent in certain parts of the world, the role of exposures
through dietary ingestion on health outcomes is less well known. Vitamin and mineral
deficiencies have been found to decrease methylation capacity for inorganic arsenic,
which may therefore increase susceptibility to the toxic effects of arsenic. Deficiencies
in protein, folate, iron, zinc, niacin, vitamin E and B, have been associated with
decreases in arsenic methylation (Gamble et al. 2006; Steinmaus et al. 2005).

Dietary ingestion may also be a significant source of exposure to arsenic. In areas
where there are no sources of water or soil/dust contamination, diet is the main
source of exposure (Kurzius-Spencer et al. 2014). Some foods naturally have arse-
nic, such as seafood and some types of seaweed (Moreda-Pineiro et al. 2012; Navas-
Acien et al. 2011; Sirot et al. 2009). Seafood tends to be high in arsenobetaine, an
organic arsenic species that is thought to be non-toxic. Certain plant species are
known to effectively uptake arsenic if it is present in the growing medium (Ramirez-
Andreotta et al. 2013a). Rice is a staple crop, grown, exported, and used around the
world. In recent years, high levels of arsenic have been found in rice grown in vari-
ous areas, including Asia and the United States (Adomako et al. 2009; Juhasz et al.
2006; Rahman et al. 2009). Vegetables grown in home gardens in areas where the
soil has high arsenic content may also uptake arsenic and can be an additional path-
way for arsenic intake for residents in areas where arsenic is naturally high in the
soil or where the ground may be contaminated by nearby industry or industrial
waste (Ramirez-Andreotta et al. 2013a, b). The role of food-related exposure to
arsenic on the development of health effects has not been extensively studied.

Occupational exposure to arsenic mainly occurs in copper or lead smelting
industries, those working with arsenic-containing antifungal wood preservatives,
anti-fouling paints, pigments, pesticides, glass manufacturing, or coal-fired power
plants that use coal with high arsenic content. Occupational air exposure limits are
10 pg/m? (US OSHA).



2 Exposure to Environmental Hazards and Effects on Chronic Disease 39

2.2.3.5 Diet and Physical Activity

Diet and physical activity are key protective factors against many types of disease.
Physical inactivity and poor diet lead to obesity and diabetes, dyslipidemia, and can
increase inflammation in the body, which are important risk factors for CVD. Obesity
can also affect the development of asthma. A healthy diet and at least moderate
activity can be protective against the negative effects of exposure to the environ-
mental risk factors described in this chapter.

Characteristics of a healthy diet include low in saturated fat, low-moderate
sodium, and high in fiber, fruit, and vegetables. It appears that focusing on changing
only one or a couple of these factors is not enough to protect from CVD develop-
ment and events, but rather the whole diet needs to be adjusted. The Mediterranean
diet has been identified as particularly beneficial for preventing both CVD and
asthma (Ant6 2012; Dalen and Devries 2014; Garcia-Marcos et al. 2013; Nagel
et al. 2010). The Mediterranean diet includes nuts, fruits, vegetables, green leafy
vegetables, legumes, whole grain, fish, moderate alcohol, poultry, and olive oil.
Many of these food groups have been found to decrease risk of cardiovascular and
other diseases. Whole grains, fruit and vegetables contain fiber, vitamins, minerals,
phenolic compounds, and other phytochemicals that may support the antioxidant
response and reduce inflammation (Bhupathiraju and Tucker 2011; Lock et al.
2005; Tang et al. 2015). A high fiber diet may reduce insulin secretion, thus reduc-
ing the development of CVD related risk factors such as diabetes, dyslipidemia, and
obesity (Bernstein et al. 2013; Ludwig et al. 1999). Fish, particularly oily fish, are
high in omega-3 fatty acids (or n-fatty acids), a type of polyunsaturated fatty acid
(PUFA) which have been found to be protective against CVD. There is some sug-
gestive evidence that omega-3 fatty acids may also protect against decreased lung
function and asthma (Romieu and Trenga 2001). Proposed mechanisms include the
prevention of fatal arrhythmias, reduction of blood pressure, and reduction of
inflammation (Breslow 2006).

Studies found that reducing total dietary fat was less effective at preventing CVD
than reduction in specific types of fats, particularly saturated and frans-fatty acids.
Reducing total fat intake may be beneficial for reducing serum cholesterol, but not
for preventing cardiovascular events or death (Dalen and Devries 2014). On the
other hand, mono- and poly- unsaturated fats have been associated with reduced risk
of coronary events and deaths (Bhupathiraju and Tucker 2011). In a meta-analysis of
32 cohort studies examining the effects of mono-unsaturated fats on CVD, olive oil
consumption showed the most consistent and significant protective effects, com-
pared to total mono-unsaturated fats or the mono-unsaturated fat to saturated fat ratio
(Schwingshackl and Hoffmann 2014). Other analyses found that replacing saturated
fats with poly-unsaturated fats was better associated with reduced risk of coronary
events and deaths than replacement with mono-unsaturated fats (Bhupathiraju and
Tucker 2011). Mono-unsaturated fats can also include animal fats, therefore it is pos-
sible that plant-derived fats, olive oil in particular, may be more protective, or that
olive oil use is a better indicator of a Mediterranean-style diet.
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Interestingly, while the vitamins, minerals, beneficial fatty acids found in various
foods are thought to be the bioactive compounds that have protective effects, sup-
plementation trials have not shown as clear a benefit as dietary intake, with some
trials showing protective effects, some with null results, and even some trials show-
ing harmful effects at high doses of some supplements (Bhupathiraju and Tucker
2011; Myung et al. 2013). Therefore, interventions based on change in whole diet
rather than supplementation are likely to be more protective.

Reducing sodium intake is also associated with a reduction in risk of high blood
pressure and CVD, although the effect appears to follow a U-shape, where very low
intake and high intake have been related to cardiovascular death and hospitalization
(O’Donnell et al. 2015). An increase in potassium intake has also been associated
with improved cardiovascular outcomes, with reductions in high sodium intake
diets plus increase in potassium intake showing benefits.

The nutritional environment of the fetus has also been found to influence risk of
disease, including CVD and asthma, in later life. Observations of surveys of men in
England born in the early 1900s found that risk of death increased with lower birth-
weight, head circumference, and ponderal index. Low growth rates and body
weights up to the age of 1 year were associated with greater risk of development of
CVD risk factors (e.g. blood pressure, plasma glucose and insulin, inflammatory
biomarkers) and a higher risk of death from coronary heart disease. (Barker et al.
1993). Animal studies showed that poor fetal nutrition may affect structure and
physiology of organs and tissues, including endocrine pancreas, liver, and blood
vessels, thus leading to the effects seen later in life. Similar outcomes in terms of
fetal nutrition and development of obesity, diabetes, and CVD in adulthood were
also observed in children born during the Dutch famine (Painter et al. 2005;
Roseboom et al. 2006).

2.2.3.6 Phthalates

Phthalates have been found to be asthma and allergy adjuvants, particularly DEHP
and longer chain phthalates in in vivo studies. In vitro tests have found that eight-
carbon phthalates, especially DEHP or MEHP induced rapid histamine production
in the presence of a co-allergen (Jaakkola and Knight 2008). DEHP’s interaction
with PPAR receptors can modulate gene expression in tissues, and in mice, appears
to increase lung air space and decrease the gas exchange surface (Miller and Marty
2010). The levels of exposure in vivo at which these effects were found, however,
are much higher than typical human exposures.

Occupational studies where workers are exposed to heated PVC fumes, such as
meat wrappers, have found an increased risk of reported asthma symptoms and
decreases in lung function metrics (Jaakkola and Knight 2008). Studies of children
have found a relationship between PVC in floors and wall materials with bronchial
obstruction and wheeze, respiratory symptoms and infections. Dampness seems to
increase the degradation of PVC flooring, and this degradation effect has been asso-
ciated with asthma related symptoms in occupational settings and asthma and
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rhinitis in children. These studies, however, did not measure phthalate exposure
levels directly, either via environmental or biomarker samples. Several studies in
Bulgaria, Sweden, and Taiwan did find an association between DEHP in house dust
samples and allergy, asthma, rhinitis, and wheezing.

Exposure to higher molecular weight phthalates, such as DEHP, tend to be via
ingestion food or dust, rather than inhalation (Wormuth et al. 2006). Dermal expo-
sure is possible, but more likely to be via application of personal care products or
wearing of gloves or textiles containing phthalates. Phthalate exposure is often
multi-pathway, and measurement of urinary metabolites is a useful quantification of
a marker of total exposure. It can be difficult to determine the contribution of vari-
ous pathways and routes of exposure in the real world, as dust ingestion rates are
highly uncertain for children and adults, and exposure via diet, dermal, and air are
not well quantified. The most comprehensive examination of multi-pathway expo-
sures was done by modelling exposures using a scenario based risk assessment
approach (Wormuth et al. 2006), which demonstrated the potential contribution of
various pathways to exposure for different age groups.

2.2.3.7 Cleaning Products

Occupational exposure to cleaning agents and disinfectants has been associated
with asthma onset. The European Community Respiratory Health Survey II
(ECRHS 1I) found the most significant risk of asthma onset in occupational set-
tings was with use of cleaning products, particularly for nurses (Kogevinas et al.
2007). In Finland, a case—control study found a 42 % increase in risk for cleaning
women compared to those in administrative types of jobs (Jaakkola and Jaakkola
2006; Zock et al. 2007). Asthma onset was also linked to use of spray cleaning
products, including air fresheners, glass cleaners, and furniture cleaners, at least
once a week in the general population. This risk was higher with use of multiple
products. Quaternary ammonium compounds have been identified as sensitizers,
and have been most strongly associated with occupational asthma, particularly in
hospital settings (Heederik 2014).

Cleaning products contain a number of potentially irritating or sensitizing chem-
icals, which, when applied, lead to exposure, generally through inhalation, which
would be the route of most relevance for asthma (Nazaroff and Weschler 2004).
Another way in which cleaning products can lead to exposures to pollutants is via
secondary reactions. Unsaturated organic compounds such as terpenes can form
volatile organic compounds that may affect asthma in the presence of reactive
substances such as ozone and the hydroxyl radical, or surfaces of walls or furniture
(Nazaroff and Weschler 2004; Singer et al. 2006). Terpenes, for example, react with
ozone and various surfaces to produce formaldehyde and other potentially airway
irritating chemicals. Secondary organic aerosols can also form from reactions of
volatile compounds released by cleaning products. These aerosols tend to be less
than 2.5 pm in diameter and can persist at high levels for several hours post-
production (Singer et al. 2006).
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2.2.3.8 Dampness and Mould

In Europe, the proportion of the population living in homes with self-assessed
problems of damp ranges from 10 to 50 % in the period of time between 1995 and
2001 (Heinrich 2011; WHO guidelines for indoor air quality n.d.). Dampness has
been related to respiratory symptoms in various studies, although the means by
which dampness has been measured has been quite variable (Kennedy and Grimes
2013). A meta-analysis of people living in damp or mouldy homes found a 30-50 %
increase in risk of asthma (Fisk et al. 2007). In a meta-analysis of 8 European
cohorts, exposure to dampness/mould at home in first 2 years of life resulted in an
adjusted OR of early asthma symptoms of 1.39 (1.06—1.84) (Tischer et al. 2011).
Many studies use qualitative methods of assessing dampness and mould, such as
questionnaire, visual assessment by trained assessor, dampness or mould index, or
mould odour, especially near skirting of boards, which is area where moisture is most
likely to accumulate over time and promote growth of micro-organisms, insects, rodents,
release of chemicals from damp materials. Temperature and relative humidity have also
been used as measures of indoor dampness. In recent times, however, quantitative mea-
sures of dampness and mould did not necessarily find any associations with health out-
comes (Kennedy and Grimes 2013). Duration and period of exposure may also determine
the health response (Heinrich 2011; Kennedy and Grimes 2013). Finally, it is difficult to
know what particular hazard(s) from dampness is the explanatory variable, as many
biological and chemical agents are released due to dampness or water damage.

2.2.3.9 Allergens

Allergic asthma phenotypes may be the largest group of asthma phenotypes,
especially in childhood (Wenzel 2006). Common environmental triggers in
homes include dust mite, cockroach, cat (and other pets) and mouse (Ahluwalia
and Matsui 2011). Grass and tree pollens can also be triggers. Many biological
and chemical agents have been demonstrated to be sensitizers in the workplace,
leading to occupational asthma (List of substances that can cause occupational
asthma—HSE n.d.). Removal of exposure usually stops symptoms, although for
non-occupational triggers, it may be difficult to completely remove the sensitiz-
ing agent from an individual’s environment. As asthmatics may be sensitized to
more than one allergen, cleaning and pest management solutions in homes need
to be multi-pronged and sustained in order to have an effect (Morgan et al. 2004).

2.2.3.10 Other Exposure Factors

Exposures are a product of environmental sources, conditions, and people’s locations
and activities. Reduction of exposures by modifying any of these factors improves
health by improving symptoms and reducing risk of developing disease. Additionally,
the “general external” sphere of the exposome has an impact on the “specific external”
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factors described in this chapter. Improvements in “general external” factors not only
directly impact health, but also affect “specific external” factors. For example, reduction
of psychosocial stress can reduce the body’s general inflammation and also reduce risk
of asthma exacerbations or heart attacks. Improvement of one’s home environment can
not only reduce stress, but also reduce exposures to various pollutants.

Most exposure occurs indoors, and this consists of pollutants generated indoors and
those that infiltrate indoors. Building materials, tightness, and ventilation, products
used inside, and people’s activities are all predictors of exposure. Indoor microenviron-
ments (including both buildings and vehicles) are sources of multiple chemicals and
other environmental agents. Not including work, indoor exposures occur primarily at
home. Time spent in other establishments, such as stores and restaurants, is generally
of low duration and frequency (Loh et al. 2008). The indoor environment can be an
important modifier of air pollutant exposures and related health effects. Air cleaners
have been shown to be an effective reducer of some indoor pollutants (Barn et al. 2008)
and the use of air conditioning, which tends to indicate newer buildings and lower
infiltration of outdoor pollutants, was associated with a reduction in hospital admis-
sions related to particulate matter (Janssen et al. 2002). The quality of the indoor envi-
ronment can also have an effect. For example, poor housing stock can mean poor
insulation, thus leading to poor indoor climate conditions such as low temperature and
drafts, greater infiltration from air pollutants, noise, and dampness. Conversely, an
overly well-insulated but poorly ventilated building can have a build-up of pollutants
indoors and humidity, leading also to dampness indoors.

In transit exposures typically consist of pollution entering the vehicle from
outdoors, or self-pollution from the vehicle. Although time spent in-transit is not
necessarily a large part of a person’s day (~6 %), this microenvironment may con-
tribute a much larger amount to a person’s exposure than the percentage of time
spent in transit (~24 %) (de Nazelle et al. 2013). Mode of transport not only modi-
fies a person’s air pollution exposure (McNabola et al. 2008; Zuurbier et al. 2010),
but can also be a source of physical activity, thus reducing risk of obesity, an
asthma and CVD risk factor.

2.3 Conclusion

Two of the most common types of diseases world-wide, cardiovascular diseases
and asthma, are a complex interplay of genetics and environment. The environ-
mental aspect of disease is itself a complex set of factors. Thinking holistically
about disease using the concept of the exposome, developing methods for analys-
ing the contribution of multiple factors, and understanding individuals’ circum-
stances broadly, can help us better intervene to reduce disease risk. This chapter
has addressed several aspects of the “specific external” sphere of the exposome,
as originally defined by Wild (2012). Although it is not an exhaustive review of
environmental causes of cardiovascular disease and asthma, it already shows how
many factors contribute to the development and manifestation of disease.
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Chapter 3
Human Exposure to Pollutants and Their
Health Endpoints: The Arctic Perspective

Jon @yvind Odland and Shawn Donaldson

Abstract Studies of longitudinal design are ongoing in all Arctic countries, as well
as many countries in the southern hemisphere. For both ethical and scientific rea-
sons many studies have a cohort design, with a long term follow up of mothers and
their respective children.

The most vulnerable period in a human life is before you are born and in early
childhood. A number of reports and publications are now coming out of these stud-
ies and this chapter will go into details of some of the most important studies and
their defined health endpoints. Different epidemiological studies in the circumpolar
area have shown associations between contaminants and different health outcomes.
It is important to note that associations are not the same as causal relationships
between exposure to a single substance (or a mix of substances) and an effect. When
finding an association between a contaminant and an effect it is important to bear in
mind the possibility that the studied substance are proxies for other substances in
the mixture of contaminants to which the study population has been exposed —both
harmful and beneficial. The effects reported are findings from different circumpolar
communities. However, due to differences in genetic composition, socio-cultural
practices, local food consumption patterns and exposure mixtures, a finding in one
population should not be extrapolated to another population without careful inves-
tigation and comparative information.

Health outcomes to be discussed in the chapter from the different studies are:
neurotoxic effects, immunotoxic effects, reproductive effects, cardiovascular
effects, endocrine effects, and carcinogenic effects. Genetical and epigenetical
aspects are also briefly discussed.
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Risk assessment of the effects of environmental pollutants is an essential tool in
the overall health protection of Arctic residents. Different methods are available.
One of the biggest challenges is how to translate contaminant concentrations mea-
sured in blood into information useful for risk characterization (the likelihood that
specific effects will occur at these concentrations). The next challenge is to com-
municate this risk into policy making for populations and information to the indi-
viduals for preventive reasons. The Precautionary principle should be the basis for
all approaches to the acquired knowledge, as well as providing good arguments for
reduction of exposures to humans. Climate change and future change of exposure
will further complicate the assessment, providing a good rationale to continue mon-
itoring and assessment of the exposure and related health effects. Risks and benefits
of breast feeding are not discussed in this chapter. A recent Norwegian report on
risks and benefits of breast feeding concluded strongly that breast feeding is healthy
and beneficial for both mother and child, and the nutritional value of the milk is far
more important than the impact of documented levels of contaminants in the milk
(www.vkm.no 2014).

Keywords Persistent toxic substances ® Human health effects  Arctic populations
* Indigenous people

3.1 The Monitoring Programs

The most comprehensive information we have about human exposure to contami-
nants in the Arctic has been collected, systematized, and presented in the different
AMAP reports briefly described below.

Exposure to environmental contaminants through the traditional diet remains one
of the risks to human health in the Arctic. Due to unique geographic and climatic
characteristics, the Arctic has become a repository for contaminants transported
long distances through the atmosphere and via ocean currents. These chemicals bio-
accumulate and biomagnify through Arctic food chains into the species that make
up traditional food sources for many Arctic peoples. These Arctic populations tradi-
tionally rely on fish, terrestrial and marine mammals, as market foods are difficult to
access or are not as nutrient-rich as traditional foods (Donaldson et al. 2010). Many
of the marine mammals, some of which are top predators in the Arctic marine food
web, and some freshwater fish species tend to be the most highly contaminated with
persistent, bioaccumulative chemicals. Biomonitoring studies are essential elements
of the management of these risks, including the ability to analyze the risks and ben-
efits for human populations which consume traditional food.

The AMAP 1998 report marked the first international, circumpolar report from
the Arctic Monitoring and Assessment Programme (AMAP). Seven of the eight
circumpolar countries (Canada, Denmark/Greenland/Faroe Islands, Iceland,
Finland, Sweden, Norway, and Russia) contributed data to this report. Several
polychlorinated biphenyls (PCBs), OCs, and metals were reported in different
Arctic populations, both indigenous and non-indigenous.
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The preliminary data identified in AMAP (1998) suggested that levels of POPs
and methylmercury (MeHg) in breast milk and cord blood were two- to ten-fold
higher than levels found south of the Arctic region. Despite worldwide risk manage-
ment put in place for several POPs during the 1970s and 1980s, there seemed to be
no evidence that levels in Arctic populations had decreased. Persistence, ubiquity
and continued use in different parts of the globe contributed to continuous exposure
levels for Arctic populations. This report was the first thorough report of human
biomonitoring data for Arctic populations. While it could not provide temporal
trends, it did provide the first Arctic-wide perspective (AMAP 2015).

Levels of hexachlorobenzene (HCB), mirex and three chlordane metabolites
were markedly higher in Greenland and eastern Canadian Inuit maternal blood sam-
ples than in corresponding samples from the other participating countries. PCBs
were highest in maternal blood samples from Greenland. Organochlorines such as
-hexachlorocyclohexane (-HCH) and p,p’-dichlorodiphenyltrichloroethane (p,p’-
DDT) were found to be higher in Russian populations than in populations examined
from other countries, indicating potential uses in Russia or that these pesticides are
being used on the food products consumed by these Arctic populations. Levels of
p.p’-dichlorodiphenyldichloroethylene (p,p’-DDE) in Greenland and Russian popu-
lations were 3-5 times higher than those in other Arctic countries.

Greenland and Canada emerged as hotspots for metals, particularly mercury
(Hg), lead (Pb) and cadmium (Cd). This exposure to Hg and Pb was attributed to
specific traditional food consumption in these two populations in comparison with
the food species consumed by populations in other parts of the Arctic; and smoking
behavior was linked with levels of Cd.

Exposure levels found in the Arctic in this report were identified as being unac-
ceptable. While temporal trends for Hg and Cd could not be determined from the
data sets available, it was evident that Pb levels were decreasing in the Arctic in a
similar way as levels in the south, probably in response to the risk management
action taken on Pb emissions, and the partial ban on lead shot.

The second AMAP human health assessment (AMAP 2003) provided the first
opportunity to compare contaminant levels over time, with the potential of multi-
year data sets, especially in the Canadian and Greenlandic data sets for the
maternal blood contaminant study. Data were submitted by all eight circumpolar
countries. Fewer contaminants were reported in this report, but core contami-
nants of concern were consistently tested and reported in the Arctic countries,
allowing for geographical comparison.

Levels of contaminants in blood samples from the populations living in the
Arctic region again showed that certain POPs and Hg were high in Arctic people
who consume certain traditional foods. Greenland Inuit mothers, in particular, were
found to have levels of PCBs, HCB, total chlordanes and Hg higher than any other
Arctic population. Russian non-indigenous populations had the highest levels of
DDT and B-HCH; and elevated levels were also observed in Iceland and in the non-
Caucasian, non-Dene/Métis, non-Inuit ‘Others’ group for the Canadian Arctic.

The third AMAP human health assessment report (AMAP 2009) contained the first
comparison of all Arctic regions in Russia as a part of the overall assessment. It provided
some of the first trend data for particular OCs and metals. Data from Canada, Greenland,
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Iceland, Sweden, Finland and Russia showed that levels of contaminants such as PCBs,
oxychlordane, and Hg were decreasing in a broad range of Arctic populations. It was
apparent that the consumption of marine mammals as a part of a healthy traditional diet
seemed to result in elevated contaminant levels in Inuit regions of Greenland and Canada.

A new set of contaminants were measured in the Arctic for this report. It was possible
to report the levels of brominated flame retardants (BFRs) and perfluorinated com-
pounds (PFCs) due to advances in detection techniques and methodologies. Levels of
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) were found
throughout the Arctic and were elevated compared to other POPs. Polybrominated
diphenyl ethers (PBDEs) were found at low levels across the Arctic, with the exception
of high levels found in Alaska. Tetrabromobisphenol A (TBBPA) and hexabromocyclo-
decane (HBCD) had limited data but showed low blood levels. Concentrations of PFOS
were significantly higher in consumers of fish and marine mammal meat in Nunavik,
Canada. PBDEs were found to require more data before a source or trend could be iden-
tified. In general, more monitoring data were needed for the emerging contaminants, as
some were very data-limited but anticipated to be of potential concern in the future.

Since the 2009 AMAP human health assessment, biomonitoring activities
have continued in the eight Arctic countries. POPs and metals are still undergo-
ing long-range transport to the Arctic, and are bioaccumulating and bioconcen-
trating within the Arctic food chains relied upon for a socially, economically,
culturally and nutritionally beneficial traditional food supply. However, declines
are beginning to be detected in certain Arctic populations, and public health
interventions have been instituted based on some of the biomonitoring results
presented. Different contaminants are also being detected in the Arctic, indicat-
ing that new international risk management may be necessary. The use and pro-
duction of PFCs started in the 1950s, increased during the 1970s, and continues
today with PFCs still in demand in industrial and consumer applications (Ngst
etal. 2014). Although PFCs do not bioaccumulate in fatty tissues, they are exhib-
iting similar behavior in terms of most other POPs, however the patterns for
BFRs are slightly different. Further monitoring of BFRs is being pursued to iden-
tify their potential threat to Arctic populations.

3.2 Methodological Challenges

Since the first AMAP Human Health expert meeting in 1991, considerable efforts
have been made to ensure the measurement of high quality human biomonitoring
data for POPs and metals of concern to AMAP. The AMAP Human Health
Assessment Group recommended in 2000 that a quality assessment (QA) program
be established for POPs in human biological fluids (the AMAP Ring Test). The
2009 AMAP Human Health Assessment (AMAP 2009) described in detail the
implementation and evolution of this external quality assessment scheme (EQAS),
which has provided a means of comparing the quality of data produced by labora-
tories involved in the measurement of POPs in samples of human origin from
Arctic countries (Weber 2002).
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Since its inception in 2001, the scope of the AMAP Ring Test has changed to add
or remove different POPs, with a substantial revision occurring in 2007 to add more
POPs and also to modify the scoring system. The scheme now considers 37 analytes
(11 pesticides, eight PBDEs, nine PCBs, six PFCs, total lipids, cholesterol and tri-
glycerides). Several international EQAS already exist for metals in biological flu-
ids, as well as a number of national schemes. Participation in the AMAP Ring Test
by both AMAP and non-AMAP countries has fluctuated over the years. Currently,
32 laboratories are registered participants.

It is important for AMAP to present spatial and temporal trends of exposure with
confidence and to demonstrate that the trends are not influenced unduly by analyti-
cal uncertainty. The AMAP Ring Test has thus established criteria for good (within
20 % of target) and acceptable (within 40 % of target) EQAS performance. Although
fluctuations in individual performance are expected, the proportion of laboratories
showing excellent or good performance generally increased between 2001 and
2007, often with pronounced improvements for some analytes (AMAP 2009).
Ongoing participation in the AMAP Ring Test (or another suitable intercomparison
program) is therefore highly encouraged, as this seems to have provided impetus for
participating laboratories to examine and refine analytical procedures and organiza-
tional protocols necessary for meeting performance targets. All laboratories submit-
ting data to this assessment were active participants in a QA/QC program.

We can now explore how contaminant levels are changing with time, with indica-
tions of differences between populations, geographical areas, and traditional prac-
tices. In doing so, insight is obtained about how international risk management efforts,
dietary shifts, and risk communication interventions from public health officers and
other officials may be affecting Arctic residents’” exposure. For several Arctic coun-
tries, there are now almost 20 years of biomonitoring data available to assess changes
in contaminant concentrations.

3.3 The Studies

This section will describe some of the most important ongoing trend and effect stud-
ies in the Arctic. More details are available in the recently released AMAP Human
Health Assessment Report (AMAP 2015). The Arctic studies have the overall aim
to provide compatible data independent of geographical or socioeconomic/cultural
differences, which is still only partly fulfilled.

3.3.1 The MISA Study of Northern Norway

The Northern Norway mother-and-child contaminant cohort study —the MISA
study —is a cross-sectional study with longitudinal aspects aimed at establishing a
new northern Norway mother-and-child contaminant cohort study. The MISA data-
base is considered suitable for exploring associations between contaminant
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exposure and diet, enhancing understanding of the interplay between physiological
changes that occur in mothers and contaminant pharmacokinetics (including trans-
fer to the infant before and after birth), and conducting prospective health studies of
the children (Hansen et al. 2010, 2011; Veyhe et al. 2012).

3.3.2 The Tromsg Study

The Tromsg Study is a population-based health survey initiated in 1974 to investi-
gate the reasons for high mortality due to cardiovascular disease in northern Norway.
Six surveys have been undertaken since 1974 and the health research topics included
have increased. A total of 40,051 people have participated in at least one survey and
15,157 have participated in three or more surveys. The Tromsg Study was also used
to explore changes in POP concentrations from 1979 to 2007 on an individual basis
with a repeat measurement design. Serum samples were obtained from the freezer
archive for 54 men who participated in all of the survey points: 1979, 1986, 1994,
2001, and 2007. The archived serum samples were analysed for PCBs, chlorinated
pesticides, and per-and polyfluoroalkyl substances (PFASS).

The trends observed between 1979 and 2007 probably reflect the overall
trends in the use and emission of the different POPs, together with compound-
specific persistency, bioaccumulation potential and long-range transport. Study
design and population characteristics must also be considered in monitoring
studies. The Tromsg Study has increased knowledge of intra-individual variation
in POP concentrations with respect to time and exposure history, which is essen-
tial for understanding past exposure and predicting future exposure. These find-
ings have important implications for future studies of exposure and vulnerable
groups (Ngst et al. 2013, 2014).

3.3.3 Northern Finland 1966 Birth Cohort

There is information on the individuals born into the Northern Finland 1966
Birth Cohort in the provinces of Oulu and Lapland since the 24th gestational
week as well as on their mothers and, to a lesser extent, fathers. A total of
12,058 live-born children were born into the cohort (around 96 % of all eligible)
and 11,665 were alive in 1997. Data were collected by questionnaire, from hos-
pital records and various registers and databases (social benefits, medication
reimbursement, hospital discharges and deaths, community wealth), as well as
by interview and clinical examination at birth, age 1 year and 14 years, and at
age 31 years when a comprehensive follow-up was conducted on each subject’s
well-being, social standing and health. In 1997, all members of the cohort who
lived in the provinces of Oulu and Lapland (n=7191) or who had moved to the
capital region (n=1272) completed a questionnaire and underwent a health
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examination. Those living in other parts of the country (n=2164) or abroad
(n=695) were also sent the questionnaire. In total, 8676 people returned the
questionnaire, making a response percentage of about 77 %. About 71 % attended
the health examination. Selected blood samples (n=250) from the 1997 sam-
pling were analyzed for toxic and essential elements to establish levels in per-
sons born and living for the last 5 years in the eastern and western part of
Lapland (AMAP 2015).

3.3.4 The Chukotka Studies

Data were collected in 2001-2003 in Chukotka (Russia) on PCB and DDT
contamination of different local foods (and indoor materials). Exposure of
indigenous people was evaluated by comparing pollutant levels in foods with
levels in human blood in people living in coastal and inland regions (Dudarev
et al. 2012).

Levels of persistent toxic substances (PTS) in blood from 17 mothers and
cord blood from the corresponding 17 babies born in the Chukotka coastal area
in 2001-2002 were compared with PTS levels in blood sampled from the same
women and their 5-year old children in 2007 with the aim of examining the
influence of breastfeeding on maternal POPs serum levels and the link between
children’s POPs blood levels and the frequency of infectious diseases (Dudarev
et al. 2010, 2012).

In the period 2001-2002 126 indigenous pregnant women (68 coastal and 58
inland) were interviewed and gave blood samples in the Chukotka delivery depart-
ments. Births with adverse outcomes were observed in almost every fourth woman
(23 %): premature births (22 cases) partially accompanied by low birth weight (13
cases), stillbirths (3 cases), and congenital malformations (3 cases—a heart defect
and two multiple defects, one stillborn).

3.3.5 The Kola Lapland Study 2001-2006

Interviews and blood samples of 4359 residents of Kola Lapland in Murmansk
Oblast in 2006 (2736 rural and 1623 urban, including Sami—694, Komi—910,
Nenets—80) showed that risk of Type 2 diabetes (overweight/obesity, enhanced
blood pressure, sedentary lifestyle, malnutrition, alcohol abuse) was 3-7 times
lower in indigenous residents than non-indigenous residents. Among Sami people
of the remote villages signs of diabetes were absent. Elevated levels of blood
glucose were found mainly in large settlements. By all criteria of predisposition
to diabetes mellitus, indigenous residents in remote villages demonstrate mini-
mum risk levels, and this appears to reflect their traditional diet based on local
foods, a physically active lifestyle, and minimal consumption of high carbohy-
drate foods (Dudarev et al. 2012a).
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3.3.6 The Nunavik Child Development Study

The primary objective of the Nunavik Child Development Study (NCDS) was to
document the growth, neurobehavioral and cardiac effects of pre- and postnatal
exposure to OCs with endocrine-disruptive properties, as well as to Hg and Pb. A
secondary aim was to test whether nutritional variables, such as prenatal polyunsatu-
rated fatty acid (PUFA) intake, breastfeeding, and childhood vitamin deficiency,
mediate and/or mitigate the effects of environmental contaminants on health and
development. The NCDS was made possible by the Nunavik Cord Blood Monitoring
Program, through which exposure to environmental contaminants was determined
from cord blood samples obtained from Nunavik infants born between 1994 and
2001 (Muckle et al. 1998; Dallaire et al. 2003).

3.3.7 The Inuit Cohort: Canada

The Nunavik Health Survey Qanuippitaa was conducted between 30 August and 1
October 2004 on the scientific research vessel CCGS Amundsen. The research
group visited the 14 communities of Nunavik (www.qanuippitaa.com) and recruited
917 participants. Samples were analyzed for POPs that had also been determined
during the 1992 Santé Québec Health Survey. Plasma concentrations of new halo-
genated hydrocarbons such as PBDEs, PFOS, hydroxy-PCBs, methyl-sulfone PCBs
and chlorophenols were also determined.

The Inuit Health Survey (2007-2008) was a comprehensive study that included
the measurement of dietary intake of contaminants, contaminant body burden, as
well as other determinants of health and their relationship with health outcomes of
the participants. It was the first time that such a complete set of data was collected
in the Arctic. Of the 2595 individuals that participated in IHS, 2172 provided blood
samples. The body burden of several metals (e.g. Cd, Pb) and POPs (e.g. PCBs,
DDT, DDE, toxaphene, chlordane, PBDEs) were measured for Inuit participants
(n=2172) from 36 communities in Nunavut, Nunatsiavut, and the Inuvialuit
Settlement Region, in Canada (Laird et al. 2013).

3.3.8 INUENDO

The INUENDO project: Biopersistent OCs in diet and human fertility was sup-
ported by the European Union FP5 (www.inuendo.dk) (Bonde et al. 2008). The
cohort was established in 2002-2004 and involved about 1400 pregnant women
from Greenland, Poland and Ukraine, as well as studies on about 600 previous preg-
nant fishermen’s wives and fishermen.
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The study included measurement of PCB153 and p,p’-DDE and bioeffect
markers of serum legacy POP-induced estrogen- and androgen-receptor transac-
tivity and epidemiological cross-sectional studies on male and female reproduc-
tive health on these individuals in relation to the measured exposures.

3.3.9 CLEAR

The CLEAR project: Climate Change, Environmental Contaminants and Reproductive
health is supported by the European Union FP7 (www.inuendo.dk/clear). In addition to
modelling the effects of climate change on contaminant distribution to the environ-
ment, the project includes a series of cross-sectional studies on male and female repro-
ductive health combined with a follow-up study on childhood growth and development
at 6-9 years of age in a cohort of about 1400 mothers, fathers and offspring from
Greenland, Poland and Ukraine. The original INUENDO cohort was established in
2002-2004 and a follow-up on the children was undertaken in 2010-2012.

3.3.10 Cohorts in the Faroe Island

A cohort of 1022 singleton births was assembled in the Faroe Islands during a
21-month period in 1986 and 1987 (Grandjean et al. 1992). Frequent whale meat
dinners during pregnancy, frequent consumption of fish (to a much lesser degree)
and increased parity or age were associated with high Hg concentrations in cord
blood and maternal hair. Mercury concentrations in cord blood correlated moder-
ately with blood-selenium. Lead concentrations in cord blood were low (median,
82 nmol/L). Because the effects of fetal childhood exposure to MeHg are persistent,
detailed examination of children with prenatal exposure to this neurotoxicant were
performed at age 7 years (1993—-1994). A total of 917 of the children (90.3 %) com-
pleted the examinations. Past medical history, current health status and social fac-
tors were recorded on a self-administered form. The physical examination included
a functional neurological examination with emphasis on motor coordination and
perceptual-motor performance. The main emphasis was placed on detailed neuro-
physiological and neuropsychological tests that had been selected on the basis of a
range of considerations (Grandjean et al. 1997, 2012a).

The findings from the first cohort suggested that exposure assessment should
encompass several lipophilic pollutants in addition to MeHg. A follow-up cohort
was therefore established during a 12-month period in 1994-1995 and included 182
singleton term births from consecutive births at the National Hospital in Térshavn,
Faroe Islands. Relevant obstetric data were obtained by standardized procedures
and supplemented by a brief nutrition questionnaire.

New insight into health risks caused by environmental pollutants and chang-
ing exposure patterns in the Faroes lead to the formation of Cohort 3 from 656
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consecutive births in Térshavn between November 1997 and March 2000.
Following dietary recommendations from the Faroese health authorities, MeHg
exposure had now decreased thus allowing better characterization of possible
effects of PCBs and other persistent contaminants. Additional attention was
turned to the perfluorinated compounds (PFCs), as they have been documented
as contaminants of marine food chains with possible toxicity to the immune sys-
tem. The most recent cohort was born during an 18-month period between
October 2007 and April 2009. The total of mother-child pairs included was 475
(73 % of the eligible population). Blood was taken from the cord, and blood, hair,
and milk were obtained from the mother (AMAP 2015).

3.4 Effects Discussed in the Different Studies, Single
Compounds or Combined Effects

3.4.1 Neurological Effects
34.1.1 Mercury

The cohort studies in the Faroe Islands have demonstrated that children exposed to
methylmercury (MeHg) in utero exhibit decreased motor function, attention span,
verbal abilities, memory, and other mental functions (Grandjean et al. 1997). The
effects are dose-dependent: the greater the mercury (Hg) exposure, the greater the
effect. A follow-up of these children at ages 14 and 22 years showed the deficits
appear to be permanent (Debes et al. 2006). Overall, a doubling of the prenatal Hg
exposure of a child resulted in a developmental delay of 1-2 months at the age of 7
years; the age when the child is expected to enter school. This delay corresponds to
about 1.5 IQ points (Grandjean and Herz 2011).

In the Nunavik Child Development Study (NCDS) the children were followed up
at age 11 years. The results show that Hg was associated with: poorer early process-
ing of visual information; alteration of attentional mechanisms modulating process-
ing of sensory information; lower estimated IQ; poorer comprehension and
perceptual reasoning; poorer immediate memory and recollection of information
stored into memory; and increased risk of attention problems and attention deficit
hyperactivity disorder (ADHD) behavior.

In the Nunavik study, prenatal Hg was related to poorer IQ after adjustment for expo-
sure to the other contaminants assessed, to docosahexaenoic acid (DHA) and selenium,
and to the other potentially confounding variables. The Hg effect became stronger when
cord DHA was also considered, indicating that the beneficial effect of prenatal DHA
statistically suppresses the adverse effects of prenatal Hg exposure. Verbal comprehen-
sion and perceptual reasoning were indices most sensitive to prenatal Hg exposure.

Some of the adverse effects of MeHg on neurodevelopment may be masked by
beneficial effects of seafood nutrients (Budtz-Jorgensen et al. 2007). On the other
hand, the benefits from seafood nutrients may be consumed or cancelled by the Hg



3 Human Exposure to Pollutants and Their Health Endpoints: The Arctic Perspective 61

toxicity. Thus, full benefit from fish and seafood diets requires that MeHg exposure
is minimized. Given the continued development of the nervous system after birth,
postnatal exposure to MeHg is also likely to cause adverse effects. Neurophysiological
assessment of brain function supports the notion that postnatal exposure up to the
teenage years can cause harm (Murata et al. 2004). Thus, both pregnant women and
children should be considered populations at increased risk (Grandjean 2013).

Adverse effects may also include aspects of brain function other than cognitive
achievement. In the NCDS (Nunavik 2005-2010), exposure to contaminants was
measured at birth and at school age. An assessment of child behavior (n=279; mean
age=11.3 years) was obtained from the child’s classroom teacher on the Teacher
Report Form (TRF) from the Child Behavior Checklist, and the Disruptive Behavior
Disorders Rating Scale (DBD). Cord blood Hg concentrations were associated with
higher TRF symptom scores for attention problems and DBD scores consistent with
ADHD. This appears to be the first study to identify an association between prenatal
MeHg and ADHD symptomatology in childhood (Boucher et al. 2012). Likewise,
cross-sectional evidence links MeHg exposure to autism spectrum disorder (Geier
et al. 2012). However, the evidence available is limited and so conclusions regard-
ing autism or ADHD must be drawn with caution.

Mercury may also negatively affect other aspects of human neurological health. Some
research suggests that MeHg neurotoxicity may spur the development of degenerative
diseases of the nervous system, such as Parkinson’s disease (Petersen et al. 2008).

Effects associated with MeHg exposure have been documented in humans at
lower and lower exposures. This tendency reflects the use of better study design,
larger groups of subjects examined, more sensitive methodology and better control
of confounding factors that may influence study outcome. From the evidence avail-
able, it is clear that the developing brain is the most vulnerable organ system. Given
the complexity of brain development and the difficulties in determining detailed
functions, especially in small children, it is likely that future studies will continue to
identify effects at lower exposures than those considered safe today.

3.4.1.2 Lead and Mixed Metal Exposures

Few studies have examined the effects of mixed metal exposures in humans. In one
of the Faroese birth cohorts the effect of prenatal lead (Pb) exposure in the presence
of similar molar-level exposure to MeHg was evaluated (Yorifuji et al. 2011). A
cohort of 1022 singleton births was assembled during 1986-1987 and Pb was mea-
sured in cord blood. A total of 896 cohort subjects participated in a clinical exami-
nation at age 7 years and 808 subjects in a follow up at age 14 years. The association
between cord-blood Pb concentration and cognitive deficits (attention/working
memory, language, visuospatial, and memory) using multiple regression models
was evaluated. Overall, the Pb concentration showed no clear pattern of association.
However, in subjects with a low MeHg exposure, Pb-associated adverse effects on
cognitive function were observed. Some interaction terms between Pb and MeHg
suggested that the combined effect of the exposures was less than additive.
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3.4.1.3 Persistent Organic Pollutants

Grandjean et al. (2012a) analyzed banked cord blood from a Faroese birth cohort to
determine the possible neurotoxic impact of prenatal exposure to polychlorinated
biphenyls (PCBs). The subjects were born in 1986-1987, and 917 cohort members
completed a series of neuropsychological tests at age 7 years. Major PCB congeners
(PCB118, PCB138, PCB153, PCB180), the calculated total PCB concentration, and
the PCB exposure estimated in a structural equation model showed weak associa-
tions with test deficits, with statistically significant negative associations only with
the Boston Naming test. Likewise, neither hexachlorobenzene (HCB) nor p,p’-dichl
orodiphenyldichloroethylene (p,p’-DDE) showed clear links with neurobehavioral
deficits. Thus, these associations were much weaker than those associated with cord-
blood Hg concentration, and adjustment for Hg substantially attenuated the regres-
sion coefficients for PCB exposure. When the outcomes were merged into motor and
verbally mediated functions in a structural equation model, the PCB effects remained
weak and virtually disappeared after adjusting for MeHg exposure, while Hg
remained statistically significant. Thus, in the presence of elevated MeHg exposure,
PCB neurotoxicity may be difficult to detect, and PCB exposure does not explain the
MeHg neurotoxicity previously reported in this cohort (Grandjean et al. 2012a).

3.4.1.4 Immunological Effects

Certain environmental pollutants can adversely affect the development of the
immune system (Dewailly et al. 1993; Weisglas-Kuperus et al. 1995, 2000; Chao
et al. 1997; Dewailly et al. 2000; Vine et al. 2001; ten Tusscher et al. 2003; Jusko
et al. 2010).

The high incidence of infectious diseases—particularly meningitis, broncopul-
monary infections, and middle ear infections—in young children from Nunavik has
been known for many years (Dufour 1988). In view of the immunotoxic properties
displayed by some organochlorines (OCs), in particular following perinatal expo-
sure, it has been hypothesized that part of the high infection incidence among Inuit
infants could be related to the relatively high maternal body burden of these con-
taminants, and their partial transfer to newborns during breastfeeding. To test this
hypothesis, three epidemiological studies have been conducted during the past 20
years in Arctic Quebec to investigate the relationship between pre- or postnatal OC
exposure, immune status, and the occurrence of infectious diseases among Inuit
infants. Results in three different groups of Inuit children indicated that prenatal
exposure to OCs increases susceptibility to infectious diseases, and in particular to
otitis media (Dewailly et al. 2000; Dallaire et al. 2004, 2006). Although potential
confounding factors were considered in the statistical analyses, residual confound-
ing is still a possibility.

The Faroese studies are the first to provide epidemiological data on human
immunotoxicity —as reflected by a reduction in serum antibody production after
routine childhood immunizations—in relation to developmental exposures to
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environmental chemicals (Heilmann et al. 2006, 2010; Grandjean et al. 2012b).
The studies showed that developmental and perinatal exposure to PCBs and PFCs
from marine food and other sources may inhibit immune function, as indicated by
deficient serum concentrations of antibodies against childhood vaccines. Results
from the Faroe Islands show that the risk of having an antibody concentration
below 0.1 IU/mL at age 7 years increased at higher levels of exposure to PCBs
and PFCs. The results suggest that PFCs have an even stronger negative effect
than PCBs on serum-antibody concentrations (Heilmann et al. 2006, 2010;
Grandjean et al. 2012b). For PCBs, a doubling of the serum concentration at age
18 months was associated with a decline of 20 % in the antibody level at age 7
years. After the completion of breastfeeding and associated transfer of PCBs, the
child at age 18 months has an average serum-PCB concentration similar to that of
the mother (Heilmann et al. 2010), after which the concentration declines as the
body lipid compartment continues to expand. For PFCs, the recent accumulation
was found to be the most important predictor of immunotoxicity: A doubling in
serum-PFC concentration measured at age 5 years was linked to a decrease of up
to 50 % in the antibody concentration at age 7 years (p <0.001). Due to the long
half-life of PFCs (Olsen et al. 2007), serum concentrations at early school age are
expected to be relatively stable.

In conclusion, elevated exposure to PCBs and PFCs in Faroese children was
associated with reduced humoral immune response to routine childhood
immunizations (Heilmann et al. 2006, 2010; Grandjean et al. 2012b). These find-
ings suggest a decreased effect of childhood vaccines and may reflect a more gen-
eral immune system deficit. The clinical implications of insufficient antibody
production emphasize the need to prevent immunotoxicant exposure and assess-
ment of risk related to exposure to these contaminants.

3.4.1.5 Reproductive Effects

In 1992, Carlsen and co-workers published a combined analysis of results from 61
papers published between 1939 and 1991 and showed a significant decline in sperm
count over the 50-year period. A detailed reanalysis of the results found that this
conclusion was supported by the underlying studies (Swan et al. 1997, 2000).
Following the 1992 publication, many researchers retrospectively analyzed their
historical data for temporal trends, some finding a decline and others not.

The causes of decreased semen quality are not clear, but it is feasible that many
cases may have been caused by exposure to environmental factors in utero, during
adolescence or in adulthood (Joensen et al. 2008); probably also influenced by dif-
ferent genetic susceptibility.

The median sperm concentration of fertile men in a semen quality study con-
ducted in Greenland in 2004 was 53 million/mL, with a median sperm cell vol-
ume of 3.2 mL, a total sperm count of 186 million and a median motility of 60 %
(Toft et al. 2004). No regional difference was found in sperm count, but sperm
cell motility differed among regions. In a following study, Toft et al. (2006)
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found that sperm concentration was not impaired by increasing serum PCB153
or p,p’-DDE levels in Greenlanders. Also, that there was no association between
the proportion of morphologically normal sperm and either PCB153 or p,p’-DDE
concentration in blood. However, sperm motility was inversely related to
PCB153 concentration in this population.

In a recent study on testicular function in the Faroe Islands, Halling et al.
(2013) found sperm concentrations for Faroese men to be lower than for Danish
men (crude median 40 vs 48 million/mL, p <0.0005). However, because semen
volume was higher in the Faroese men, the total sperm counts did not differ (159
vs 151 million, p=0.2). Similarly, there was no overall difference between the
two populations in terms of sperm motility or morphology. Recent data have
shown sperm count to be low in young men from several European countries, but
slightly higher than among the Danes (Jorgensen et al. 2002; Punab et al. 2002;
Richthoff et al. 2002). This indicates that semen quality for both Danish and
Faroese men seems to be low compared to men from other European countries.

The reason for low testicular function in the Faroese young men is unclear, but
could be due to high exposure to persistent organic pollutants (POPs). Studies have
shown associations between high PCB levels and low semen quality, and since
PCBs and p,p’-DDE have the potential to interfere with sex hormone functions, it
could be assumed that these compounds can affect the function of the testicles
(Elzanaty et al. 2006). Some reports on the effect of POPs on male reproduction in
humans indicate weak negative effects on sperm motility (Hauser et al. 2002;
Richthoff et al. 2003; Elzanaty et al. 2006). Among the Faroese men the present
study found the percentage of motile cells to be significantly lower compared to
Danish men, indicating that increased exposure to endocrine disruptors may be one
explanation for the difference.

Serum steroid hormone-binding globulin (SHBG) levels for the Faroese men
were much higher than for the Danes. One explanation could be the high PCB
levels among the Faroese. Grandjean et al. (2012c) reported that SHBG
increased at higher PCB exposure, both prenatally and later in life. Because
PCBs are known to affect a number of liver functions it may be that PCB-
induced hepatic SHBG synthesis could play a role, although this remains to be
confirmed (Grandjean et al. 2012c).

3.4.2 Cardiovascular Effects
3.4.2.1 Mercury

Possible cardiovascular effects of Hg have recently emerged in the scientific literature
(Roman et al. 2011). A growing body of evidence suggests that MeHg exposure can
increase risk of adverse cardiovascular impacts in exposed populations. The link
between MeHg and acute myocardial infarction or sudden cardiac death is still
debated in low Hg exposed populations (Mozaffarian et al. 2011; Virtanen et al. 2012).
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Contradictory results have been reported on Hg exposure and the risk of hyper-
tension (Mozaffarian et al. 2012). In Nunavik adults, a retrospective analysis of the
1992 survey reported no association between Hg and high blood pressure (Valera
et al. 2013). Based on the 2004 data, however, Hg was associated with increased
blood pressure and pulse pressure (Valera et al. 2008, 2009). In the Faroe Islands,
high blood pressure was found to be associated with Hg exposure among male
whale hunters (Choi et al. 2009). In Greenland, no association was found between
Hg exposure and high blood pressure (Nielsen et al. 2012). Associations between
Hg exposure and blood pressure were also studied in children. Associations were
reported between prenatal Hg exposure and lower systolic blood pressure in 7-year-
old Faroese children (Sorensen et al. 1999) and for lower diastolic blood pressure in
the Seychelles (Thurston et al. 2007). In Nunavik children, no association was
found between blood pressure and either cord blood or contemporary Hg exposure
at age 11 years (Valera et al. 2012).

Heart rate variability has also been studied in Arctic populations. An association was
reported between Hg exposure and decreased heart rate variability in adults from
Nunavik (Valera et al. 2008). Similar results were reported among James Bay Cree
adults (Valera et al. 2011). In children from Nunavik, cord blood Hg concentrations
were not related to heart rate variability parameters at age 11 years, but child blood Hg
levels were associated with decreased overall heart rate variability parameters, and these
associations remained significant after adjusting for cord blood Hg, n-3 polyunsaturated
fatty acids (PUFA) and selenium. In Faroese children, cord Hg concentrations were
related to hear rate variability at age 7 years as well as 14 years, and hair Hg at age 7
years was associated with a low frequency variation coefficient (Grandjean et al. 2004).

The predictive value of heart rate variability parameters in healthy children and
risk of chronic diseases is unknown. Nevertheless, results from the Faroese and
Nunavik cohorts provide evidence that Hg exposure during childhood is related to
changes in cardiac autonomic activity at school age.

3.4.2.2 Endocrine Effects

Environmental chemicals have significant impacts on biological systems. Exposure
during early stages of fetal and neonatal development is especially critical and can
disrupt the normal pattern of development and thus dramatically alter disease sus-
ceptibility in later life. Endocrine-disrupting chemicals are those that interfere with
the body’s endocrine system and so result in adverse developmental, reproductive,
neurological, cardiovascular, metabolic and immune effects in humans. An
endocrine-disrupting chemical is defined as ‘an exogenous substance or mixture, that
alters the function(s) of the endocrine system, and consequently causes adverse
health effects in an intact organism or its progeny or (sub)-population’ (Schug et al.
2011). Thus they are compounds that can mimic, interfere with or block the function
of endogenous hormones and thereby disrupt the normal hormone homeostasis of the
body. Growing evidence shows that endocrine-disrupting chemicals may also
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modulate the activity and/or expression of steroidogenic enzymes, having the ability
to convert circulating precursors into active hormones as well as to affect hormone
metabolism and transport through the body (Yang et al. 2006; Schug et al. 2011).

3.4.2.3 Impact on the Hypothalamo-Pituitary-Gonadal Axis

Exposure to POPs may have a negative impact on reproductive function via impact
on the hypothalamo-pituitary-gonadal axis. A study of reproductive hormones in
men from Greenland and three European cohorts (Swedish fishermen, Warsaw
Poland, Kharkiv Ukraine) (Bonde et al. 2008) reported significant variations in
associations between exposure to PCB153 and p,p’-DDE and the outcomes. For the
Kharkiv group, statistically significant positive associations were found between
levels of both PCB153 and p,p’-DDE and steroid hormone-binding globulin, as well
as luteinizing hormone, while for the Greenlandic Inuit men there was a positive
association between PCB153 exposure and luteinizing hormone. In the pooled data
set from all four centers, there was a positive association between p,p’-DDE and
FSH levels (B=1.1 IU/L; 95 % CI: 1.0-1.1 IU/L), whereas the association between
PCB153 and SHBG was of borderline statistical significance (f=0.90 nmol/L; 95 %
CI: —0.04-1.9 nmol/L). The authors concluded that gonadotropin levels and SHBG
seem to be affected by POPs exposure, but that the pattern of endocrine response is
the subject of considerable geographic variation (Giwercman et al. 2006).

Studying differences between men living south and north of the Arctic Circle in
Norway, Haugen et al. (2011) found no geographical differences in either mean
levels of PCB153 (50 vs 59 ng/g lipid; p=0.27) or sperm parameters. However,
mean levels of p,p’-DDE were higher in the south than the north (81 vs. 66 ng/g
lipid; p=0.02), as were levels of total and free testosterone. Moreover, FSH levels
were lowest in the south. A strong relationship was observed between PCB153 and
SHBG levels. The regional differences observed for p,p’-DDE, testosterone and
FSH were not reflected in semen quality.

In the Faroe Islands, where PCB exposure is elevated, Grandjean et al. (2012c)
studied the possible endocrine disruption of PCBs on 438 adolescent boys from a
birth cohort by measuring PCB and p,p’-DDE levels in cord blood and serum from
clinical examination at age 14 years. Higher prenatal PCB exposure was associated
with lower serum concentrations of both luteinizing hormone and testosterone. In
addition, SHBG was positively associated with both prenatal and concurrent PCB
exposure. The PCB-SHBG association was robust to covariate adjustment. In a
structural equation model, a doubling in prenatal PCB exposure was associated with
a decrease in luteinizing hormone of 6 % (p=0.03). Prenatal exposure to PCB and
DDE showed weak, non-significant inverse associations with testicular size and
Tanner stage. DDE was highly correlated with PCB and showed slightly weaker
associations with the hormone profile. The findings suggest that delayed puberty
with low serum-LH concentrations associated with developmental exposure to non-
dioxin-like PCBs may be due to a central hypothalamo-pituitary mechanism.
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3.4.2.4 Impact on the Hypothalamo-Pituitary-Thyroid Axis

Dallaire et al (2008) investigated the potential impact of transplacental exposure to
PCBs and HCB on thyroid hormone concentrations in neonates from two remote
coastal populations in Canada; one in Nunavik (n=410) and one on the Lower North
Shore of the St. Lawrence River (n=260). Both populations were exposed to OCs
through seafood consumption. Cord blood samples were analyzed for thyroid param-
eters (TSH; free T4, fT4; total T3, tT3) and contaminants. PCB153 was not associ-
ated with thyroid hormone and TSH levels in either population. Prenatal exposure to
HCB was positively associated with fT4 levels at birth in both populations (Nunavik,
B=0.12, p=0.04; St. Lawrence, $=0.19, p<0.01), whereas thyroxine-binding glob-
ulin concentrations were negatively associated with PCB153 concentrations
(B=-0.13, p=0.05) in the St. Lawrence cohort. Thus OC levels were not associated
with a reduction in thyroid hormones in neonates from the two populations. Essential
nutrients derived from seafood such as iodine may have prevented the negative
effects of OCs on thyroid function during fetal development. Dallaire et al. (2009)
studied the relationship between exposure to potential thyroid hormone-disrupting
toxicants and thyroid hormone status in pregnant Inuit women from Nunavik and
their infants within the first year of life. In pregnant women, they found a positive
association between hydroxylated metabolites of PCBs and total triiodothyronine
(T(3)) concentrations (f=0.57, p=0.02). In umbilical cord blood, PCB153 concen-
trations were negatively associated with thyroxine-binding globulin levels (f=-0.26,
p=0.01). In a subsample analysis, a negative relationship was also found between
maternal pentachlorophenol levels and cord free thyroxine [fT(4)] concentrations in
neonates (f=-0.59, p=0.02). No association was observed between contaminants
and thyroid hormones at 7 months of age. The authors concluded that there is little
evidence that the environmental contaminants analyzed in their study affect thyroid
hormone status in Inuit mothers and their infants. The possibility that pentachloro-
phenol may decrease thyroxine levels in neonates requires further investigation.

Audet-Delage et al. (2013) studied whether exposure to POPs might decrease the
circulating concentrations of T4 bound to transthyretin (TTR) in Inuit women of repro-
ductive age in Nunavik Canada. Hydroxylated PCBs, pentachlorophenol and PFOS
compete with T4 binding sites on TTR. The data suggested that circulating levels of
TTR-binding compounds were not high enough to affect TTR-mediated thyroid
hormone transport. However, the authors suggested that the possibility of increased
delivery of these compounds to the developing brain requires further investigation.

In a study on the relationship between exposure to POPs and anti-thyroid per-
oxidase antibody (TPOADb), Schell et al. (2009) assessed thyroid dysfunction of
115 young adults of the Akwesasne Mohawk Nation tribe. Overall, 18 participants
(15.4 %) had TPOAD levels above the normal laboratory reference range (23 % of
females, 9 % of males). Among participants who were breast fed (n=47), those
with an elevated TPOAD level had significantly higher levels of all PCB groupings,
with the exception of levels of non-persistent PCBs which did not differ signifi-
cantly. Levels of p,p’-DDE were also significantly elevated, while HCB and Mirex
were not higher among those with elevated TPOAD. Also, after stratifying by
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breast-feeding status, participants who were breast fed showed significant, positive
relationships between TPOAD levels and all PCB groupings, except groups com-
prising non-persistent PCBs, and with p,p’-DDE, HCB, and Mirex. No effects
were evident among non-breast-fed young adults.

Bloom et al. (2014) observed an association between POPs and thyroid hor-
mones in aging residents of upper Hudson River communities (48 women, 66 men,
aged 55-74). The POPs included 39 PCBs, DDT and DDE and nine PBDEs. Among
women, DDT +DDE increased T4 by 0.34 png/dL (p=0.04) and T3 by 2.78 ng/dL
(»=0.05). Also in women, XPCBs in conjunction with PBDEs elicited increases of
24.39-80.85 ng/dL T3 (p<0.05), and ZPCBs in conjunction with DDT + DDE elic-
ited increases of 0.18-0.31 pg/dL T4 (p<0.05). For men, estrogenic PCBs were
associated with a 19.82 ng/dL T3 decrease (p=0.003), and the sum of estrogenic
PCBs in conjunction with DDT+DDE elicited an 18.02 ng/dL T3 decrease
(p=0.04). The authors suggested that the influence of POPs on thyroid hormones in
aging populations may have clinical implications and merits further investigation.

3.4.2.5 Persistent Organic Pollutants and Type 2 Diabetes

Several descriptive epidemiology studies suggest that certain POPs can contribute
to the development of Type 2 diabetes (Carpenter et al. 2002; Patel et al. 2010).
Although many POPs have now been banned, exposure continues for the most per-
sistent, such as the PCBs and the pesticide metabolite p,p’-DDE. Other persistent
environmental chemicals still in current use are suspected to be diabetogenic, for
example the brominated flame retardants and perfluorinated compounds. Most of
the recent epidemiological evidence is from cross-sectional case—control studies,
where increased serum POP concentrations were found to be a major determinant
of diabetes (Everett and Matheson 2010) and metabolic syndrome (Lee et al. 2007).
Genetic predisposition to Type 2 diabetes seems to play a role, but most genetic
variants so far identified are associated with p-cell function and account for no more
than about 10 % of the risk. Thus it is very likely that POP exposure may trigger
gene—environment interactions with effects on insulin resistance and/or secretion.

In the Faroe Islands, 713 septuagenarians with a high POP exposure owing to a
traditional diet (including pilot whale blubber), were examined for indicators of
glucose metabolism in subjects free of Type 2 diabetes and pre-diabetes (impaired
fasting glycaemia) (Grandjean et al. 2011). Results showed that the fasting insulin
concentration decreased by about 8 % for each doubling of the serum concentration
of PCBs, and that a similar increase occurred in the fasting glucose level. Along
with higher PCB exposure in subjects with Type 2 diabetes and impaired fasting
glycaemia, the results suggest that PCB-induced p-cell deficiency may be involved
in the disease pathogenesis. Impaired insulin secretion appears to constitute an
important part of the Type 2 diabetes pathogenesis associated with exposure to per-
sistent lipophilic food contaminants).

Individuals with vitamin D levels below 50 nmol/L doubled their risk of newly
diagnosed Type 2 diabetes. Thus, in elderly subjects, vitamin D may provide protection
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against Type 2 diabetes (Dalgard et al. 2011). The high prevalence of low vitamin D
levels among the elderly Faroese population (19 % with <25 nmol/L) reflects the low
skin synthesis during most months of the year, which is caused by limited sun exposure
and insufficient intake of marine diet (Dalgard et al. 2010).

3.4.2.6 Carcinogenic Effects

Throughout the twentieth century, the cancer patterns of the Inuit population have
been characterized by a high risk of Epstein-Barr virus (EBV)-associated carcino-
mas of the nasopharynx and salivary glands, and a lower risk of tumors common in
Caucasian populations, including cancer of the breast, prostate, testis, and hemopoi-
etic system. Both genetic and environmental factors seem to be responsible for this
pattern. Over the past 50 years, Inuit societies have undergone major changes in
lifestyle and living conditions. The incidence of traditional Inuit cancers (nasophar-
ynx and salivary glands cancer) has remained relatively constant, whereas the inci-
dence of lifestyle-associated cancers, especially cancer of the lung, breast, stomach
and colorectal has increased considerably following changes in lifestyle (smoking,
alcohol), diet, and reproductive factors (Friborg and Melbye 2008).

A comparison of cancer incidence patterns between residents of Inuit Nunangat
and the rest of Canada showed the age-standardized incidence rate for all cancer sites
(1998-2007) to be 14 % lower for the Inuit Nunangat male population and 29 %
higher for the female population compared to the rest of Canada (Carriere et al.
2012). Cancers of the nasopharynx, lung and bronchus, colorectal, stomach (males),
and kidney and renal pelvis (females) were elevated in the Inuit Nunangat population
compared to the rest of Canada, whereas prostate and female breast cancers were
lower. As well as higher smoking prevalence within Inuit Nunangat, distinct socio-
economic characteristics between the respective populations (including housing and
income) may have contributed to the incidence differentials (Carriere et al. 2012).

Some cancer incidence in Greenland is several times higher compared to
Denmark, such as nasopharyngeal, esophagus, biliary, ventricle, cervical, lung,
liver, pancreas and colorectal cancer, respectively (AMAP 2015).

A study showed that the indigenous coastal Chukchi and Inuit living in Chukotka
(Russia) were at higher risk of death from cancer during 1961-1990 than the Russian
population nationally, with age-standardized cancer mortality among men twice that of
Russia in general, and among women 3.5 times higher. The difference is due to the par-
ticularly high mortality from esophageal cancer and lung cancer in the indigenous peo-
ple of coastal Chukotka. The mortality data from this study correspond to the pattern of
incidence reported among other indigenous people of the Russian Arctic (Dudarev et al.
2012a). The incidence of colorectal cancer is currently higher in Alaskan Inuit than in
Caucasians living in the United States (Friborg and Melbye 2008). Cancer is now the
leading cause of death among Alaska Native people, and cancer mortality rates in Alaska
are significantly higher than in the mainland United States (Lanier et al. 2008).
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3.4.2.7 Lung Cancer

The incidence of lung cancer has increased remarkably in all Inuit populations over the
past 40 years. Lung cancer now constitutes about 20 % of all cancers in Inuit (Friborg
and Melbye 2008). In fact, lung cancer incidence in circumpolar Inuit is among the
highest in the world, for men and women. The age-standardized incidence rate of lung
and bronchus cancer during 1998-2007 of male Inuit from Nunangat was 113 per
100,000 which is double that for the rest of Canada (50.6 per 100,000) (Carriere et al.
2012). Greenland Inuit have double the standardized incidence rate of lung cancer in
Denmark. The smoking pattern among Inuit, possibly combined with co-factors related
to environment and diet, are believed to be the relevant causal factors (AMAP 2015).
Although modern housing conditions have decreased exposure to fumes from lamps
and open fires for cooking, many Inuit still spend substantial periods out on the land,
cooking on open stoves inside tents. Marijuana smoking in 85 % of adults (of Nunavik,
Canada) might also play a role in the high incidence of lung cancer (AMAP 2015).

A cross-sectional study of Alaska Natives has demonstrated the importance of
genetic variation in CYP2A6 on the regulation of tobacco consumption behavior,
procarcinogen exposure and metabolism in both light smokers and smokeless
tobacco users (Zhu et al. 2013).

3.4.2.8 Breast Cancer

Breast cancer is the most common cancer for women in the western world. The estab-
lished risk factors include genetic inheritance, for example mutations in the BRCA-1
and BRCA-2 genes (Ferla et al. 2007), lifelong exposure to estrogens (early menarche
and late menopause increases risk), obesity after menopause, alcohol, smoking and
high fat intake. Although breast cancer risk is influenced by genetics and reproductive
history, the known risk factors explain less than a third of all cases and more than 70 %
of women diagnosed with breast cancer have no inherited or sporadic cancer. Risk is
thought to be modified by lifestyle and environmental exposure (Madigan et al. 1995).
Although still lower, incidence is now approaching incidences recorded in Western
populations (Friborg et al. 2003) and today about 12—-15 women are diagnosed every
year in Greenland. From 1988 to 1997, the age-adjusted incidence rate for women in
Greenland was 46.4 per 100,000. For comparison, the rate in the United States was
124 per 100,000 for 2001-2008 and in Denmark about 100 per 100,000 in 2010
(Fredslund and Bonefeld-Jgrgensen 2012). The age-adjusted incidence rate for breast
cancer in Inuit Nunangat was lower than for the rest of Canada (45 vs 81 per 100,000)
(Carriere et al. 2012). Although there is no significant difference in breast cancer rate
between Alaska Native women and U.S. white women, a significant increase in
Alaska Native women was reported during 1974-2003 (Day et al. 2010).

Breast cancer incidence in the Arctic increased between 1969 and 2003 (Fredslund
and Bonefeld-Jgrgensen 2012). The enormous transition in health conditions and life-
style in the Arctic might be contributing to the known risk factors. Previous data sug-
gest that exposure to POPs including PFCs might contribute to breast cancer risk.
PCBs have been associated with effects relevant breast cancer development such as
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estrogenic, tumor promotion (Moysich et al. 2002). Rat studies showed that PFCs
cause a significant increase in mammary fibroadenomas (Sibinski 1987). Bonefeld-
Jorgensen et al. (2011) evaluated the association between serum levels of POPs/PFCs
in 31 cases of breast cancer in Greenlandic Inuit and 115 controls during 2000-2003 to
establish whether the combined POP-related effect on nuclear hormone receptors
affects risk. Serum levels of POPs, PFCs, some metals and the combined serum POP-
related effect on ER-, AR- and AhR-transactivity were determined. For the very first
time a significant association between serum PFC levels and the risk of BC was
observed. The breast cancer cases also showed a significantly higher concentration of
PCBs at the highest quartile. Also, for the combined serum legacy POP-induced ago-
nistic AR transactivity a significant association with breast cancer risk was found, and
cases elicited a higher frequency of samples with significant POP-related hormone-like
agonistic ER transactivity. The level of serum POPs, particularly PFCs, might be a risk
factor in the development of breast cancer in Inuit. Hormone disruption by the com-
bined serum POP-related xenoestrogenic and xenoandrogenic activities may contrib-
ute to the risk of developing breast cancer in Inuit (Bonefeld-Jorgensen et al. 2011).

3.4.2.9 Ovarian Cancer and Prostate Cancer

The etiology of ovarian cancer is not fully understood. Previous results support the
hypothesis of long-term elevated estrogen concentrations as etiologically important
for this disease (Spillman et al. 2010). For Arctic populations, the age-standard
incidence rate of ovarian cancer among Alaska Native women was significantly
lower than for U.S. white women (5.2 vs.10.5 per 100,000) in 1999-2003.

Risk of prostate cancer in Inuit is 10-20 % of the risk in the respective national
white population (Friborg et al. 2003; Snyder et al. 2006). A recent study showed
that the age-standard incidence rate for prostate cancer during 1998-2007 was
lower in the Inuit Nunangat population than in the rest of Canada (17 vs. 85 per
100,000) (Carriere et al. 2012).

3.4.2.10 Pancreatic Cancer

A comprehensive meta-analysis has suggested that tobacco smoking, obesity,
Type 2 diabetes mellitus and chronic pancreatitis are risk factors for pancreatic
cancer. Kirkegaard (2012) reported that the age-standardized incidence rate for
pancreatic cancer is 138 % higher in Greenland Inuit than in Denmark. This could
be partly explained by a higher prevalence of smoking and Type 2 diabetes.

3.4.2.11 Genetic Polymorphisms and Contaminants in the Arctic
The Indigenous Arctic population is of Asian descent, and their genetic background is

different from that of the Caucasian populations. Relatively little is known about the
specific genetic polymorphisms in genes involved in the activation and detoxification
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mechanisms of environmental contaminants in Inuit and their relation to health risk. The
Greenlandic Inuit are highly exposed to legacy POPs such as PCBs and OC pesticides,
and an elucidation of gene-environment interactions in relation to health risks is needed.

Ghisari et al. (2013) compared the genotype and allele frequencies of the cyto-
chrome P450 CYP1A1 Ile462Val (rs1048943), CYP1B1 Leu432Val (rs1056836)
and catechol-O-methyltransferase COMT Vall158Met (rs4680) in Greenlandic Inuit
(n=254) and Europeans (n=262) and explored the possible relation between the
genotypes and serum levels of POPs. The genotype and allele frequency distributions
of the three genetic polymorphisms differed significantly between the Inuit and
Europeans. For Inuit, the genotype distribution was more similar to those reported
for Asian populations. A significant difference in serum PCB153 and p,p’-DDE lev-
els between Inuit and Europeans was found, and for Inuit associations were also
found between POP levels and genotypes for CYPIAI, CYPIBI and COMT. Thus,
the data provide new information on gene polymorphisms in Greenlandic Inuit that
might support evaluation of susceptibility to environmental contaminants and war-
rant further studies (Ghisari et al. 2013).

Ghisari et al. (2014) investigated the main effect of polymorphisms in genes involved
in xenobiotic metabolism and estrogen biosynthesis, CYPIAI, CYPIBI, COMT and
CYP17, CYPI9 and the BRCAI founder mutation in relation to breast cancer risk, and
possible interactions between the gene polymorphisms and serum POP levels on breast
cancer risk in Greenlandic Inuit women. They found that the BRCA I founder mutation
and polymorphisms in CYPIAI and CYP17 can increase breast cancer risk among Inuit
women and that risk increases with higher serum levels of PFOS and PFOA. Serum
PFAS levels were a consistent risk factor for breast cancer, but inter-individual polymor-
phic differences might cause variations in sensitivity to the PFAS/POP exposure.

3.4.2.12 Genetics in Relation to Lifestyle Factors in Arctic Populations

Nicotine, the psychoactive ingredient in tobacco, is metabolically inactivated by
CYP2AG6 to cotinine. CYP2A6 also activates procarcinogenic tobacco-specific nitrosa-
mines (TSNA). Genetic variation in CYP2A6 is known to alter smoking quantity and
lung cancer risk in heavy smokers. A study by Zhu et al. (2013) aimed to investigate
how CYP2A6 activity influences tobacco consumption and procarcinogen levels in
light smokers and smokeless tobacco users. Cigarette smokers (n=141), commercial
smokeless tobacco users (n="73) and igmik (mixture of tobacco and ash) users (n=20)
were recruited in a cross-sectional study of Alaska Native people. The participants’
CYP2A6 activity was measured by both endophenotype and genotype, and their
tobacco and procarcinogen exposure biomarker levels were also measured. Smokers,
smokeless tobacco users and iqmik users with lower CYP2A6 activity had lower uri-
nary total nicotine equivalents and (methylnitrosamino)-1-(3)pyridyl-1-butanol
(NNAL) levels (a biomarker of TSNA exposure). Levels of N-nitrosonornicotine
(NNN), a TSNA metabolically bioactivated by CYP2A6, were higher in smokers with
lower CYP2A6 activities. Light smokers and smokeless tobacco users with lower
CYP2A6 activity reduce their tobacco consumption in ways (such as inhaling less
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deeply) that are not reflected by self-report indicators. Tobacco users with lower
CYP2A6 activity are exposed to lower procarcinogen levels (lower NNAL levels) and
have lower procarcinogen bioactivation (as indicated by the higher urinary NNN lev-
els suggesting reduced clearance), which is consistent with a lower risk of developing
smoking-related cancers. This study demonstrates the importance of CYP2A6 in the
regulation of tobacco consumption behaviors, procarcinogen exposure and metabo-
lism in light smokers and smokeless tobacco users (Zhu et al. 2013).

3.4.2.13 Epigenetics

The placenta is central to successful reproductive outcomes. Its functions can be
influenced by the environment encountered throughout pregnancy, thereby altering
the genetic programming needed to allow sustained pregnancy and appropriate fetal
development. This altered programming may result from epigenetic alterations
related to environmental contaminant exposure. Epigenetic alterations are now
being linked to several important reproductive outcomes, including early pregnancy
loss, intrauterine growth restriction, congenital syndromes, preterm birth, and pre-
eclampsia. As research continues to enhance understanding of the molecular pro-
cesses including epigenetic regulation that influence pregnancy, it will be critical to
specifically examine how the environment, broadly defined, may play a role in alter-
ing these critical functions (Robins et al. 2011).

Rusiecki et al. (2008) analyzed the relationship between plasma POP concentra-
tions and global DNA methylation (percent 5-methylcytosine) in DNA extracted from
blood samples from 70 Greenlandic Inuit and used pyrosequencing to estimate global
DNA methylation via Alu and LINE-1 assays of bisulfite-treated DNA to evaluate the
correlations between plasma POP concentrations and global DNA methylation. This
first study investigating environmental exposure to POPs and DNA methylation levels
in an Arctic population has shown that global methylation levels are inversely associ-
ated with blood plasma levels for several POPs and merit further investigation.

3.4.2.14 Genetic Predisposition and Methylmercury Neurotoxicity

Cognitive consequences at school age associated with prenatal MeHg exposure may
need to take into account nutritional and socio-demographic cofactors as well as
relevant genetic polymorphisms. Julvez et al. (2013) selected a subsample (n=1311)
of the Avon Longitudinal Study of Parents and Children (Bristol, UK) and measured
Hg concentrations in freeze-dried umbilical cord tissue as a measure of MeHg
exposure. In this population with low MeHg exposure, associations between MeHg
exposure and adverse neuropsychological outcomes were equivocal. Assessment of
several relevant genes suggests possible genetic predisposition to MeHg neurotox-
icity in a substantial proportion of the population.
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3.4.2.15 Effect Modifiers

Most environmental research on the effects of chemicals focuses on single expo-
sures. However, exposure to mixtures of chemicals is ubiquitous in real life
(Bellinger 2009). Certain chemical substances may target the same organ and induce
similar effects in an additive or non-additive way (Carpenter et al. 2002). Recent
studies suggest a synergistic effect of metal mixtures with neuropsychological out-
comes (Kim et al. 2009) or kidney disease (Navas-Acien et al. 2009). However,
studies that examine the effects of chemical mixtures remain limited in humans, and
even in experimental animal studies (Carpenter et al. 2002).

Methylmercury, a worldwide contaminant of seafood, can cause adverse effects on
the developing nervous system. However, long-chain n-3 PUFAs in seafood provide
beneficial effects on brain development. Negative confounding is likely to result in
underestimation of both Hg toxicity and nutrient benefits unless mutual adjustment is
included in the analysis. In the Faroe Islands cohort studies, associations between prena-
tal exposure to MeHg and neurobehavioral deficits at school age were strengthened after
fatty acid adjustment, thus suggesting that n-3 fatty acids should be included in similar
studies to avoid underestimating associations with MeHg exposure (Choi et al. 2014).

Yorifuji et al. (2011) examined the effects of prenatal Pb exposure on cognitive defi-
cits in the presence of a similar molar concentration of a neurotoxic co-pollutant
(MeHg) in 7- and 14-year-olds born in the Faroe Islands. Their analyses of the total
cohort and those of cohort members without interaction terms among lower co-
pollutant exposure categories showed equivocal results. When the subjects were
restricted to a lower co-pollutant category, and statistical interaction terms were entered
within the category, adverse effects of prenatal Pb exposure on cognitive function in
childhood were observed, especially on attention, learning and memory. In the Faroe
Islands it has been suggested that another co-pollutant, the PCBs, may affect human
brain development through maternal ingestion of contaminated pilot whale blubber.

3.5 The Challenge of Climate Change

3.5.1 Combined Effects of Climate Warming, Anthropogenic
Contaminants and Zoonotic Disease

A change in temperature may directly affect community infrastructure and community
food and water security. The combined effects of climate warming, anthropogenic con-
taminants, and zoonotic diseases on rural food and water security also represent a sig-
nificant risk to the safety of rural subsistence food and water supplies. Many circumpolar
communities, particularly remote and small communities, will need to develop moni-
toring and adaptation strategies to deal with these interacting risks.

e The warming climate has resulted in changes in ocean and atmospheric contaminant
transport, which may have increased the movement of anthropogenic contaminants
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and Hg from lower latitudes to the Arctic (Kallenborn et al. 2012). Warmer water in
freshwater lakes, tundra ponds and streams may result in greater bacterial methyla-
tion of Hg, and Hg released from thawing permafrost.

e Climate-mediated changes in the transport of anthropogenic contaminants to the
circumpolar region may result in higher exposure in subsistence wildlife which
could increase the risk of immunosuppression, and active zoonotic infection in
these animals. This could result in risk to human consumers of infection and
toxic effects from contaminant exposure (Fisk et al. 2005).

e The warming climate is enabling southern plant, insect and animal species to expand
their ranges further north, in some cases, into Arctic regions. These species may
bring new zoonotic diseases with them. Higher winter temperatures in the Arctic
may increase the winter survival of infected animals, raising the risk of hunter/con-
sumer exposure. The warming climate may drive changes in the forage resources of
subsistence species, and thus in the range, health and abundance of those subsis-
tence species. The ecosystem changes could also impact on existing and newly
emerging zoonotic pathogens of subsistence species (www.IPCC.CH/report).

3.6 Final Remarks

A summary of known or predicted health endpoints for persistent toxic substances is
shown in Box 1. Contaminants are still being transported to and recycled in the Arctic,
and levels in certain populations demonstrate that biomonitoring of contaminants of
concern should continue. Looking towards the future, it is possible that climate change
may affect contaminant exposure in the Arctic (Carrie et al. 2010), and may release
contaminants currently held in soil, permafrost or ice. Even so, few differences have
yet been seen in the food chain. Changes in food-web structure, feeding habits and
diet can affect concentrations of contaminants in biota and humans.

Despite global action through the Stockholm Convention to reduce the produc-
tion and use of POPs, contaminants are still being transported to and recycled
within the Arctic environment (www.IPCC.CH/report; http://chm.pops.int/). In
addition to long-range transport as a source of contaminants to the Arctic, there is
evidence that global warming may affect the cycling of contaminants within the
Arctic environment (Carrie et al. 2010), with the potential for release of contami-
nants currently held in soil, permafrost or ice, although few changes have been
seen in the Arctic food chain to date. Nevertheless, changes in the structure and
dynamics of the Arctic food web, especially in relation to species forming part of
the traditional diet, could have implications for contaminant levels in Arctic popu-
lations, with associated impacts on human health. Although time series data sets
indicate a current decline in concentration for most POPs in Arctic biota, particu-
larly PCBs and DDT, and contaminants such as PBDEs and PFOS that, prior to
2000 appeared to be increasing now appear to show either no trends or a decrease
(AMAP 2015). The potential implications for human health highlight the clear
need to continue biomonitoring contaminants of concern. Further biomonitoring
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will also aid in measuring the success of international risk management strategies
for reducing risk for all Arctic and vulnerable populations. The ongoing cohort
studies will continuously add more evidence and knowledge about environmental
contaminants and effects on human health and development in the coming years.
The precautious principle must be the central issue to protect the health of the com-
ing generations in the Arctic.
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Chapter 4

Effects of Pollutant Exposure on Human
Health as Studied with Selected EU Projects

Arja Rautio

Abstract Investigations on the precise impact of environmental pollutants on
human health are difficult to study, because many factors, like genetic background,
age, sex, diseases, exposure history and environment, affect at the same time and to
varying degrees. Environmental factors include mixtures of contaminants and other
chemical compounds to which individuals are commonly exposed. Knowledge
about the effects of mixtures is mainly missing and difficult to study at population
level. The incidence of many diseases has increased and it has been assumed that
pollutants may have a contributing effect especially in the exposed populations.

Exposure during the fetal period is in special attention in the epidemiological and
mechanistic (in vitro) studies, because fetal stage is the most vulnerable during
human life. During the last decade there have been several research projects under
the framework of the EU, which have focused on potential toxicity at low exposure
levels of environmental contaminants to child development (like ENRICO,
OBELIX, CLEAR, INUENDO, ArcRisk, PHIME). One goal of these research pro-
grammes has been to collect all the existing evidence about the associations between
environmental contaminants and measured health outcomes. In this chapter the
main aims and results of these projects will be introduced and discussed. The evalu-
ation of potential health risks and their magnitude is needed.
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Abbreviations

AMAP

ArcRisk

CHICOS

CLEAR

COPHES

DALY

DDE

DDT
DEMOCOPHES
EBoDE

EDC
ENRIECO

EU

HBM
INUENDO

OBELIX

PCB153

PHIME

POPs

A. Rautio

Arctic Monitoring and Assessment Program

Arctic Health Risks: Impacts on health in the Arctic and Europe
owing to climate-induced changes in contaminant cycling—
research project

Developing a Child Cohort Research Strategy for Europe—
research project

Comparison of health risks in populations in the Arctic and
selected areas in Europe due to the spreading of contaminants
resulting from climate change; Climate change, Environmental
contaminants and Reproductive health—research project
Consortium to perform human biomonitoring on a European
scale—research project

Disability-adjusted life years

Metabolite of DDT

Dichlorodiphenyltrichloroethane

Demonstration of a study to coordinate and perform human bio-
monitoring on a European scale —research project
Environmental Burden of Disease in European countries—
research project

Endocrine disrupting compounds

Environmental Health Risks in European Birth Cohorts—
research project

European Union

Human Biomonitoring Value

Biopersistent organochlorines in diet and human fertility:
Epidemiological studies of time-of-pregnancy and semen qual-
ity in Inuit and European populations —research project
OBesogenic Endocrine disrupting chemicals: LInking prenatal
eXposure to the development of obesity later in life—research
project

Polychlorobiphenyl 153

Public Health Impact of long-term, low-level Mixed element
Exposure in susceptible population strata—research project
Persistent Organic/toxic Pollutants

4.1 Approaches to Describe Risks for Human Health

Environmental Burden of Disease in European countries (EBoDE) project eval-
uated nine environmental risk factors in six European countries (Belgium,
Finland, France, Germany, Italy and the Netherlands), for making integrated
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measures of environmental health effects to be used for setting priorities in
environmental health policies and research (Hidnninen et al. 2014). Disability-
adjusted life years (DALYs) were estimated for benzene, dioxins, secondhand
smoke, formaldehyde, lead, traffic noise, ozone, particulate matter (PM2.5).
Airborne particulate matter was the leading risk factor for human health, fol-
lowed by secondhand smoke and traffic noise. Radon, dioxins and formalde-
hyde were in the middle class of risk factors. As main conclusions, the
researchers point out the importance to produce information for health policies
and research needs, resource allocation, identification of susceptible groups,
and targets for efficient exposure reduction, and international exposure monitor-
ing standards would enhance data quality and improve comparability.

Studies on the impact of environmental pollutants on human health are difficult
to undertake and interpret, since there are several confounding factors influencing
health at the same time. The most important ones are genetic and other individual
factors (like age, gender, diseases). From the environment where we live there are
many chemicals affecting at the same time, and the effects of the mixtures of chem-
ical compounds are difficult to study, and we have very little knowledge about
those. Environmental health effects may vary considerably with regard to their
severity and type of disease. The most sensitive groups are pregnant mothers,
fetuses and children and usually those groups have been under research.

One of extreme interesting region is Arctic. It has been found that there are a lot
of chemicals which are transported to the North by winds or with ocean currents
depending their chemical structure and properties. In the Arctic the persistent
organic/toxic pollutants (POPs) stay in the environment, accumulate in food chains
through which humans are exposed. At the moment many of those POPs have
already banned, but all the time there will be new chemical compounds which have
the same kind of chemical characteristics which could have possibility to transfer
and stay in the Arctic regions. During the last 20 years there have been in the Arctic
a monitoring program for the blood levels of POPs and toxic metals in pregnant
women (Arctic Monitoring and Assessment Program, AMAP) in all Arctic countries,
and many child-mother cohorts have been established to research the health of new-
borns and child development. There have been published already several reports,
and the newest one is from 2015 (AMAP 2015), where the time trends of many
POPs and toxic metals have been found to decline. It also shows the importance of
global actions, like restrictions and bans of POPs and toxic metals, to reduce emis-
sions of contaminants. However, many of those still exist in the soil and ice in the
Arctic and they may release to the food chains, especially due to warming climate.

4.2 Research Projects of European Community

During the last years there have been several attempts to approach the important
question about the environmental contaminants and their risks for human health.
Within the framework of the EU Sixth and Seventh Framework Programmes
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Table 4.1 Environmental contaminants and human health outcomes, EU-funded research projects

ArcRisk, Arctic Health Risks: Impacts on health in the Arctic and Europe owing to climate-
induced changes in contaminant cycling, 2009-2014; www.arcrisk.eu

CHICOS, Developing a Child Cohort Research Strategy for Europe, 2010-2013, http://www.
chicosproject.eu/

CLEAR, Comparison of health risks in populations in the Arctic and selected areas in Europe
due to the spreading of contaminants resulting from climate change; Climate change,
Environmental contaminants and Reproductive health, 2009-2013; and INUENDO,
Biopersistent organochlorines in diet and human fertility. Epidemiological studies of time-of-
pregnancy and semen quality in Inuit and European populations, 2002—-2005

COPHES and DEMOCOPHES, Consortium to perform human biomonitoring on a European
scale, 20042010 and DEMOCOPHES, Demonstration of a study to coordinate and perform
human biomonitoring on a European scale, 2010-2012, http://www.eu-hbm.info/cophes/news/
project-completed

ENRIECO, Environmental Health Risks in European Birth Cohorts, 2009-2011, http://enrieco.
org

OBELIX, OBesogenic Endocrine disrupting chemicals: LInking prenatal eXposure to the
development of obesity later in life, 2009-2013, http://www.theobelixproject.org/

PHIME, Public Health Impact of long-term, low-level Mixed element Exposure in susceptible
population strata, 2006-2011, http://www.med.lu.se/labmedlund/amm/forskning/haelsorisker_
av_metaller/phime

(2007-2013) there were several projects focusing on the effects of environmental
contaminants on human health. Among those could be mentioned nine projects
which are more detailed discussed in this Chapter (Table 4.1).

4.2.1 ArcRisk

The ArcRisk project was looking at the linkages between environmental contami-
nants, climate change and human health and aimed at supporting European policy
development in these areas. The key findings in the ArcRisk projects are (see more
www.arcrisk.eu):

Model simulations conducted under ArcRisk suggest that climate change will
affect contaminant pathways, mobility and levels in the Arctic and elsewhere. Both
legacy and more recently introduced organic chemicals can be found in Arctic
marine foodstuffs which are major source for exposure, and much of this contami-
nation is due to long-range transport. Health risks associated with contaminant
exposure are greatest among the vulnerable groups, like developing fetus and chil-
dren and there should be dietary guidance to indigenous populations in relation to
chemical contaminants in traditional goods. However, it is difficult to link health
outcomes to specific contaminants and harmonization of study protocols are needed
for estimation of the links of health effects and exposure.

One important part of the ArcRisk project was the policy recommendations,
which focus also on the future actions. It is necessary to keep in mind that the
avoiding future adverse effects on human health from exposure to contaminants
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requires an overall strategy that integrates policies and measures to reduce use
and releases of contaminants, monitoring of environmental levels and human
exposure, education and risk communication, and where necessary food con-
sumption advice to critical groups.

4.2.2 CHICOS

The main aim of the CHICOS was to develop an integrated strategy for birth cohort
research in Europe for the next 15 years through coordination of the most important
European birth cohorts. The CHICOS recommendations included support for establish-
ing the infrastructure for a European-wide database platform, including new cohorts that
cover groups of European population that are underrepresented in birth cohort research,
continuing follow-up of existing European cohorts, combining data from birth cohorts,
routine registries, and other data sources, and integrating knowledge translation and
public and policy engagement (see more, http://www.chicosproject.eu/).

4.2.3 CLEAR and INUENDO

The aim of the CLEAR project was to investigate the possible impact of global
climate change on reproductive health in Arctic and European populations. There
were three cohorts consisted of 1400 pregnant women and 600 spouses from
Greenland, Poland and Ukraine. The cohorts were established during the INUENDO
project and followed-up in the CLEAR project and also more samples were col-
lected for analyses of new contaminants (like brominated and fluorinated contami-
nants, phthalates and bisphenol A) and follow-up was done. The main results of the
CLEAR project (see more http://cordis.europa.eu/project/rcn/92242_en.html) were:

The study demonstrated that climate change will not directly cause major
changes in environmental POP exposure levels in the Arctic, and it did not indi-
cate that adult exposure to current levels of environmental contaminants have
marked influence on male and female fertility or child growth and development.
The researchers emphasized that CLEAR study has examined male reproductive
health in much more detail than female reproductive health and child develop-
ment, and pronounced long-term effects of fetal exposure on adult reproductive
health has not been addressed.

The researchers found some polymorphisms in androgen and estrogen receptors
and enzymes which may have influence on the exposure levels of contaminants.
There were several methodological challenges in testing the significance of associa-
tions between exposures and health outcomes. According to the toxicokinetic model
developed in the CLEAR project, the duration of exclusive breastfeeding, birth
weight and maternal blood levels were the most important predictors of child expo-
sure (Verner et al. 2013), and modeling exposure-response relationships for multiple,
correlated exposures (exposure mixtures) was introduced (Lenters et al. 2015).
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The risk assessment was difficult, since there were statistical robustness of
exposure-response associations, clinical relevance of outcomes, biological plausi-
bility, causal inference and potential sources of bias, and weight of the evidence
based on systematic literature reviews.

4.2.4 COPHES and DEMOCOPHES

The projects of the EU framework for human biomonitoring surveys, like COPHES
and DEMOCOPHES, have collected the experts from different European countries
to work together in the questions of exposure characterization and risk assessment.
In COPHES/DEMOCOPHES projects performed the first harmonized human bio-
monitoring survey in 13 out of 17 European countries (1800 mother-child pairs) by
harmonized protocols and procedures e.g. in mercury levels correlated to national
fish consumption and urinary cadmium levels were associated with environmental
quality and food quality.

The results of these projects showed that combining human biomonitoring and
environmental data provided added value for (the evaluation of) evidence-informed
policy making, and more collaboration with applications of new technologies and
transnational research are important on the way forward (see more e.g. Smolders
et al. 2014; Casteleyn et al. 2015).

4.2.5 ENRIECO

European birth cohorts collect a wealth of data on environmental exposures in the
past and ongoing studies funded by EC and national programs. The aim of the
ENRIECO project was to increase knowledge on specific environment and health
causal relationships in pregnancy and birth cohorts, and improve the use of existing
data and facilitate collaboration among these studies (altogether 37 European birth
cohorts were involved, see http://www.enrieco.org/). Collaborative analyses from
existing data of several European birth cohorts have done from outdoor air pollu-
tion, water contamination, allergens, biological contaminants, molds, POPs and
tobacco smoke exposure (Gehring et al. 2013).

The main reasons for collaboration between population studies are replication,
studying heterogeneity, and increasing statistical power to study small relative risks,
rare events and complex interactions. Key success factors for collaborative analyses
are common definitions of main exposure and health variables. As conclusions,
there is a need for harmonization of study plans (aims, protocols, data, health out-
comes, confounding factors) and methodologies used and also in environmental
exposure assessment.
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4.2.6 OBELIX

The OBELIX project investigated if prenatal exposure to endocrine disrupting
compounds (EDC), like dioxins, in food plays a role in the development of obesity
and related disorders later in life. Multidisciplinary approach with epidemiology,
neonatology, endocrinology, toxicology, analytical chemistry and risk assessment
was used. EDCs may mimic the actions of hormones in pregnancy and childhood,
and they are also suspected to promote obesity by disturbing metabolic and endo-
crine pathways in body. By animal and mechanistic (in vitro) studies EDCs affected
body weight and adipose cell functions and DNA demethylation. The OBELIX
project concluded that perinatal exposure to low levels of EDCs affects endocrine
signalling pathways that may lead to changes in body weight (Iszatt et al. 2015).

4.2.7 PHIME

The aim of the PHIME project was to study if the exposure levels of the general
population in Europe and other countries cause toxic effects in susceptible individu-
als. The exposure to lead and cadmium seems to be rather similar in many European
countries. The exposure to mercury differs, according to varying fish intake and
amalgam fillings. The levels of cadmium seem to be stable, and there was associa-
tion of low-level cadmium and decrease of bone mineral density.

The PHIME project has also increased information about the molecular mecha-
nisms for the uptake of metals in plans. Individuals may be at different risk due to
their genetic background, the toxicokinetics of mercury, arsenic, lead and cadmium
was changed, and the toxicodynamics of arsenic, lead, cadmium and manganese
according the genetic variations (Visnjevec et al. 2014). All this should be consid-
ered in risk assessment and prevention, and the risk may be varied between indi-
viduals and populations.

4.3 Networks for Biomonitoring and Joint Studies
with Pooled Samples

In many of the EU-funded projects the focus have been in forming networks for
following, reaching and giving advice to the policy-makers about the situation of
environmental contaminants and their risks for human health in Europe, Arctic and
also in other countries. These projects suggest more collaboration, harmonizing of
the human biomonitoring programs and study designs, forming joint databases from
national cohorts and making pooled samples for having more evidence about the
causal relationship between contaminant levels and human health.

The advantages of the joint database are clearly seen, e.g. the product of the
ENRIECO and OBELIX and in collaboration with ArcRisk and CLEAR researchers
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was a study about the effects of PCBs and DDE on birth weight (Govarts et al. 2012).
This database covered maternal and cord blood and breast milk samples of 7990
women enrolled in 15 study populations from 1990 through 2008. Using identical
variable definitions, the authors performed a linear regression of birth weight on esti-
mates of cord serum concentration of PCB153 and p,p’-DDE, adjusted for gestational
age and selected covariates for each cohort. The summary estimates by meta-analysis
and performed analyses of interactions were made. The meta-analysis including all
cohorts indicated a birth weight decline of 150 g per 1 pg/L increase in PCB153, and
DDE was associated with a 7 g decrease in birth weight (Govarts et al. 2012).

4.4 Epidemiological Studies: Weight of Evidence

There may be synergistic effects when more than one pollutant is present at the same
time, and the composition of these pollutant mixtures varies from one geographical
region to another. There have been published a lot of associations between the expo-
sure of the environmental persistent contaminants and health outcomes (like cancers,
different types of dysfunctions, adverse effects on child development).

In the environmental research meta-analysis is difficult to do, e.g. only 43 studies
from 2752 were eligible for meta-analysis when studied the causality of exposure
for persistent organic pollutants and Type 1 and Type 2 diabetes (Taylor et al. 2013).
There was too much variation across studies to permit a detailed meta- or pooled
analysis. In the Arctic populations the association between environmental contami-
nants and various health outcomes is even more difficult since there are small num-
ber of studies from small populations and regions and mixed results (Singh et al.
2014).

Reviews and meta-analyses of original scientific articles are needed to evaluate
potential health effects and their magnitude. ArcRisk project was focused on cor-
relations between exposure to environmental contaminants and detected health
outcomes and a new method, the synthesis of regression coefficients was devel-
oped in combining findings across different published studies with different statis-
tical content (see more Nieminen et al. 2013a, b, 2015). It is a big challenge to
combine the information from different studies together, since every study has its
own design and methodological approaches, different measurement scales and
there is also lack of necessary information needed for summarizing and meta-ana-
lyzing the magnitude of effects.

In the ArcRisk studies there as found a weak correlation between birth weight and
exposure to PCBs but no correlation between birth weight and exposure to DDTs and no
correlation between the sex ratio of newborns and exposure to PCBs (Nieminen et al.
2013b). All the future work in the magnitude of effects needs more harmonizing the
study plans, careful information about the basic data and selection of variables, careful
description of statistics used and reporting practices. All this is needed for other research-
ers who can later utilize the results in their work. In many epidemiological studies the
principal aim is identical, but different studies use different statistical methods.
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4.5 Biological Guideline Values and Risk Assessment:
Case of Mercury

Humans are exposed to toxic substances from different sources within the environ-
ment, usually by ingestion, inhalation and dermal absorption. The risk assessment pro-
cess, which incorporates hazard identification, exposure assessment, dose—response
assessment and risk characterizations is used to quantify the probability of harmful
effects on human health. This scientific evidence-based methodology is currently used
for evaluating non-cancer hazard and cancer risk in environmental and occupational
settings. The concentration levels of the contaminants in blood are generally followed,
and it provides the sum of exposure from different routes. How accurate it is depends
on the elimination half-life of the contaminants in blood and accumulation in tissues.

One answer for estimating the harmful levels for human health is to use the bio-
logical guideline values, which are used to protect the populations exposed. Here is
one example, the different mercury values published by different organizations to
evaluate the exposure limit (see Table 4.2).

Table 4.2 Biological guideline values for mercury (Hg)

Me Hg Blood | Reference dose 5.8 pg/L Rice et al.
(2003)
Total Hg | Blood | Intervention level children, pregnant/ 8 pg/L Legrand et al.
childbering women (2010)
Total Hg | Blood | Females (>50 years), males (>18 years) at| >20 pg/L Health Canada
increasing risk (1999)
Total Hg |Blood | Females (>50 years), Males (>18 years) | >100 g/puL Health Canada
(1999)
Reference values for Hg in blood or urine (HBM Commission 2003, 2005)
Hg Urine | Children (6-12 years) without amalgam | 0.7 pg/L
fillings
Adults (18-69 years) without amalgam 1.0 pg/L
filling
Hg Blood | Children (612 years), fish consumption | 1.5 pg/L

<3 times/month

Adults (18-69 years), fish consumption | 2.0 pg/L
<3 times/month

Human biomonitoring values for mercury in blood and urine (HBM Commission 1999)

HBM I HBMII

Hg Blood | Children and adults 5 pg/L 15 pg/L

Hg Urine | Children and adults 5 pg/gcrea, |20 pg/g crea,
7 pg/L 25 pg/L

HBM 1 represents the concentration of a substance in humans below which there is no risk or
adverse health effects and no need for action, HBM II represents the concentration of a substance
in humans above which there is an increased risk for adverse health effects and urgent need to
reduce the exposure and to provide individual biomedical care (an intervention or action level)
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The PHIME and ArcRisk project made collaboration especially in the mercury
research. Mercury levels in human blood have been several-fold in the populations
of the Arctic Canada and Greenland, but now declined to the levels found in those
populations living in the Mediterranean region, Northern Norway and Arctic Russia.
Risk communication is challenging in the case of high mercury levels, and it is
really important for the populations, especially the pregnant women and children.
Fish and seafood are healthy food, but at the same time the main source of mercury.
Methylmercury is very toxic for cells and organs, and it affects neurodevelopment
of fetus and children.

The potential toxicity at low exposure levels of environmental contaminants and
toxic metals have been researched in many of the EU-funded projects, especially in
PHIME. The toxicity of the mercury on central nervous system of fetuses and myo-
cardium in adults has been markedly modified by nutrition, and the toxicokinetics
of mercury has been found to be modified by genetic factors. In the ArcRisk project
Nieminen et al. (2015) studied whether differences in the number of reported out-
come variables exists between the papers with non-significant findings compared to
papers with significant findings using papers on maternal exposure to mercury and
child development as an example. Elevated number of outcome variables was found
in papers with reported non-significant associations between maternal mercury and
outcomes, and the literature review did not find uniform evidence that there is a
relationship between the maternal mercury level and child development. To combat
the bias, better reporting, registration of all studied parameters and their systematic
inclusion in meta-analyses should be done.

4.6 Contaminants and Placental Transport

To reach the fetal circulation, contaminants must cross the placenta, the main inter-
face between mother and fetus by passive diffusion or active placental transfer pro-
cesses. Based on analyses of cord blood, it is known that the fetus is exposed to
environmental contaminants present in the maternal circulation. In addition to their
physiological substrates, transporter proteins may also transfer foreign compounds
such as therapeutic agents, environmental pollutants and chemical carcinogens
bearing structural resemblance to their physiological substrates.

Placental transport was studied in CLEAR, PHIME and ArcRisk projects. The
distribution of contaminants between maternal blood, cord blood and placenta are
usually related. If compounds are metabolized in the fetus or placenta, metabolites
may accumulate and cause toxic effects, and fetal and maternal serum levels may
differ (Vizcaino et al. 2014). A strong correlation has been observed between con-
centrations in the maternal and fetal compartments for perfluorinated compounds,
PCBs and DDE. The function and genetic polymorphisms of transporter proteins
may cause person-to-person variation in fetal exposure to environmental contami-
nants, which may affect individual risk for adverse events after exposure to harmful
compounds. This has been found in the uptake of methylmercury in placenta, and
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may lead to accumulation during early development (Llop et al. 2014) in the PHIME
project. Also other metals, like cadmium may modulate fetal exposure to other
harmful compounds by changing the activity of transporters in the human placenta
(Kummu et al. 2012).

4.7 Toxicokinetic Modelling

It is possible to extrapolate body burden and exposure to the whole lifespan of the
population under certain assumptions by using pharmaco/toxicokinetic modeling in
exposure and risk assessment. This approach was used in the cases of PCB153,
DDE and POPs (see Verner et al. 2013; Abass et al. 2013) in CLEAR, ArcRisk and
OBELIX projects, and toxicokinetic models were found to be valid methods in
future risk prediction. According studies of Abass et al. (2013) the birth during the
1960s and 1970s has led to high lifelong exposure and body burdens remain ele-
vated. By combining results from epidemiologic studies with pharmaco/toxicoki-
netic analyses, it would be helpful in identifying underlying confounding factors.
The answers to the important questions—what is the total contaminant burden peo-
ple acquire over their lifespan and what are the long-term health effects—require
more multidisciplinary research and the toxicokinetic modelling approaches pre-
sented above could be one means for estimating human health risk.

Bioaccumulation of the lipid-soluble POPs leads to high levels in breast milk,
and a new toxicokinetic method for the total risk assessment of POPs for women
(breastfeeding mothers) was developed by Cupr et al. (2011). The method depends
on the backward calculation model for life-long POPs exposure of breastfeeding
women. The total risk shows that the main risk-posing group continues to be the
PCBs (Véclavikovd et al. 2014).

Also CoZMoMAN model has been used in the ArcRisk project in person-specific
predictions of life course concentrations of PCBs in the individual Norwegians
(Ngst et al. 2013). The rank correlation between measurements and predictions
from both the CoZMoMAN model and regression analyses was strong. The time-
variant mechanistic model CoZMoMAN has been useful in estimating prenatal,
postnatal and childhood exposure to PCB153 under scenarios of hypothetical and
realistic maternal fish consumption (Binnington et al. 2014).

4.8 The Incorporation of Mechanistic Studies in Human
Health Risk Assessment

The aim of in vitro characterization is to produce relevant information on metabo-
lism and interactions in order to anticipate and ultimately predict what could happen
in vivo in humans. Numerous in vitro models are available and each model has
advantages and disadvantages. The combination of mechanistic and human in vivo
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studies was done inthe CLEAR, ArcRisk and OBELIX projects. This multidisciplinary
way produced a lot of results to be used, e.g. in the overall process of human risk
assessment. Examples of the incorporation of in vitro biotransformation studies into
human health risk assessment have been published by Abass et al. (2014a, b).

4.9 Conclusions

During the last 10 years several multidisciplinary EU-funded projects have done a
great work in researching the associations between the exposure of environmental
contaminants and human health. There have been approaches towards multidisci-
plinary research e.g. collaboration between researchers in climate change, environ-
mental and human health and epidemiological and mechanistic studies; and also
building new monitoring and research networks and forming joint databases for
solving the problems of small sample size or differences in methodology and study
design in estimating the risk of contaminant exposure for human health. New meth-
odologies have been developed in searching the ways to show the causality and the
magnitude of effects. All these research projects have already given important infor-
mation to the policy-makers and it would be as important as these efforts were
started also to continue that work.

Do we need to put attention to the environment, contaminants and human health in
the future? Absolutely we need to do that. Although the environmental levels of leg-
acy POPs are generally declining, concentrations of some (such as PCBs) have
remained relatively stable. Trends in contaminant concentrations may vary in differ-
ent geographical areas of the Arctic and Europe (new hot spots may develop) and in
different populations (especially indigenous populations), and this must be taken into
account. Extreme events associated with global climate change, such as tsunamis and
floods, might also affect food and water security, possibly increasing the incidence of
contaminated food items. The impact of climate change on future human exposure to
POPs will largely depend on food, e.g. the amount and type of fish consumed (wild or
farmed fish) and other seafood. At present, it is not possible to draw final conclusions
about future trends in exposure or the related trends in human health.

Vulnerable subgroups exist owing to, among others, genetic background, exposure
history, and age. Although there are currently few data with which to draw conclusions
about the implications of such vulnerabilities, it is already clear that the fetal stage is
the most sensitive during human life and so fetal exposure deserves special attention.
In the lifestyle of a population, there are possibly more significant exposure scenarios
than the oral route, and which are not considered in conventional risk assessment.

We need better collaboration between the monitoring programs and researchers
for building databases, but also for using the already existing data for new type of
analyses (e.g. biostatistical, modeling) in multidisciplinary way. Better toxicokinetic
models would require larger sample sizes, better analytical accuracy, fewer assump-
tions in exposure assessment. Human biomonitoring studies of environmental con-
taminants can be used together with the expected exposure routes to build up such
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models. The models can be further used to predict future levels of similar chemicals
in blood or to predict changes in exposure, such as could result from changes in the
levels of the chemicals in fish and game. All these efforts are needed when estimat-
ing the risks of environmental contaminants on human health.
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Chapter 5
Organic Metal Species as Risk Factor
for Neurological Diseases

Soren Meyer, Till Weber, Robert Haferkorn-Starke, Tanja Schwerdtle,
and Julia Bornhorst

Abstract This chapter will focus on organic metal species of environmental con-
cern that can exercise some influence on neurological disorders. A variety of organic
metal species were identified in the last couple of years and their concentrations in
the environment are rising. Moreover cases of overnutrition are increasing and due
to the fortification of various organic metallic compounds in our diet there are grow-
ing anxieties that food ingredients may inadvertently be contributing to neurologi-
cal disorders. This chapter provides a summary of organic metal species that have
been linked with neurological disorders including its exposure pathways (especially
diet), and a possible risk in the context of consumers safety pointing out gaps in the
actual research. The list includes agents which have no known biological role in
humans as organic species of mercury, tin, lead and arsenic. Besides the classical
organometals also aluminium is illuminated. Additionally those, such as iron and
manganese which are essential for life but can be toxic when absorbed in excess
amounts will be discussed.

Keywords Neurological diseases ¢ Diet * Organic metal species

5.1 Methylmercury

The heavy metal mercury (Hg) is ubiquitously distributed in the environment.
Through natural effects including volcanic emissions and anthropogenic effects
including waste disposal and mining, elemental mercury (Hg®) and inorganic
mercury (iHg: Hg,?*, Hg?*) are distributed in the environment. The environ-
mentally most common organic mercury species methylmercury (MeHg) is
formed by biomethylation of inorganic mercury in phytoplankton, by both
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sulfate- and iron-reducing bacteria, and bioaccumulates in the aquatic food
chain (FAO/WHO 2011).

Apart from occupational exposure, diet is the main contributor to Hg exposure.
While total Hg in non-seafood predominantly consists of iHg, 80—100 % of total Hg
in fish and other seafood is represented by MeHg (EFSA 2012).

After ingestion the iHg displays a low absorption rate in the gastro intestinal
tract. iHg is mainly excreted via faeces and urine with the kidney being the critical
target organ for iHg toxicity. MeHg is rapidly intestinally absorbed. Furthermore, it
is also well known to transfer across other physiological barriers including the
blood brain barrier, the blood liquor barrier and the blood placenta barrier, resulting
in neurotoxic and neurodevelopmental effects (FAO/WHO 2011; EFSA 2012;
Carocci et al. 2014; Bridges and Zalups 2010).

In 2012 the European Food Safety Authority (EFSA) Scientific Panel on
Contaminants in the Food Chain established a tolerable weekly intake (TWI) for
MeHg of 1.3 pg/kg body weight (b.w.), expressed as mercury. While biomonitoring
data indicates that generally MeHg intake in Europe is below the TWI, individually
higher levels were observed. This is especially of concern to pregnant women
because biomarker evaluation showed that non-toxic maternal concentrations could
be potentially toxic to the unborn child (EFSA 2012).

Poisoning after intake of highly contaminated fish in Minamata, Japan, clearly
showed the capability of MeHg as neurotoxicant (Harada 1995). Up to date there
are multiple possible mechanisms discussed in literature which might be the mecha-
nism behind MeHg induced neurotoxicity. The high affinity of all Hg species to
sulfhydryl groups leads to a variety of effects like depolymerization of tubulin in the
cytoskeleton, inhibition of protein biosynthesis and disruption of redox status via
glutathione (GSH) reduction; complex formation of MeHg with the sulfhydryl
group of cysteine is followed by an active transport of MeHg-Cysteine and thus to
arise in bioavailability (EFSA 2012; Bridges and Zalups 2010; Aschner et al. 2010;
Syversen and Kaur 2012). Induction of oxidative stress and disruption of neu-
rotransmitter systems could also be observed (Aschner et al. 2010).

While little is known about direct effects of MeHg on neurological diseases,
studies suggest possible links between Hg exposure, Alzheimer’s disease (AD) and
amyotrophic lateral sclerosis (ALS) because of the comparable symptoms of mer-
cury toxicity (including tremor, extremity weakness and ataxia) (Carocci et al.
2014). Elevated Hg blood levels could be shown in AD patients and in vitro studies
showed the ability of Hg to increase production and reduce degradation of beta-
amyloid peptides which play a significant role in AD (Chin-Chan et al. 2015). It has
to be noted, that partial demethylation of MeHg takes place in the brain and thus
reported association between iHg or total Hg concentrations and neurological dis-
eases might also partly account for MeHg (Syversen and Kaur 2012).

Interestingly, although some epidemiological studies provide evidence for an
association between fetal MeHg exposure and neurological impairments of infants,
a study investigating the effect of high dietary MeHg exposure of women early in
pregnancy could not find direct associations with negative neurodevelopmental
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outcomes for the infants, with positive nutritional factors possibly outweighing the
toxic effects (EFSA 2012; Strain et al. 2015). Also Nakamura et al. could not find
any correlation between biomarker mercury levels and neurological outcomes in
residents of the Taiji region but could correlate the concentrations to Se levels in
whole blood (Nakamura et al. 2014).

Triggered by these outcomes the EFSA aimed to carry out a risk benefit analysis
on the benefits of long-chain polyunsaturated fatty acids (LCPUFA) in fish/seafood
compared to the risk of MeHg in fish/seafood. They concluded that a general
approach for Europe is actually not possible especially because of the variety of fish
species and local differences in food consumption patterns (EFSA 2015).

In order to further understand the risk of MeHg exposure it is important that the
underlying mechanisms of toxicity are elucidated and counteracting effects of potential
positive nutritional factors of fish consumption like LCPUFA or essential trace ele-
ments like selenium have to be evaluated (Nakamura et al. 2014; EFSA 2015). To reach
this goal, there is a need for further epidemiological studies evaluating consistent, com-
parable biomarkers of MeHg exposure. While there are many used biomarkers of mer-
cury exposure, speciation of mercury species has to be facilitated to minimize the risk
of over- or underestimation of MeHg exposure (Berglund et al. 2005).

Following the need for speciation, the toxicological risk assessment has to focus
on the different modes of action of different Hg species considering the co-exposure
through dietary intake and after dealkylation in the brain.

Focusing on the origin of neurological diseases like AD and ALS, the role of
MeHg before and after demethylation may be of neglected importance.

Due to the persistence of Hg species in the environment new approaches to minimize
exposure through contaminated food have to be identified and individual local food
consumption patterns have to be evaluated especially for women in childbearing age.

5.2 Organotin

Tin (Sn) is a naturally occurring element with a variety of inorganic and organic tin
species of industrial importance. Organotin compounds are covalently bound to one
or more organic substituents, such as methyl, ethyl, butyl or phenyl groups. Major
applications for organotins are polyvinyl chloride (PVC) heat stabilizer, biocides,
catalysts, agrochemicals and glass coatings. However, the use is largely specific for
the different organotins and do not overlap with tri-substituted compounds not suit-
able as stabilizers for PVC and mono- substituted and di-substituted compounds not
suitable for use as biocides. In general, organotin compounds are released to the
environment through their production with exposure occurring by inhalation, inges-
tion and dermal absorption. Thereby, the most significant route of human exposure
is diet but data are very limited. Relevant endpoints of exposure include develop-
mental toxicity, immunotoxicity, endocrine disruption and neurotoxicity but the
degree differs across the group as a whole (ATSDR 2005). Methyltins appear to
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have a great potential to cause neurotoxicity with triethyltin (TET) and trimethyltin
(TMT) by far being the most potent neurotoxins. Since neurotoxicity of dialkyltin
or trialkyltin compounds has only been shown in animal studies and only a few
descriptions of their human toxicity have been reported, this chapter will focus on
exposure, possible modes of action and risks for TMT being the most studied organ-
otin neurotoxicant (Mitra et al. 2013).

Since TMT is used in industry and agriculture as a constituent in fungicides and
plastic production (Boyer 1989), human exposure may occur primarily through
accidental and occupational exposure (Saary and House RA 2002; Jiang et al. 2000;
Yoo et al. 2007). A risk assessment for TMT is rare due to the limited data available
(ATSDR 2005). The highest acute NOAEL was 0.7 mg/kg/day for neurological
effects in rats, while 1 mg/kg/day was a serious neurological LOAEL in rats (self-
mutilating and aggressive behaviour) with doses > 2 mg/kg/day being lethal (Snoeij
et al. 1985; Bouldin et al. 1981). In the few sub-chronic studies available, the lowest
LOAEL was 0.05 mg/kg/day for impaired performance of rat pups in a learning
task, but there was no dose-response relationship (Noland et al. 1982).

TMT has been shown in humans and in animals to cause neuronal necrosis, par-
ticularly in the hippocampus and other structures in the limbic system. The morpho-
logical changes resulted in behavioural alterations such as aggression, memory loss
and unresponsiveness (ATSDR 2005; Geloso et al. 2011). While the mechanism by
which TMT induces neurodegeneration are still not conclusively clarified, many
hypothesis are discussed in literature. Experimental evidence emphasis that TMT-
induced neurodegeneration is a complex event including excitotoxicity, neuroin-
flammation, mitochondrial dysfunction and oxidative stress (Geloso et al. 2011;
Billingsley et al. 2006; Corvino et al. 2014; Kaur and Nehru 2013). Additionally, it
is proposed that behavioural deficits observed in a study with rats could account by
the impairment of endogenous glutathione homeostasis which results in a death of
neurons in the hippocampal region (Kaur and Nehru 2013). At the cellular level
mitochondrial dysfunction might be a factor of cell death through the involvement
of a mitochondrial membrane bound protein, stannin, selectively expressed by
TMT-sensitive cells (Billingsley et al. 2006). Some of the therapeutic approaches
proposed succeeded only in attenuating TMT neurotoxicity without complete
remission (Corvino et al. 2013) indicating that the development of new therapeutic
strategies awaits further evaluation.

Deciphering the underlying modes of action of TMT-induced neurotoxicity is
of central importance especially since TMT-induced hippocampal injury is not
accompanied by a blood brain barrier disruption (Harry and Lefebvre d’Hellencourt
2003; Lattanzi et al. 2013). Furthermore, concerns are rising that TMT-induced
cell death is caused by different pathogenic pathways, probably acting different in
in vivo and in vitro models (Lattanzi et al. 2013). This may offer a clue for future
studies. Anyway, also the underlying mechanisms of TET need to be further
investigated since TET is acting differently as TMT, affecting structure and func-
tion of the nervous system resulting in brain and spinal cord swelling (Kyriakides
et al. 1990).
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Further studies especially chronic exposure studies, which have not been carried
out up to our knowledge, will provide data which are urgently needed to carry out an
adequate risk assessment. Actually, only very few data are available on the effects of
TET and TMT in humans deriving from unintentional occupational exposures. Data
to estimate organotin exposure, particularly dietary exposure are needed whereby also
the underlying species should be taken into account since they all have different end-
points of toxicity. Up to now insufficient information is available to assess risk to the
terrestrial environment. Additionally, epidemiological studies need to be carried out.

5.3 Lead

Naturally, lead (Pb) occurs in general in its +2 oxidation state in various ores.
Historically, the main sources of inorganic lead were lead-based paintings and plumb-
ing as well as solders used in food packaging. Today due to regulations and rethinking
especially houses built before 1950 with old painting and plumbing are most concern-
ing for lead uptake for the general population (Goyer 1996; Mason et al. 2014; Mielke
et al. 1999). Alkylated organic lead compounds are mostly man-made and can be
characterised by a carbon atom of one or more organic molecules bound to the lead
atom. Tetraalkyllead was used for example in the past as gasoline additive and was a
huge contributor to lead pollution in the environment. In most western countries the
usage of lead as antiknock additive is nowadays forbidden by law, but still accounts
for a large proportion of air emission in countries where leaded gasoline is still used
(Lovei 1999). However, because of governmental prevention strategies, a reduction in
blood lead levels has been observable over the last decades and children are no longer
in the range of concern for lead toxicity (Nichani et al. 2006; Pirkle et al. 1998). Blood
lead levels reflect an acute exposure, whereas bone lead levels are better reflective of
cumulative exposure over time (ATSDR 2007).

In the European Union legislative limits exist for food and drinking water. They
reach from 0.1 mg/kg for example for meat up to 0.3 mg/kg for leaf vegetables.
However, up to 1.5 mg/kg are allowed in mussels (European 2006). The legislative
limit for drinking water is set to 0.01 mg/L (European 1998). Contaminated drink-
ing water as well as animal meat, fruits and vegetables are just one possible way of
human exposure. Other routes are dermal uptake and vastly more important inhala-
tion of lead-containing particles out of anthropogenic sources (Olympio et al. 2009).
These two exposure routes are probably the major pathways for organolead uptake
for the general population (Abadin and Pohl 2010). In Europe, the average con-
sumer is exposed to 0.36—1.24 pg lead/kg b.w. by food. In case of specific diets with
high consumption of game meat for example, the uptake can increase to 1.98—
2.44 pg/kg b.w. due to lead-based ammunition. However, lead uptake by outdoor air
is with 0.002 pg/kg b.w. low (EFSA 2010).

In general, the presence of lead in the body causes damage to the central nervous
system and several underlying mechanisms are discussed. Thereby, especially bivalent
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lead can act as a pharmaceutical agent substituting bivalent calcium and, to a lesser
extent bivalent zinc. Interferences with the calcium release from mitochondria for
example are resulting in oxidative stress. This causes mitochondrial self-destruction
ending in activation of apoptosis and cell death. Additionally, lead interferes with neu-
rotransmitter release disrupting the function of the GABAergic and dopaminergic sys-
tems (Mason et al. 2014; Goldstein 1993; Guilarte et al. 1993).

Furthermore, lead interacts with other body systems supporting the function of the
central nervous system. These include hypertension, impaired renal functions and
vitamin D deficiency as well as preterm birth (ATSDR 2007). Lead encephalopathy is
one severe neurological effect of lead exposure caused by very high doses. Symptoms
include headache, mental dullness up to memory loss, coma and death in case of long-
time lead exposure (Kumar et al. 1987). Children are affected at much lower concen-
trations and additionally, the central nervous system is more vulnerable to toxic agents
compared to the mature one. Accordingly, neural proliferation, differentiation and
plasticity are strongly impaired by lead causing neurobehavioral deficits (Olympio
et al. 2009). The lead exposure-related neurodevelopmental deficits are associated
with the loss of 1Q points, impairment with school performance resulting in substan-
tial economic losses to society (Gould 2009; Grandjean and Herz 2015).

Over the last decades the lead levels considered as tolerable for children have been
repeatedly lowered. Beginning in the 1960s with blood lead levels of 60 pg/L, they
have been lowered to 30 pg/L in 1975, to 25 pg/L in 1985 and finally to 10 pg/L in
1991. Today a safe level of lead is not derivable any more. Therefore, factors as age of
exposure, duration of blood lead elevation and characteristics of the child’s rearing
environment have to be considered and are too variable. Consequently, there is no lead
blood concentration that can be considered as safe in general (Olympio et al. 2009).

More reliable biomarker would help to evaluate the risk after lead exposure and
prevent damage at an early stage. But except blood and hard to determine bone lead
levels, no respectable biomarker has been discovered so far. However, there are new
modern methods and imaging techniques to investigate and document for example
the reduction of gray matter (cortex) volume. This can be used especially for the
prefrontal cortex in adults with increased childhood lead exposure (Cecil et al.
2008). Early clinical detection particularly in children helps to protect their devel-
oping central nervous system and intervention at this stage may aid in reversal of
certain posttoxicity complications.

Whereas effects of inorganic lead are well described in literature and lots of stud-
ies exist, the available data about organolead compounds like alkylated lead is
scarce and most studies were already carried out in the 1990s. Since tetraalkyllead
was used worldwide as a gasoline additive it is still persistent in the environment.

There should be more studies investigating degradation of organolead com-
pounds and their contamination of food by uptake from contaminated soil.
Additionally, more work has to be carried out on toxicity and toxicokinetics of these
compounds. For both inorganic and organic lead epidemiological research on inter-
national populations is currently very limited (Mason et al. 2014).

Even though forbidden, humans are exposed to lead by paintings and plumping
of old houses, but the restrictions already resulted in lower blood lead levels.



5 Organic Metal Species as Risk Factor for Neurological Diseases 103

Nevertheless, there still might be other “silent” sources of lead and the World Health
Organization recommended constant research in this particularly area (WHO 1998).
This is associated with strict controls of products entering the European Union sus-
pected to contain lead for example children’s toys and cosmetics.

5.4 Arsenic

Arsenic (As) is ubiquitously present in various forms in nature. The variety of arse-
nic species can be separated into inorganic (e.g. arsenite, arsenate) and organic arse-
nic compounds (e.g. arsenobetaine, arsenosugars, arsenolipids). Organic arsenicals
are classified by an arsenic carbon bond and are generally assumed to be less toxic
than inorganic species. Interestingly, inorganic compounds are predominant in
drinking water and terrestrial food especially in rice, whereas organic arsenicals are
particularly present in marine fish and other seafood. In these food levels are reach-
ing from 1 to 100 mg As/kg wet weight and are up to 100-fold higher than in ter-
restrial food. Thereby, water-soluble organic arsenicals are mostly present in algae,
whereas fat-soluble compounds are predominant in fatty fish. Diet is the main
source of arsenic for humans but exposure depends on the type of food, the condi-
tions of growth like the type of soil, water quality and geochemical activities as well
as further food processing conditions (EFSA 2009).

Whereas arsenicals in food and drinking water are contaminants since arsenic is
not considered as an essential element, some arsenicals are used as pesticide, for ani-
mal fattening or as pharmaceuticals. Even though highly toxic, Trisenox is for exam-
ple authorized in the treatment of leukaemia and due to lack of alternatives patients
with sleeping sickness are cured with Melarsoprol (Gibaud and Jaouen 2010).

In contrast to drinking water, which is regulated in many countries by a legislative
limit of 0.01 mg/L repatriated to a recommendation of the World Health Organization
(WHO) (European 1998; WHO 2001), the only regulatory limits for food products
are currently applied in China. For rice, the legislative limit is for example set to
0.2 mg inorganic As/kg. This might be due to the circumstances that cereal and cereal
products especially rice and rice-based products contain high amounts of inorganic
As (0.1-0.4 mg As/kg dry weight) caused by accumulation of arsenic after root
uptake from soil (USDA 2014). Nevertheless, the European Commission introduced
maximum levels for inorganic arsenic in rice and rice products in 2016.

A chronic ingestion as well as inhalative exposure towards inorganic arsenic has
been associated with incidences for tumours of the lung, skin and bladder. The
International Agency for Research on Cancer (IARC) classified inorganic arsenic
as a human carcinogen (group 1) (IARC 2012). Further, chronic ingestion is asso-
ciated with skin lesions, cardiovascular diseases, abnormal glucose metabolism,
diabetes, disturbance of foetal and infant development as well as neurotoxicity
(EFSA 2009; IARC 2012).

Especially exposure to lower concentrations are increasing the susceptibility to
cognitive dysfunctions (Naujokas et al. 2013). Accumulation could be shown for
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inorganic as well as organic arsenic species like methylated arsenicals in many parts
of the brain. Thereby, arsenic alters cognitive functions particularly learning and
memory capability during childhood, but adults are also affected as critical pro-
cesses are often damaged. Effects seem to be depending on concentration, timing,
and duration of exposure. However, adverse effects can even appear weeks or month
after initial acute poisoning (Tyler and Allan 2014). Destruction of axonal cylinders
and compositional changes caused by the disruption of the neurofilament and the
microtubule network may play a major key in arsenite neurotoxicity, since it does
not affect gene expression (Vahidnia et al. 2007).

The toxicological properties of organic arsenicals are depending on their
molecular nature and the majority of these compounds occur in the pentavalent
oxidation state (Feldmann and Krupp 2011). A wide range of toxicity is observ-
able in this group of compounds reaching from the as non-toxic categorised
arsenobetaine to the as highly toxic considered thio-analogue of dimethylarsinic
acid namely thio-dimethylarsinic acid. The toxicity of this compound is compa-
rable to that of trivalent arsenic species, which are generally assumed to be highly
toxic. The toxicity of inorganic arsenic is probably caused by its metabolism to
dimethylarsinic acid, where trivalent arsenicals are intermediates (Naranmandura
et al. 2007; Raml et al. 2007; Wang et al. 2015). However, less is known about
arsenosugars and arsenolipids, which both are common arsenicals in contami-
nated marine food. Because of their metabolism to dimethylarsinic acid as well,
which is considered as possible carcinogenic to humans (IARC 2012), the evi-
dence concerning a risk to human health especially after long term exposure can-
not be excluded. In vitro studies demonstrated that arsenosugars are significantly
less toxic than arsenite and did not exert genotoxicity (Andrewes et al. 2004;
Leffers et al. 2013a; Leffers et al. 2013b). In contrast, it was demonstrated that
arsenic-containing hydrocarbons, one class of arsenolipids, display toxicity in the
same concentration range as arsenite, but are different in their toxic mode of
action (Meyer et al. 2014a; Meyer et al. 2014b). Because of the high lipophilic
character of arsenolipids they are possibly transported by passive diffusion across
physiological barriers like the intestine or the blood brain barrier. Consequently,
they might be able to enter the brain and cause neurotoxicological effects. First
evidences for this assumption have already been reported but especially in this
area further investigations are urgently needed to characterise the risk of organic
arsenicals in particular of arsenolipids to human health.

Even though many data are available in literature about arsenic toxicity further
studies are needed to elucidate the underlying mechanism. In case of inorganic
arsenicals the reasons for carcinogenesis are still not completely understood. The
mode of action seems to be indirectly for example by inhibition of DNA repair,
induction of reactive oxygen and nitrogen species attacking DNA or epigenetic dis-
orders, since direct effects were rarely observable (Hughes et al. 2011).

Data about organic arsenical especially concerning arsenolipids are scarce and
besides further in vitro studies, investigating the neurotoxicological potential, stud-
ies with experimental animals have to be performed. These are necessary to evaluate
the risk of these food-relevant arsenicals for human health and finally, to carry out a
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risk assessment. Therefore, exposure assessment is also needed, since the actual
burden for the consumer cannot be estimated. This requires an improvement and
simplification of arsenic speciation analysis techniques. The high variety in arsenic
toxicity due to the different species demonstrate that differentiation is a very impor-
tant tool.

Since classical rodent animal models are not useful in case of arsenic carcino-
genesis among others due to strong differences in the toxicokinetics of inorganic
arsenic between rodents and humans further epidemiological studies have to be
carried out. They will display if a high consumption of seafood containing espe-
cially organic arsenicals is associated with increased incidence of health-related
effects like neurological dysfunctions or cancer.

5.5 Aluminium

Aluminium (Al), omnipresent since Al is the most abundant metal in the earth’s
crust, appears to have no physiological requirement (Verstraeten et al. 2008).
However, human intervention (soil acidification, food additives, Al-containers etc.)
increases the human body burden of aluminium (Exley 2003; Exley 2009).

Al occurs in nature in only one oxidation state (+3) which normally seeks out
complexing agents with oxygen-atom donor sites such as carboxylate, phosphate
and sulphate groups among others. Therefore, Al is frequently found as alumino-
silicates, hydroxides, phosphates, sulphates and cryolite (Krewski et al. 2007).
Human exposure to Al is ensured mainly via air, food and water with diet being the
main source for individuals who are not exposed occupationally. Thereby a variety
of Al compounds are produced and used for different purposes, such as in water
treatment, papermaking, fire retardants, food additives, preservatives, colours, cos-
metics and pharmaceuticals. Al alloys with other metals find also application in
consumer appliances, food packaging and cookware (EFSA 2008). Infant formulae
are especially enriched with the highest potential exposure being from soy-based
formula (Committee on Toxicity (COT) 2013).

Oral AI** is readily bioavailable with generally 0.5 % of intake or less. Oral Al*
bioavailability is increased in the presence of citrate or lactate in food while it may
be decreased by silicon-containing compounds. Additionally bioavailability is also
inversely related to iron status. While bone can contain approximately 60 % of total
aluminium in the body, lung, muscle, liver and brain contain approximately 25 %,
10%, 3 % and 1 % respectively (FAO/WHO 2012).

The EFSA established a tolerable weekly intake (TWI) of 1 mg/kg b.w./week
and confirmed this conclusion in 2011 (EFSA 2008). Mean dietary exposure from
water and food in non-occupational exposed adults assessed in several European
countries, varied from 0.2 to 1.5 mg/kg b.w./week; this corresponds in a 60 kg adult
in a dietary uptake of 1.6—13 mg aluminium per day. Children represent the group
with the highest potential exposure to aluminium per kg body weight due to the
higher food intake than adults when expressed to body weight. The potential esti-
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mated uptake ranged from 0.7 to 2.3 mg/kg b.w./week. The EFSA also considered
that the TWI is likely to be exceeded in a significant part of the European popula-
tion (EFSA 2008). In 2011, the Joint FAO/WHO Expert Committee on Food
Additives (JECFA) established a Provisional Tolerable Weekly Intake (PTWI) of
2 mg/kg b.w.. In the EU certain aluminium compounds are permitted with restric-
tion and since 1* of February 2014 calcium aluminosilicate, betonit and kaolin are
not permitted (European 2012). A technical report of the EFSA further evaluated
that the mean and 95" percentile dietary exposure estimates to five aluminium-
containing food additives [E 523, E 541 (i, ii), E 554, E 556 and E 559] for five
population groups (toddlers, children, adolescents, adults and the elderly) largely
exceed the TWI established by the EFSA and the PTWI established by the JECFA
(EFSA 2013a).

The main toxic effects of Al are on the brain, the nervous system and the kidney.
However, this chapter will focus on the link between Al exposure and neurological
disorders especially since the brain is considered to be the most vulnerable organ to
the toxic manifestations of Al. Thereby, Al has been reported by several studies being
a risk factor for the development of the most common neurodegenerative disorder
Alzheimer’s disease (Tomljenovic 2011). Although the exact mechanisms are still
unknown, Al is known to affect multiple systems in the brain (Exley 2014a). For
example oxidative stress appears to play a significant role through the potentiation of
damaging redox activity or the disruption of calcium signaling (Kumar and Gill
2014). Al is also competing effectively with essential metals, in particular magne-
sium and iron, in essential processes. For example, an altered metabolism is resulting
of the higher binding affinity of Al over magnesium for ATP consequently interfering
with magnesium-catalyzed enzyme activities (Exley 2009). Additionally, recent
research identified that the homeostasis of copper is altered by Al (Page et al. 2012).

In order to further understand the risks arising from Al exposure it is important
to identify the biological effects of Al and we will need to further our understanding
of the body burden of Al. The most significant factor about its potential danger as a
neurotoxin is its omnipresence in life. It is highly probable that our use of Al will
increase in the future. It is suggested that tomorrow’s generation will have higher
body burden of Al (Exley 2013). The body burden is spread among the tissues, but
small amounts of Al over lifetime favors brain tissues as the site of bioaccumulation.
Concerns about Al exposure in the human diet persist since several years. The EFSA
Panel does not consider exposure to Al via food to constitute a risk for developing
Alzheimer’s disease based on the available scientific data despite that it could impli-
cated in the etiology of Alzheimer’s disease. Further research is necessary to clarify
if Al can be and probably is a contributor to neurodegenerative diseases. Additionally,
we will need to implement measures to reduce body burden to the lowest practical
limit and relating them to any subsequent changes in health-related indices (Exley
2014b). Although there are only limited studies for therapy or treatment, Davenward
et al. (2013) demonstrated that lowering the body burden of aluminium in individu-
als with moderate-to-severe AD concomitantly, leads to clinically significant
improvements in cognitive performance in some individuals (Davenward et al.
2013). These experiments offer therapeutic strategies but further research in this
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field is of central importance. Further areas of concern include the limited knowledge
of Al bioavailability and address whether the aluminium species significantly affects
aluminium pharmacokinetics, such as oral bioavailability, and aluminium-induced
effects, such as the association between aluminium consumption and cognitive loss.
It is worrying that up to now no data are available on the absorption of Al in infants
specifically (Committee on Toxicity 2013). Especially in the background that kid-
ney function is not fully developed at birth resulting in a lower elimination of Al we
should critically look at the high Al content in some infant formulas (Committee on
Toxicity 2013). In general, the biological responses may be highly specific to the
form of Al but data regarding Al speciation are limited up to now.

There is a need for further epidemiological studies that look at different Al spe-
cies of ingestion and long-term studies on chronic Al exposure need to be carried
out. Additionally the public should be better informed on potential health risks
especially in the background that a high percentage of the world’s population uses
alternative self-medication and herbal treatments for prophylactic purposes.

5.6 Iron

Iron (Fe) is the fourth frequent element and the most abundant transition metal in the
earth’s surface. Furthermore, it is an essential trace element for all organisms (Ganz
2013). Iron naturally occurs in its +2 (reducing agent) and +3 (oxidising agent) oxi-
dation state in human and animal cells and plays an important role in lots of oxygen-
and electron-transferring enzymes. Likewise, the most important ferrous compounds
are part of Haem proteins, like haemoglobin and myoglobin in blood (EFSA 2006).

For humans the main source of iron is animal meat, but it is also present in some
fruit and vegetables as well as in legumes and cereals. In food production, iron com-
pounds are used for technological purposes only, for example iron oxide as a colour-
ing agent, or ferrous gluconate for oxidative colouring of olives (European 2008).

In literature, the total body iron content of a healthy person is ranging from 45 to
60 mg/kg b.w., which can be divided into functional iron, transport iron and depot iron
(BfR 2004). Epidemiological studies demonstrate that the daily intake of iron for men
is between 14.6 and 15.1 mg and for women ranging from 11.6 to 12.3 mg in the
middle age group (Schulze et al. 2001). Based on this knowledge, in the European
Union legislative limits exist for drinking water and food. The limit in drinking water
is set to 0.2 mg/L (European 1998) and the maximum residue in food reaches from
20 mg/kg for sodium ferrous cyanide up to 150 mg/kg for ferrous gluconate as colour-
ing agent for olives (European 2008). Since 2004, the European Union authorised iron
as food supplement and since 2006 for enrichment in food (BfR 2004).

However, the German Federal Institute for Risk Assessment (BfR) concluded
that an uncontrolled enrichment of food with iron has to be seen critically because
there might be a link between high iron depots and an increased risk for cardiovas-
cular diseases (BfR 2004). A potentially hazardous reactivity is given due to the
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oxidative potential of iron. This is linked with increasing oxidative stress and earlier
aging of cells (BfR 2008). To prevent this, an effective control mechanism exists
regulating the iron balance in organisms. In organism iron is generally linked to
functional proteins like haemoglobin, to transport molecules like transferrin as well
as to depot proteins like ferritin. Consequently, iron is kept away from oxidative
reactions and cannot cause cellular damage (Hershko et al. 1988). Massive iron
overload, however, leads to an uncontrolled rising of the iron pool accompanied
with increasing binding capacity of ferritin. The excess iron can bind to proteins
with low molecular weight and non-transferrin-bound iron (NTBI) occurs. NTBI
usually occurs in the plasma in case of hereditary haemochromatosis and thalas-
semia. In vitro studies show that NTBI results in free hydroxyl radicals and peroxi-
dation of the lipids membrane (Hershko et al. 1988; Schumann 2001). In further
studies a link between thalassemia or haemochromatosis patients and liver cell dam-
ages along with transferrin saturation > 70 % was observable (Le Lan et al. 2005;
Jensen et al. 2003; Piga et al. 2009). Furthermore, a connection between iron
homeostasis and cellular death, severe dysfunctions along with Alzheimer’s,
Parkinson’s and Huntington’s diseases exists. For these diseases high iron concen-
tration in the brain are often ascertainable (Salvador et al. 2010; Ganz and Nemeth
2011) which is also related with the development of oxidative stress.

In consideration of missing studies, the supply situation of the population and the
not controlled enrichment of iron in food, the Federal Institute for Risk Assessment
recommended not to use iron in food supplements and other food. Hence, iron sup-
plementation should only be carried out under medical observation (BfR 2004).

Even though knowledge about the mechanism of oxidative stress improved in
the last couple of years and more information about the neuropathology of
Alzheimer’s disease is available, the role of iron in organisms is still not fully
understood. However, further findings in those fields could be fundamental for
the understanding of the modes of action of iron and its role as a contributor in
neurodegenerative diseases. In addition, interactions with other metals have to
be evaluated since iron can promote their oxidative capacities resulting in higher
oxidative stress levels.

5.7 Manganese

Manganese (Mn) is the 12" most abundant element in the earth’s crust and the fifth
most abundant metal, usually occurring with iron. Typically Mn exists as oxides,
carbonates and silicates and earth erosions, resulting in the omnipresence of Mn in
air, soil and waterways. Although Mn can exist in 11 oxidation states the most bio-
logically important Mn compounds are those that contain Mn?** and Mn**. The ubig-
uitous trace element is essential for normal growth development and cellular
homeostasis. It is crucial for brain development and function of a variety of enzyme
families including glutamine synthetase, arginase, pyruvate carboxylase and Mn
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superoxide dismutase. Thereby, it is regulating development, energy metabolism,
digestion, immune function, reproduction and antioxidant defences (Santamaria
2008; Costa and Aschner 2015).

Mn exposure of the general population arises from both natural and anthropo-
genic sources with dietary intake as primary route. Rich Mn sources are nuts,
chocolate, cereal-based products, crustaceans and molluscs, pulses, and fruits and
fruit products. The main contributors in the diet of adults are cereal based prod-
ucts, vegetables, fruits and fruit products, beverages and drinking water (Barceloux
1999). Mn is also used in several industrial settings including the production of
steel, the production of dry-cell batteries, glass and fireworks and it is used in
chemical manufacturing, in the leather and textile industries (Flynn and Susi
2009). Moreover, Mn can be found in fungicides, as a component of an antiknock
gasoline additive [(Methylcyclopentadienyl)mangantricarbonyl (MMT)] or as a
contrast reagent for medical magnetic resonance imaging (Mangafodipir) (ATSDR
2008). Due to the insufficient available data to derive an average requirement or a
population reference intake, an Adequate Intake (Al) is proposed. Mean intake of
Mn in adults in the EU are around 3 mg/day while the intake for infants aged from
7 to 11 months is proposed to be 0.02—0.5 mg/day (EFSA 2013b). The US Institute
of Medicine considered an Al of 2.3 mg/day for men and 1.8 mg/day for women
and set an “Upper Limit” of 11 mg/day (IOM 2002).

Due to its ubiquitous presence in most foodstuffs, in industrial countries Mn
deficiency is practically non-existing and has only been observed in animal studies
(Friedman et al. 1987). However, exceeding the homeostatic range Mn can result in
an irreversible condition known as manganism that shares similar neuropathology
with Parkinson’s disease (PD), with dopaminergic (DAergic) cell loss associated
with motor and cognitive deficits (Racette 2014). Manganism patients exhibit symp-
toms including tiredness, behavioural changes, and delayed neurological distur-
bances characterized by dystonia or kinesia (Olanow 2004). Up to now clarity about
the underlying mechanisms of Mn-induced neurotoxicity is lacking. Elevated brain
Mn levels have been associated with an impaired iron homeostasis, oxidative stress,
mitochondrial dysfunction, induction of protein aggregation, excitotoxicity and
DNA repair. Importantly, the highest Mn levels are found in the cautate-putamen,
globus pallidus, substantia nigra, and subthalamic nucleus (Flynn and Susi 2009;
Tuschl et al. 2013; Bowman et al. 2011).

In order to understand the risks arising from Mn exposure it is of central
importance to decipher the underlying mechanism and its transport. Thereby,
information about the specific Mn-species should further be used to answer in
more detail the questions about the interrelation of the species to the molecular
mechanisms (Michalke and Fernsebner 2014). Especially since Mn also represents
a risk factor for Parkinson’s disease and alterations in neuronal handling of Mn
have also been observed in the context of Huntington’s disease. Moreover, identi-
fying the mechanisms of Mn is essential for the development of new therapeutic
strategies against manganism since pharmaceuticals against Parkinson’s disease
are not effective (Olanow 2004; Guilarte 2010). Furthermore, additional studies
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are necessary to consider a threshold of toxicological concerns, which would be
important for highly susceptible populations including infants or patients receiving
parenteral nutrition (Aschner and Aschner 2005; Alves et al. 1997). Thereby, it
should be mentioned that in infant formula 100-fold higher Mn levels than in breast
milk have been observed (Ljung et al. 2011). Recent studies also predict an impact
of Mn on epigenetic changes and some populations are highly susceptible towards
Mn due to genetic polymorphisms of metabolic enzymes or Mn transporters (Kim
et al. 2015). In general less is known about genetic interactions in Mn-induced
neurotoxicity (Chakraborty et al. 2015; Bornhorst et al. 2014). Consequently, Mn
exposure levels in populations with different genetic backgrounds need to be stud-
ied and individuals carrying genotypes resulting in a higher susceptibility to Mn
exposure need to be identified. Assessment of Mn intake and status is actually dif-
ficult due to the lack of an adequate biomarker. Therefore, the identification of a
sensitive and selective biomarker of exposure is required.

5.8 Conclusion

In everyday life, human beings are exposed to levels of biologically available
organic metal species and it is highly probable that our burden will increase in the
future. Thereby, for most of the organic metal species, the most important route of
exposure is diet. This chapter is briefly summarising the available data regarding
occurrence in food, possible modes of action and risks of the organic species of
mercury, tin, lead and arsenic. Besides the classical organometals also aluminium,
iron and manganese are described. The illuminated metals had been implicated to
be a risk factor for neurological disorders pointing out the central importance in
deciphering underlying modes of neurotoxic action and the importance of an ade-
quate risk assessment. However, to be able to evaluate this, there are various future
needs in research. A new exposure paradigm is needed that is correlating species
specific oral bioavailability and metal-induced effects, especially metal-induced
neurological effects. Actually there are only limited data available regarding species
specific effects at all. Additionally, a lot has been implicated for interactions of the
metals with other metal homeostasis which should be taken in consideration espe-
cially those which are essential. In general, less is known about individual suscepti-
bility towards metal-induced neurotoxicity. The effect of genetic polymorphisms of
metabolic enzymes and transporters of the respective metal needs to be established
as well as alterations of the metal-responsive proteins and epigenetic changes due to
metal exposure. In order to minimize the effects of exposure, further biological
monitoring should be done with more sensitive and selective biomarkers for the
individual metals and metal species. Altogether, it should be of our central interest
to lower body burden of organic metal species having no biological role. Additionally,
new therapeutic strategies against metal-induced neurotoxic effects need to be eval-
uated (Table 5.1).
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Table 5.1 Most common organic species and structures of Hg, Sn, Pb and As and its neurotoxic
potential

Neurotoxic
Element | Most common organic species and structures potential
Hg Methylmercury . P X
Sn Trimethyltin /C”S X
HyC—Sh—H
CHy
Triethyltin s CHa X
o/
/ N\
CHy
Pb Tetraethyllead N X
HyC—— —CH,
As Arsenobetaine Mo o Unidentified
Hye”” cH
Arsenosugar e.g. ﬁ oH Not investigated
Dimethylarsinoyl-sugar- HiC—As o o\/k/w
glycerol LHB
H H
Arsenolipid e.g. ‘0‘ Not investigated
As-containing hydrocarbons H;c—/x‘s/*/k\cm
CHy

X identified

References

Abadin HG, Pohl HR (2010) Alkyllead compounds and their environmental toxicology. Met Ions
Life Sci 7:153-164. doi:10.1039/BK9781847551771-00153

Alves G, Thiebot J, Tracqui A, Delangre T, Guedon C, Lerebours E (1997) Neurologic disorders
due to brain manganese deposition in a jaundiced patient receiving long-term parenteral nutri-
tion. JPEN J Parenter Enteral Nutr 21(1):41-45

Andrewes P, Demarini DM, Funasaka K, Wallace K, Lai VW, Sun H, Cullen WR, Kitchin KT
(2004) Do arsenosugars pose a risk to human health? The comparative toxicities of a trivalent
and pentavalent arsenosugar. Environ Sci Technol 38(15):4140-4148

Aschner JL, Aschner M (2005) Nutritional aspects of manganese homeostasis. Mol Aspects Med
26(4-5):353-362. doi:10.1016/j.mam.2005.07.003

Aschner M, Onishchenko N, Ceccatelli S (2010) Toxicology of alkylmercury compounds. Met
ITons Life Sci 7:403-434. doi:10.1039/bk9781847551771-00403

ATSDR (2005) Toxicological profile for Tin and tin compounds. US Department of Health and
Human Service, Washington, DC

ATSDR (2007) Toxicology profile for lead. US Department of Health and Human Service,
Washington, DC

ATSDR (2008) Draft toxicological profile for manganese. US Department of Health and Human
Service, Atlanta, GA

Barceloux DG (1999) Manganese. J Toxicol Clin Toxicol 37(2):293-307


http://dx.doi.org/10.1039/BK9781847551771-00153
http://dx.doi.org/10.1016/j.mam.2005.07.003
http://dx.doi.org/10.1039/bk9781847551771-00403

112 S. Meyer et al.

Berglund M, Lind B, Bjornberg KA, Palm B, Einarsson O, Vahter M (2005) Inter-individual varia-
tions of human mercury exposure biomarkers: a cross-sectional assessment. Environ Health
4:20. doi:10.1186/1476-069X-4-20

BfR (2004) Use of minerals in foods toxicological and nutritional-physiological aspects Part II

BfR (2008) Frequently asked questions and answers about iron in food

Billingsley ML, Yun J, Reese BE, Davidson CE, Buck-Koehntop BA, Veglia G (2006) Functional
and structural properties of stannin: roles in cellular growth, selective toxicity, and mitochon-
drial responses to injury. J Cell Biochem 98(2):243-250. doi:10.1002/jcb.20809

Bornhorst J, Chakraborty S, Meyer S, Lohren H, Brinkhaus SG, Knight AL, Caldwell KA,
Caldwell GA, Karst U, Schwerdtle T, Bowman A, Aschner M (2014) The effects of pdrl,
djrl.1 and pink1 loss in manganese-induced toxicity and the role of alpha-synuclein in C. ele-
gans. Metallomics 6(3):476-490. doi:10.1039/c3mt00325f

Bouldin TW, Goines ND, Bagnell RC, Krigman MR (1981) Pathogenesis of trimethyltin neuronal
toxicity. Ultrastructural and cytochemical observations. Am J Pathol 104(3):237-249

Bowman AB, Kwakye GF, Hernandez EH, Aschner M (2011) Role of manganese in neurodegen-
erative diseases. J Trace Elem Med Biol 25(4):191-203. doi:10.1016/j.jtemb.2011.08.144

Boyer 1J (1989) Toxicity of dibutyltin, tributyltin and other organotin compounds to humans and
to experimental animals. Toxicology 55(3):253-298

Bridges CC, Zalups RK (2010) Transport of inorganic mercury and methylmercury in target
tissues and organs. J Toxicol Environ Health B Crit Rev 13(5):385—410. doi:10.1080/
10937401003673750

Carocci A, Rovito N, Sinicropi MS, Genchi G (2014) Mercury toxicity and neurodegenerative
effects. Rev Environ Contam Toxicol 229:1-18. doi:10.1007/978-3-319-03777-6_1

Cecil KM, Brubaker CJ, Adler CM, Dietrich KN, Altaye M, Egelhoff JC, Wessel S, Elangovan I,
Hornung R, Jarvis K, Lanphear BP (2008) Decreased brain volume in adults with childhood
lead exposure. PLoS Med 5(5), e112. doi:10.1371/journal.pmed.0050112

Chakraborty S, Chen P, Bornhorst J, Schwerdtle T, Schumacher F, Kleuser B, Bowman AB,
Aschner M (2015) Loss of pdr-1/parkin influences Mn homeostasis through altered ferroportin
expression in C. elegans. Metallomics 7(5):847-856. doi:10.1039/c5mt00052a

Chin-Chan M, Navarro-Yepes J, Quintanilla-Vega B (2015) Environmental pollutants as risk fac-
tors for neurodegenerative disorders: Alzheimer and Parkinson diseases. Front Cell Neurosci
9:124. doi:10.3389/fncel.2015.00124

Committee on Toxicity (COT) (2013) Statement on the potential risks from aluminium in the
infant diet. pp 1-24

Corvino V, Marchese E, Michetti F, Geloso MC (2013) Neuroprotective strategies in hippocampal
neurodegeneration induced by the neurotoxicant trimethyltin. Neurochem Res 38(2):240-253.
doi:10.1007/s11064-012-0932-9

Corvino V, Marchese E, Podda MV, Lattanzi W, Giannetti S, Di Maria V, Cocco S, Grassi C,
Michetti F, Geloso MC (2014) The neurogenic effects of exogenous neuropeptide Y: early
molecular events and long-lasting effects in the hippocampus of trimethyltin-treated rats. PLoS
One 9(2), e88294. doi:10.1371/journal.pone.0088294

Costa L, Aschner M (2015) Manganese in health and disease. Royal Society of Chemistry,
Cambridge, UK

Davenward S, Bentham P, Wright J, Crome P, Job D, Polwart A, Exley C (2013) Silicon-rich min-
eral water as a non-invasive test of the ‘aluminum hypothesis’ in Alzheimer’s disease.
J Alzheimers Dis 33(2):423-430. doi:10.3233/JAD-2012-12123192280Q5860P8543M

EFSA (2006) Tolerable upper intake levels for vitamins and minerals

EFSA (2008) Scientific Opinion of the Panel on Food Additives, Flavourings, Processing Aids and
Food Contact Materials (AFC). Safety of aluminium from dietary intake. EFSA J 6(7):1-34

EFSA (2009) EFSA Panel on Contaminants in the Food Chain (CONTAM); Scientific Opinion on
arsenic in food. EFSA J 7(10):1351-1355

EFSA (2010) Scientific opinion on lead in food. EFSA J 8(4):1-151

EFSA (2012) Scientific Opinion on the risk for public health related to the presence of mercury and
methylmercury in food. EFSA J 10:1-241


http://dx.doi.org/10.1186/1476-069X-4-20
http://dx.doi.org/10.1002/jcb.20809
http://dx.doi.org/10.1039/c3mt00325f
http://dx.doi.org/10.1016/j.jtemb.2011.08.144
http://dx.doi.org/10.1080/10937401003673750
http://dx.doi.org/10.1080/10937401003673750
http://dx.doi.org/10.1007/978-3-319-03777-6_1
http://dx.doi.org/10.1371/journal.pmed.0050112
http://dx.doi.org/10.1039/c5mt00052a
http://dx.doi.org/10.3389/fncel.2015.00124
http://dx.doi.org/10.1007/s11064-012-0932-9
http://dx.doi.org/10.1371/journal.pone.0088294
http://dx.doi.org/10.3233/JAD-2012-12123192280Q5860P8543M

5 Organic Metal Species as Risk Factor for Neurological Diseases 113

EFSA (2013) Dietary exposure to aluminium-containing food additives Supporting Publications EN-411

EFSA (2013b) Scientific Opinion on dietary reference values for manganese. EFSAJ 11(11):1-44

EFSA (2015) Statement on the benefits of fish/seafood consumption compared to the risks of
methylmercury in fish/seafood. EFSA J 13(1):1-36

European Union (1998) Corrigendum to Council Directive 98/83/EC of 3 November 1998 on the
quality of water intended for human consumption (OJ L 330 of 5.12.1998)

European Union (2006) Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum lev-
els for certain contaminants in foodstuffs (Text with EEA relevance) (OJ L 364, 20.12.2006, p 5)

European Union (2008) Regulation (EC) No 1333/2008 of the European Parliament and of the
Council of 16 December 2008 on food additives (Text with EEA relevance)

European Union (2012) Commission Regulation (EU) No 380/2012 of 3 May 2012 amending
Annex II to Regulation (EC) No 1333/2008 of the European Parliament and of the Council as
regards the conditions of use and the use levels for aluminium-containing food additives

Exley C (2003) A biogeochemical cycle for aluminium? J Inorg Biochem 97(1):1-7,
doi:S0162013403002745 [pii]

Exley C (2009) Darwin, natural selection and the biological essentiality of aluminium and silicon.
Trends Biochem Sci 34(12):589-593. doi:10.1016/j.tibs.2009.07.006S0968-0004(09)00167-4

Exley C (2013) Human exposure to aluminium. Environ Sci Process Impacts 15(10):1807-1816.
doi:10.1039/c3em00374d

Exley C (2014a) Why industry propaganda and political interference cannot disguise the inevitable
role played by human exposure to aluminum in neurodegenerative diseases, including
Alzheimer’s disease. Front Neurol 5:212. doi:10.3389/fneur.2014.00212

Exley C (2014b) What is the risk of aluminium as a neurotoxin? Expert Rev Neurother 14(6):589—
591. doi:10.1586/14737175.2014.915745

FAO/WHO (2011) Safety evaluation of certain food additives and contaminants. WHO food addi-
tives series, vol 63. Mercury, pp 605-685

FAO/WHO (2012) Safety evaluation of certain food additives and contaminants: prepared by the
seventy-fourth meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).
WHO Food Additives Series, vol 65. pp 3-86

Feldmann J, Krupp EM (2011) Critical review or scientific opinion paper: arsenosugars—a class
of benign arsenic species or justification for developing partly speciated arsenic fractionation
in foodstuffs? Anal Bioanal Chem 399(5):1735-1741. doi:10.1007/s00216-010-4303-6

Flynn MR, Susi P (2009) Neurological risks associated with manganese exposure from welding
operations—a literature review. Int J Hyg Environ Health 212(5):459-469

Friedman BJ, Freeland-Graves JH, Bales CW, Behmardi F, Shorey-Kutschke RL, Willis RA, Crosby
IB, Trickett PC, Houston SD (1987) Manganese balance and clinical observations in young men
fed a manganese-deficient diet. J Nutr 117(1):133-143

Ganz T (2013) Systemic iron homeostasis. Physiol Rev 93(4):1721-1741. doi:10.1152/
physrev.00008.2013

Ganz T, Nemeth E (2011) Hepcidin and disorders of iron metabolism. Annu Rev Med 62:347-360.
doi: 10.1146/annurev-med-050109-142444

Geloso MC, Corvino V, Michetti F (2011) Trimethyltin-induced hippocampal degeneration as a tool
to investigate neurodegenerative processes. Neurochem Int 58(7):729-738. doi:10.1016/j.
neuint.2011.03.009

Gibaud S, Jaouen G (2010) Arsenic-based drugs: from fowler’s solution to modern anticancer chemo-
therapy. In: Jaouen G, Metzler-Nolte N (eds) Medicinal organometallic chemistry, vol 32, Topics in
organometallic chemistry. Springer, Berlin Heidelberg, pp 1-20. doi:10.1007/978-3-642-13185-1_1

Goldstein GW (1993) Evidence that lead acts as a calcium substitute in 2nd messenger metabo-
lism. Neurotoxicology 14(2-3):97-102

Gould E (2009) Childhood lead poisoning: conservative estimates of the social and economic
benefits of lead hazard control. Environ Health Perspect 117(7):1162-1167. doi:10.1289/
ehp.0800408

Goyer RA (1996) Results of lead research: prenatal exposure and neurological consequences.
Environ Health Perspect 104(10):1050-1054


http://dx.doi.org/S0162013403002745
http://dx.doi.org/10.1016/j.tibs.2009.07.006S0968-0004(09)00167-4
http://dx.doi.org/10.1039/c3em00374d
http://dx.doi.org/10.3389/fneur.2014.00212
http://dx.doi.org/10.1586/14737175.2014.915745
http://dx.doi.org/10.1007/s00216-010-4303-6
http://dx.doi.org/10.1152/physrev.00008.2013
http://dx.doi.org/10.1152/physrev.00008.2013
http://dx.doi.org/10.1146/annurev-med-050109-142444
http://dx.doi.org/10.1016/j.neuint.2011.03.009
http://dx.doi.org/10.1016/j.neuint.2011.03.009
http://dx.doi.org/10.1007/978-3-642-13185-1_1
http://dx.doi.org/10.1289/ehp.0800408
http://dx.doi.org/10.1289/ehp.0800408

114 S. Meyer et al.

Grandjean P, Herz KT (2015) Trace elements as paradigms of developmental neurotoxicants: lead,
methylmercury and arsenic. J Trace Elem Med Biol 31:130-134. doi:10.1016/j.jtemb.2014.07.023

Guilarte TR (2010) Manganese and Parkinson’s disease: a critical review and new findings.
Environ Health Perspect 118(8):1071-1080. doi:10.1289/ehp.0901748

Guilarte TR, Miceli RC, Altmann L, Weinsberg F, Winneke G, Wiegand H (1993) Chronic prenatal
and postnatal Pb2+ exposure increases [3H]MKS801 binding sites in adult rat forebrain. Eur
J Pharmacol 248(3):273-275

Harada M (1995) Minamata disease: methylmercury poisoning in Japan caused by environmental
pollution. Crit Rev Toxicol 25(1):1-24. doi:10.3109/10408449509089885

Harry GJ, Lefebvre d’Hellencourt C (2003) Dentate gyrus: alterations that occur with hippocampal
injury. Neurotoxicology 24(3):343-356. doi:10.1016/S0161-813X(03)00039-1

Hershko C, Peto TE, Weatherall DJ (1988) Iron and infection. Br Med J (Clin Res Ed)
296(6623):660-664

Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ (2011) Arsenic exposure and toxicology: a
historical perspective. Toxicol Sci 123(2):305-332. doi:10.1093/toxsci/kfr184

TIARC (2012) A review of human carcinogens. Part C: Arsenic, metals, fibres, and dusts. IARC
Monographs, pp 196-211

IOM (2002) Dietary reference intakes for vitamin A, vitamin K, arsenic, boron, chromium, copper,
iodine, iron, manganese, molybdenum, nickel, silicon, vanadium and zinc. pp 1-20

Jensen PD, Jensen FT, Christensen T, Eiskjaer H, Baandrup U, Nielsen JL (2003) Evaluation of
myocardial iron by magnetic resonance imaging during iron chelation therapy with deferriox-
amine: indication of close relation between myocardial iron content and chelatable iron pool.
Blood 101(11):4632-4639. doi:10.1182/blood-2002-09-2754

Jiang GB, Zhou QF, He B (2000) Tin compounds and major trace metal elements in organotin
poisoned patient’s urine and blood measured by gas chromatography flame photometric detec-
tor and inductively coupled plasma mass spectrometry. Bull Environ Contam Toxicol
65:277-284

Kaur S, Nehru B (2013) Alteration in glutathione homeostasis and oxidative stress during the
sequelae of trimethyltin syndrome in rat brain. Biol Trace Elem Res 153(1-3):299-308.
doi:10.1007/s12011-013-9676-x

Kim G, Lee HS, Seok Bang J, Kim B, Ko D, Yang M (2015) A current review for biological moni-
toring of manganese with exposure, susceptibility, and response biomarkers. J Environ Sci
HealthCEnvironCarcinogEcotoxicolRev33(2):229-254.doi: 10.1080/10590501.2015.1030530

Krewski D, Yokel RA, Nieboer E, Borchelt D, Cohen J, Harry J, Kacew S, Lindsay J, Mahfouz AM,
Rondeau V (2007) Human health risk assessment for aluminium, aluminium oxide, and aluminium
hydroxide.J Toxicol Environ Health B CritRev 10(Suppl 1):1-269.doi:10.1080/10937400701597766

Kumar V, Gill KD (2014) Oxidative stress and mitochondrial dysfunction in aluminium neurotox-
icity and its amelioration: a review. Neurotoxicology 41:154-166. doi:10.1016/j.
neuro.2014.02.004 S0161-813X(14)00027-8

Kumar S, Jain S, Aggarwal CS, Ahuja GK (1987) Encephalopathy due to inorganic lead exposure
in an adult. Jpn J Med 26(2):253-254

Kyriakides MA, Sawyer RT, Allen SL, Simpson MG (1990) Mechanism of action of triethyltin on
identified leech neurons. Toxicol Lett 53(3):285-295

Lattanzi W, Corvino V, Di Maria V, Michetti F, Geloso MC (2013) Gene expression profiling as a tool
to investigate the molecular machinery activated during hippocampal neurodegeneration induced
by trimethyltin (TMT) administration. Int J Mol Sci 14(8):16817-16835. doi:10.3390/
ijms140816817

Le Lan C, Loreal O, Cohen T, Ropert M, Glickstein H, Laine F, Pouchard M, Deugnier Y, Le Treut
A, Breuer W, Cabantchik ZI, Brissot P (2005) Redox active plasma iron in C282Y/C282Y
hemochromatosis. Blood 105(11):4527-4531. doi:10.1182/blood-2004-09-3468

Lefters L, Ebert F, Taleshi MS, Francesconi KA, Schwerdtle T (2013a) In vitro toxicological char-
acterization of two arsenosugars and their metabolites. Mol Nutr Food Res 57(7):1270-1282.
doi:10.1002/mnfr.201200821

Leffers L, Wehe CA, Huwel S, Bartel M, Ebert F, Taleshi MS, Galla HJ, Karst U, Francesconi KA,
Schwerdtle T (2013b) In vitro intestinal bioavailability of arsenosugar metabolites and presys-


http://dx.doi.org/10.1016/j.jtemb.2014.07.023
http://dx.doi.org/10.1289/ehp.0901748
http://dx.doi.org/10.3109/10408449509089885
http://dx.doi.org/10.1016/S0161-813X(03)00039-1
http://dx.doi.org/10.1093/toxsci/kfr184
http://dx.doi.org/10.1182/blood-2002-09-2754
http://dx.doi.org/10.1007/s12011-013-9676-x
http://dx.doi.org/10.1080/10590501.2015.1030530
http://dx.doi.org/10.1080/10937400701597766
http://dx.doi.org/10.1016/j.neuro.2014.02.004
http://dx.doi.org/10.1016/j.neuro.2014.02.004
http://dx.doi.org/10.3390/ijms140816817
http://dx.doi.org/10.3390/ijms140816817
http://dx.doi.org/10.1182/blood-2004-09-3468
http://dx.doi.org/10.1002/mnfr.201200821

5 Organic Metal Species as Risk Factor for Neurological Diseases 115

temic metabolism of thio-dimethylarsinic acid in Caco-2 cells. Metallomics 5(8):1031-1042.
doi:10.1039/c3mt00039g

Ljung K, Palm B, Grandér M, Vahter M (2011) High concentrations of essential and toxic elements
in infant formula and infant foods—a matter of concern. Food Chem 127(3):943-951

Lovei M (1999) Eliminating a silent threat. World Bank support for the global. Phaseout of lead
from gasoline. The George Foundation, India

Mason LH, Harp JP, Han DY (2014) Pb neurotoxicity: neuropsychological effects of lead toxicity.
Biomed Res Int 2014:840547. doi:10.1155/2014/840547

Meyer S, Matissek M, Muller SM, Taleshi MS, Ebert F, Francesconi KA, Schwerdtle T (2014a) In
vitro toxicological characterisation of three arsenic-containing hydrocarbons. Metallomics
6(5):1023-1033. doi:10.1039/c4mt00061g

Meyer S, Schulz J, Jeibmann A, Taleshi MS, Ebert F, Francesconi KA, Schwerdtle T (2014b)
Arsenic-containing hydrocarbons are toxic in the in vivo model Drosophila melanogaster.
Metallomics 6(11):2010-2014. doi:10.1039/c4mt00249k

Michalke B, Fernsebner K (2014) New insights into manganese toxicity and speciation. J Trace
Elem Med Biol 28(2):106-116. doi:10.1016/j.jtemb.2013.08.005

Mielke HW, Gonzales CR, Smith MK, Mielke PW (1999) The urban environment and children’s
health: soils as an integrator of lead, zinc, and cadmium in New Orleans, Louisiana,
U.S.A. Environ Res 81(2):117-129. doi:10.1006/enrs.1999.3966

Mitra S, Gera R, Siddiqui WA, Khandelwal S (2013) Tributyltin induces oxidative damage, inflamma-
tion and apoptosis via disturbance in blood-brain barrier and metal homeostasis in cerebral cortex
of rat brain: an in vivo and in vitro study. Toxicology 310:39-52. doi:10.1016/j.tox.2013.05.011

Nakamura M, Hachiya N, Murata KY, Nakanishi I, Kondo T, Yasutake A, Miyamoto K, Ser PH,
Omi S, Furusawa H, Watanabe C, Usuki F, Sakamoto M (2014) Methylmercury exposure and
neurological outcomes in Taiji residents accustomed to consuming whale meat. Environ Int
68:25-32. doi:10.1016/j.envint.2014.03.005

Naranmandura H, Ibata K, Suzuki KT (2007) Toxicity of dimethylmonothioarsinic acid toward
human epidermoid carcinoma A431 cells. Chem Res Toxicol 20(8):1120-1125. doi:10.1021/
tx700103y

Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thompson C, Suk WA (2013)
The broad scope of health effects from chronic arsenic exposure: update on a worldwide public
health problem. Environ Health Perspect 121(3):295-302. doi:10.1289/ehp.1205875

Nichani V, Li WI, Smith MA, Noonan G, Kulkarni M, Kodavor M, Naeher LP (2006) Blood lead
levels in children after phase-out of leaded gasoline in Bombay, India. Sci Total Environ
363(1-3):95-106. doi:10.1016/j.scitotenv.2005.06.033

Noland EA, Taylor DH, Bull RJ (1982) Monomethyl-and trimethyltin compounds induce learning
deficiencies in young rats. Neurobehav Toxicol Teratol 4(5):539-544

Olanow CW (2004) Manganese-induced Parkinsonism and Parkinson’s disease. Ann N 'Y Acad Sci
1012:209-223

Olympio KP, Goncalves C, Gunther WM, Bechara EJ (2009) Neurotoxicity and aggressiveness
triggered by low-level lead in children: a review. Rev Panam Salud Publica 26(3):266-275

Page KE, White KN, McCrohan CR, Killilea DW, Lithgow GJ (2012) Aluminium exposure disrupts
elemental homeostasis in Caenorhabditis elegans. Metallomics 4(5):512-522. doi:10.1039/
c2mt00146b

Piga A, Longo F, Duca L, Roggero S, Vinciguerra T, Calabrese R, Hershko C, Cappellini MD
(2009) High nontransferrin bound iron levels and heart disease in thalassemia major. Am
J Hematol 84(1):29-33. doi:10.1002/ajh.21317

Pirkle JL, Kaufmann RB, Brody DJ, Hickman T, Gunter EW, Paschal DC (1998) Exposure of the
U.S. population to lead, 1991-1994. Environ Health Perspect 106(11):745-750

Racette BA (2014) Manganism in the 21st century: the Hanninen lecture. Neurotoxicology
45:201-207. doi:10.1016/j.neuro.2013.09.007

Raml R, Rumpler A, Goessler W, Vahter M, Li L, Ochi T, Francesconi KA (2007) Thio-dimethylarsinate
is a common metabolite in urine samples from arsenic-exposed women in Bangladesh. Toxicol
Appl Pharmacol 222(3):374-380. doi:10.1016/j.taap.2006.12.014, S0041-008X(06)00488-1 [pii]


http://dx.doi.org/10.1039/c3mt00039g
http://dx.doi.org/10.1155/2014/840547
http://dx.doi.org/10.1039/c4mt00061g
http://dx.doi.org/10.1039/c4mt00249k
http://dx.doi.org/10.1016/j.jtemb.2013.08.005
http://dx.doi.org/10.1006/enrs.1999.3966
http://dx.doi.org/10.1016/j.tox.2013.05.011
http://dx.doi.org/10.1016/j.envint.2014.03.005
http://dx.doi.org/10.1021/tx700103y
http://dx.doi.org/10.1021/tx700103y
http://dx.doi.org/10.1289/ehp.1205875
http://dx.doi.org/10.1016/j.scitotenv.2005.06.033
http://dx.doi.org/10.1039/c2mt00146b
http://dx.doi.org/10.1039/c2mt00146b
http://dx.doi.org/10.1002/ajh.21317
http://dx.doi.org/10.1016/j.neuro.2013.09.007
http://dx.doi.org/10.1016/j.taap.2006.12.014

116 S. Meyer et al.

Saary MJ, House RA (2002) Preventable exposure to trimethyl tin chloride: a case report. Occup
Med 52(4):227-230

Salvador GA, Uranga RM, Giusto NM (2010) Iron and mechanisms of neurotoxicity. Int
J Alzheimers Dis 2011:720658. doi:10.4061/2011/720658

Santamaria AB (2008) Manganese exposure, essentiality and toxicity. Indian J Med Res 128(4):
484-500

Schulze MB, Linseisen J, Kroke A, Boeing H (2001) Macronutrient, vitamin, and mineral intakes
in the EPIC-Germany cohorts. Ann Nutr Metab 45(5):181-189. doi:10.1159/000046727

Schumann K (2001) Safety aspects of iron in food. Ann Nutr Metab 45(3):91-101.
doi:10.1159/000046713

Snoeij NJ, van lersel AA, Penninks AH, Seinen W (1985) Toxicity of triorganotin compounds:
comparative in vivo studies with a series of trialkyltin compounds and triphenyltin chloride in
male rats. Toxicol Appl Pharmacol 81(2):274-286

Strain JJ, Yeates AJ, van Wijngaarden E, Thurston SW, Mulhern MS, McSorley EM, Watson GE,
Love TM, Smith TH, Yost K, Harrington D, Shamlaye CF, Henderson J, Myers GJ, Davidson
PW (2015) Prenatal exposure to methyl mercury from fish consumption and polyunsaturated
fatty acids: associations with child development at 20 mo of age in an observational study in
the Republic of Seychelles. Am J Clin Nutr 101(3):530-537. doi:10.3945/ajcn.114.100503

Syversen T, Kaur P (2012) The toxicology of mercury and its compounds. J Trace Elem Med Biol
26(4):215-226. doi:10.1016/j.jtemb.2012.02.004

Tomljenovic L (2011) Aluminum and Alzheimer’s disease: after a century of controversy, is there a plau-
sible link? J Alzheimers Dis 23(4):567-598. doi:10.3233/JAD-2010-101494VQ1P78553222661M

Tuschl K, Mills PB, Clayton PT (2013) Manganese and the brain. Int Rev Neurobiol 110:277-312.
doi:10.1016/B978-0-12-410502-7.00013-2

Tyler CR, Allan AM (2014) The effects of arsenic exposure on neurological and cognitive dysfunc-
tion in human and rodent studies: a review. Curr Environ Health Rep 1:132-147. doi:10.1007/
s40572-014-0012-1

USDA (2014) China’s maximum levels for contaminants in food. Foreign Agriculture Service
Global Agriculture Information Network Report CH14058

Vahidnia A, van der Voet GB, de Wolff FA (2007) Arsenic neurotoxicity—a review. Hum Exp
Toxicol 26(10):823-832. doi:10.1177/0960327107084539

Verstraeten SV, Aimo L, Oteiza PI (2008) Aluminium and lead: molecular mechanisms of brain
toxicity. Arch Toxicol 82(11):789-802. doi:10.1007/s00204-008-0345-3

Wang QQ, Thomas DJ, Naranmandura H (2015) Importance of being thiomethylated: formation, fate,
and effects of methylated thioarsenicals. Chem Res Toxicol 28(3):281-289. doi: 10.1021/tx500464t

WHO (1998) Human exposure to lead. Report on the Human Exposure Assessment Location
(HEAL) Programme. Meeting held in Bangkok, Thailand

WHO (2001) Arsenic and arsenic compounds. Environmental health criteria, vol 224. Geneva

Yoo CI, Kim Y, Jeong KS, Sim CS, Choy N, Kim J, Eum JB, Nakajima Y, Endo Y, Kim YJ (2007)
A case of acute organotin poisoning. J Occup Health 49(4):305-310


http://dx.doi.org/10.4061/2011/720658
http://dx.doi.org/10.1159/000046727
http://dx.doi.org/10.1159/000046713
http://dx.doi.org/10.3945/ajcn.114.100503
http://dx.doi.org/10.1016/j.jtemb.2012.02.004
http://dx.doi.org/10.3233/JAD-2010-101494VQ1P78553222661M
http://dx.doi.org/10.1016/B978-0-12-410502-7.00013-2
http://dx.doi.org/10.1007/s40572-014-0012-1
http://dx.doi.org/10.1007/s40572-014-0012-1
http://dx.doi.org/10.1177/0960327107084539
http://dx.doi.org/10.1007/s00204-008-0345-3
http://dx.doi.org/10.1021/tx500464t

Chapter 6
Integrated Assessment of Policies for Reducing
Health Impacts Caused by Air Pollution

Rainer Friedrich

Abstract Air pollution in the EU is still causing considerable health impacts, thus
further reduction of air pollution is necessary. However, air pollution control poli-
cies are often expensive and have side effects, especially by increasing or decreas-
ing greenhouse gas emissions and thus influencing climate change. An integrated
assessment of air pollution control policies thus has to take the effects on climate
change into account and furthermore has to ensure, that the most efficient policy, i.e.
the bundle of measures with the highest net benefit is chosen. Here, a methodology
for carrying out an integrated assessment of air pollution control policies, the impact
pathway approach, is described. The methodology includes the estimation of utility
losses and is able to assess as well technical measures (that change emission factors,
e.g. by using improved filters) as non-technical measures (e.g. changes in behav-
iour/activities, e.g. using public transport after an increase in fuel taxes). The method
is then applied for identifying the most effective and efficient measures for reducing
air pollution from transport activities in Europe. The results show, that the most
efficient transport policies for improving air quality and protecting climate are more
use of bicycles and e-bikes, better traffic management, rail replacing air transport,
shore based electricity and tighter emission limits for ships, tighter EURO limits
(EURO 7), low emission zones in cities (>EURO V), improved tyres, brake pads
and road cover and promotion of CNG and electric drive.
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6.1 Introduction

Air pollution as well in developed as in developing countries is—despite considerable
efforts to reduce emissions of air pollutants at least in Europe and North America—
still causing high health impacts. By far the highest health risks are caused by fine
particles (especially PM2.5). Recent estimates suggest that the life time per person
is on the average shortened by between 3 and 9 months (e.g. CAFE 2005) in Western
Europe caused by a lifelong exposure to PM2.5. Please note that PM2.5 is a mixture
of different species, including secondary aerosols that are formed in the air from
gaseous precursors, especially NO,, SO,, NH; and NMVOC. Further to primary and
secondary fine particles NO, is causing considerable health impacts followed by
ozone.

The European Commission has reacted to this challenge by launching a number
of directives as well for controlling emissions as for controlling ambient concentra-
tions of pollutants. The Air Quality Directive, controlling the ambient concentration
of a number of pollutants, has recently (2008) been revised. A major improvement
was adding new air quality objectives for PM2.5, including limit values and expo-
sure related objectives.

However the limit values are still frequently exceeded, furthermore even if all
limit values would have been met, considerable health impacts caused by fine par-
ticles and NO, would occur, as the concentration response relationships are assumed
to be linear and for fine particles without threshold. A further reduction of air pollu-
tion is thus necessary. And indeed plans for reducing air pollution further are made
from the EU to the city level.

However implementing policies and measures to reduce emissions of air pollut-
ants has not only advantages, which are first of all the reduced health and environ-
mental impacts caused by the reduction of the emission of air pollutants, but also
more or less severe disadvantages, especially negative economic and social impacts.
These include in most cases costs, which finally lead to a reduction of income in the
population. Other disadvantages might be utility losses, i.e. losses of comfort or
time. In addition, there are side effects, that may be positive or negative, e.g. changes
in emissions of greenhouse gases and thus climate change impacts.

When making decisions about air pollution control policies, all these benefits,
damages and costs should be taken into account. In other words, an integrated
assessment should be made for helping decision makers to make decision by pro-
viding all relevant information. The basic idea is, that we live in a highly complex
cross-linked world, where any decision has a lot of different impacts. And of course
at least all important impacts should be taken into account when making the deci-
sion. Thus we define Integrated Assessment (IA) as a multidisciplinary process of
synthesizing knowledge across scientific disciplines with the purpose of providing
all relevant information to decision makers to help to make decisions. Of course
what is relevant and thus should be integrated depends on the question to be
answered respectively the decision to be taken. In the following, the different levels
where integration takes place, are demonstrated on the example of PM10/PM2.5
health impacts.
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So, if the primary aim is to reduce health impacts caused by fine particles in an
efficient way, firstly all sources of PM emissions should be taken into account, as
the most efficient measures should be selected, however it is not known in advance,
for which emission sources the most efficient reduction measures are available.
Thus as well anthropogenic sources like transport, industry, energy conversion,
households, agriculture as biogenic and natural sources like sea salt, particles from
erosion, a.s.o. should be analysed. Of course, natural emission can in most cases
not be reduced, but they cause a base concentration, that cannot be changed and
thus limits the effect of measures that reduce anthropogenic emissions. Furthermore
PM consists to a large part of secondary particles that are formed by chemical
transformation in the air, especially ammonium nitrate, ammonium sulphate and
organic secondary aerosols. Thus, not only primary PM emissions, but also emis-
sions of the precursors of secondary aerosols like SO,, NO,, NH;, NMVOC have to
be considered.

Secondly, having identified emission reduction measures or policies, we find,
that nearly all measures have an effect not only on PM or PM precursor emissions,
but also on emissions of other substances like greenhouse gases. For instance if we
reduce electricity demand, this will reduce PM emissions from electricity produc-
tion, e.g. in a coal fired power plant, but it will also reduce emissions of many other
pollutants including CO, emissions. And in a full assessment, these ‘secondary’
benefits should also be taken into account when assessing the efficiency of the mea-
sure. Other measures, like the reduction of wood stove use or the burning of VOC
in flue gases have a positive effect on particle or precursor emissions, but on the
other hand lead to a substantial additional emission of CO,, thus partly or fully
compensating the positive effect of the measure with regard to air pollution control
by additional climate change. So, these secondary benefits or burden also have to be
taken into account in an integrated assessment.

Furthermore, we assume, that any activity that is causing emissions increases the
utility or welfare of the person that is carrying out the activity. There would be no
reason to conduct the activity, if this would not be true. Thus if by an air pollution
control measure the activity is changed, there might be a loss in the utility for the
emission source operators. For instance, if someone changes from using his private
car to using a bicycle, not only emissions are reduced, but the trips with the bicycle
are also much less expensive than with the private car. But as many people still pre-
fer using private cars, obviously for them the utility gain of using the private car is
higher than the additional costs compared to bicycle rides.

Furthermore, to make the assessment transparent and reproducible, it should be
a quantitative analysis, i.e. by quantifying the relevant impacts and costs.
Furthermore, to make the impacts, costs a.s.o. comparable, they should be trans-
formed into a common unit, preferable a monetary unit (e.g. €). Monetary units
have the advantage, that the value of the unit is defined independently from the
assessment, thus monetary values per unit of damage can be transferred from a
contingent valuation study, where they are measured, to the assessment situation
with so called benefit transfer methods. Furthermore units are conceivable, every-
body has a clear understanding of the value of 1000€, but how much would be 1000
utility points?
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Once damages and benefits have been converted into damage or benefit costs,

they can be directly compared with the costs and thus a cost-benefit analysis can be
made. In sum, for policies to reduce air pollution at least the following features have
to be calculated:

Monetized avoided health and environmental impacts caused by the reduction of
emissions of air pollutants (per year)

Monetized impacts or avoided impacts of climate change caused by changes in
emissions of greenhouse gases (per year)

Annuity of costs

Annual utility gains or losses, if applicable.

In the following the methodology for estimating these impacts is explained:

6.2 Assessing Impacts of Avoided Emissions of Air

Pollutants: The Impact Pathway Approach

The principal methodology used to create unit assessment factors is the impact
pathway approach (see Fig. 6.1). It is a bottom-up-approach, which can be used to
estimate environmental costs by following the pathway from source of emissions
via quality changes of air, soil and water to physical impacts. The approach was
developed within a series of EU research projects known under the name ExternE.
The aim of these projects was to estimate and monetize socio-environmental

Policy interventions
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Fig. 6.1 The impact pathway or full chain approach
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damages to support the internalization of external costs as a strategy to balance the
purely economic dimension with social and environmental aspects.

The advantage of this approach is that the events linking a ‘burden’ to an ‘impact’
and the monetary valuation are considered sequentially, therefore providing a logi-
cal and transparent way of quantifying externalities (Bickel and Friedrich 2005).

The impact pathway approach consists of four main steps:

1. generating scenarios of activities, that cause emissions, and modelling of emis-

sions of pollutants;

2. simulation of transport and chemical transformation in the atmosphere, the latter
leading to changes in concentrations of secondary pollutants, e.g. secondary
anorganic and organic aerosols, ozone, NO,;

. assessment of impacts (to human health, ecosystems, materials) and

4. monetary valuation of the impacts.

(O8]

An illustration of the impact pathway is shown in Fig. 6.1.

A project, whose environmental performance and sustainability should be
assessed, e.g. the construction of a bypass road or a new power plant leads to
changes in activities, this means to a change of km driven in the road network or to
a change in electricity generation in the power plants. For examples, due to a bypass
alot of cars will use the bypass, whereas the traffic density in the city might decrease.
In general two scenarios describing the values of activities are built, one without and
one with the project.

In a further step, the emissions are modelled for each scenario using emission
factors per unit of activity, e.g. the NO emissions per km driven with a EURO 5
gasoline car in an urban area. As we have to take into account the chemical pro-
cesses occurring in the atmosphere, we can not only focus on the emissions of the
project, but have to take into account the concentration of the substances, that react
with the emitted pollutants. Thus we need to generate a full emission data set cover-
ing all emission sources in the relevant region. Furthermore, as projects are planned
for future periods, we need scenarios of the future development of activities and
emissions.

Following this, the concentrations of pollutants in environmental media, esp. air
and soil, and in food have to be modelled. For this step, the release heights, the loca-
tion, meteorological parameters and the concentration of other pollutants, that react
with the emitted substance and thus forms secondary pollutants have to be taken
into account. It is important to note that not only local damage has to be consid-
ered—air pollutants are transported and chemically transformed in the atmosphere
and will cause considerable damage hundreds of kilometres away from the source.
So local, European wide and hemispheric modelling is required. With our tool
ECOSENSE’ we use a parametric version of the ‘Unified EMEP model’ (2003) for
the regional atmospheric modelling.

There is a distinguishable difference between the background concentration in a
city and the background concentration in the surrounding area, as depicted in Fig. 6.2.
Therefore, the concentrations calculated with the chemical transport and transforma-
tion models for larger grid cells have to be adjusted to take into account, that the
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Fig. 6.2 Rural background concentration and additional urban background concentrations (Urban
Increment), (Ortiz and Friedrich 2013)

concentration in the part of the grid cell, where urban areas are located and where
people live and are exposed is higher than in the rural parts.

To accomplish this, the urban increment (i.e., the difference between regional
and urban background pollutant concentrations) has to be included in the analysis.
The urban increment model, developed by Torras Ortiz and Friedrich (2013), can be
used for estimating this PM10 and PM2.5 increment for large European cities.

The increment for PM is calculated using a regression function, that uses param-
eter values such as wind speed, size of the urban area and the primary emissions
released from low—height sources in the urban area (Ortiz and Friedrich 2013).

Most health impacts from air pollutants are caused by inhalation of the pollut-
ants, thus health impacts are related to the concentration of pollutants in the inhaled
air, which is different from the background concentration in the air in cities.
Epidemiological studies usually correlate health impacts with concentrations mea-
sured or modelled at a fixed place (e.g. the urban background concentration), and
thus such concentrations are used to estimate health effects. However it would be
better to use the exposure (i.e. the concentrations at the places and times where and
when people sojourn) to estimate health impacts for two reasons.

First, the contribution of emissions to the background concentration is different
from the contribution to exposure. For example, urban traffic emissions are emitted
in street canyons and so nearer to the windows of houses than the emissions of
central heating devices. This increases the effectiveness of measures in the transport
sector.

Second, some changes in behaviour only change the exposure, but not the back-
ground concentration. If for instance a person stays inside instead of carrying out
an outside activity, this will change his exposure but not the background
concentration.

Exposure models are currently developed, e.g. in the EC project HEALS (www.
heals-eu.eu), but not yet ready for use. So, deviating from the scheme in Fig. 6.1, for
the exemplary results shown later concentrations are used to estimate health impacts.
To estimate the health effects caused by background concentration in cities,
concentration-response functions are used, that link the exposure changes to changes
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Table 6.1 Risk functions for mortality risks from exposure to PM2.5 and NO, (WHO 2013)

Relative risk (95% C.1.)
Pollutant All cause natural mortality >30 years
PM2.5 (per 10 pg/m?) 1.062 (1.04-1.083)
NO, (per 10 pg/m?® above 20 pg/m?) 1.055 (1.03-1.080), up to 33 % overlap

in health effects. The health effects of simple pathway pollutants are calculated using
impact functions. To construct an impact function, three components are needed:

* the relative risk for a certain health endpoint to occur per exposed person per unit
of increase of pollutant concentration,

 the background rate of disease within the population and

* the proportion of the population exposed.

Recently, WHO published a report on ‘Health risks of air pollution in Europe—
HRAPIE project Recommendations for concentration—response functions for cost—
benefit analysis of particulate matter, ozone and nitrogen dioxide’ (WHO 2013) which
contains recommendations for relative risks to be used for cost-benefit analysis.
These risk function will be used for the analysis. The most important concentration-
response functions are shown in Table 6.1 for mortality risk from exposure to PM2.5
and NO,. Please note that the mortality risks from PM2.5 are considerably higher
than those of NO,, as the function for NO,, but not the one for PM2.5, has a thresh-
old (20 pg/m?). Furthermore, WHO estimates, that if both functions are applied
together, results cannot be simply added, as around one third of the additional cases
are counted in both results.

There are a larger number of further risk functions in the WHO (2013) study. A
transformation of the relative risks given there into impact functions can be made
using the background rates for the illness analysed. For Europe, these can be found
e.g. in Rabl et al. (2014).

After having calculated the health impacts and the number of cases for the differ-
ent endpoints, there are two different possibilities to aggregate the results. A possi-
ble unit to compare health impacts are DALYSs, disability adjusted life years.
However, for comparing health impacts with environmental impacts and costs, it is
preferable to use monetary values; i.e. the transformation of health impacts into €,
using contingent valuation. This approach is especially suitable for cost-benefit
analyses.

The results are monetary values attributed to certain health effects, including
market and non-market costs. These values express the willingness to pay to
avoid these effects and—for morbidity only—the cost of illness (e.g. cost for the
treatment of the illness in the hospital, medicine) as well as the production loss
due to illness-related absence from work. The valuation of an asthma attack, for
example, should not only include the cost of medical treatment, but also the
willingness-to-pay (WTP) to avoid residual suffering. In general, the WTP costs
of avoiding a risk of getting ill are much larger than the costs for the treatment and
the production losses.
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Table 6.2 Selected monetary values relating to specific health end-points in €2010 (INTARESE
2011)

Central value in

Health end-point €010 per case

Life expectancy reduction—value of life year lost 60,000 Euro
Respiratory hospital admissions 2990 Euro
Cardiac hospital admissions 2990 Euro
Work loss days (WLD) 441 Euro
Restricted activity days (RADs) 194 Euro
Minor restricted activity days (MRAD) 57 Euro
Lower respiratory symptoms 57 Euro
Cough days 57 Euro

Meanwhile, a large number of studies for monetizing health risks is available.
These studies determine the willingness to pay to avoid a small risk of getting ill
with different diseases, from a restricted activity day to non-fatal cancer, or a small
risk of dying earlier, i.e. reducing life expectancy. A range of methodologies is used
to determine the WTP. Stated preference methods use surveys; the most important
methods are contingent valuation and attribute based choice modelling. Revealed
preference methods observe the behaviour of people, often used methods are
hedonic pricing and the averting behaviour method. Stated preference methods can
be used universally for any assessment, while revealed preference methods have a
more limited application.

For the health endpoints, for which concentration-response-relationships are
known, sufficiently reliable WTP studies are available. To use these values, they
have to be transferred from the context (location, year,...) of the WTP study to the
context of the integrated assessment study. This is done with benefit transfer meth-
ods. One of the simplest benefit transfer methods is to adjust the monetary unit
value per health endpoint with the ratio of the purchase power parity adjusted
income per capita for the context of the WTP study and the context of the integrated
assessment study.

Some exemplary monetary values used here for the valuation of the different
endpoints can be found in Table 6.2.

One has to be aware, that only small risks can be monetized. Losing a life year
with certainty or high probability is not accepted in a society; to prevent the death
of a concrete person that suffers for instance from maritime distress or is trapped in
a coal mine, everything possible would be done to rescue him regardless of the
costs. Thus a value of 60,000€ means that a person would pay 1073*60,000 € to
avoid a probability of 1075 to have an accident.

The values given in the previous table are monetary values applicable for impacts
of emissions released in the year 2010. For the calculation of monetary values for
future years, an uplift factor has to be taken into account to reflect the higher
willingness-to-pay (WTP) for avoiding health impacts.
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As aresult of the EU project NEEDS, evidence was found, that monetary values
for health risks for future years increase with an inter-temporal elasticity to GDP per
capita growth of 0.7-1.0 according to the following formula:

WTP for year (2010+n) = WTP for year2010:(1+ g)o’gs*“

With g=average growth rate of per capita income, WTP=willingness to pay.

In addition to health impacts, another damage category is ecosystem damage
expressed as biodiversity loss. The impacts on biodiversity are expressed at species
level, eventually leading to a Potentially Affected Fraction (PAF) or Potentially
Disappeared Fraction (PDF) of species. For the terrestrial biodiversity losses due to
eutrophication and acidification in Europe an approach developed by Ott et al.
(2006) is used. Biodiversity losses are estimated in PDF, i.e. the potentially disap-
peared fraction of species per m* and year compared to the number of species that
would be present without the human intervention summed up over the area (in m?)
and the years, where biodiversity losses occur. The monetary valuation is based on
restoration costs of 0.52€,,/PDF (Ott et al. 2006). This approach assumes the costs
to be investment expenditures required to offset damages done to the ecosystems by
anthropogenic activity. This can be done by restoring the ecosystem or reinstating an
environmental condition that is a perfect substitute for the lost ecosystem service.

6.3 Application of the Pathway Approach

The process of assessing emission changes with the impact pathway approach obvi-
ously is quite complex and laborious. To facilitate the practical use of the method,
the methodology has been used to generate ‘unit values’, i.e. unit impacts or risks
per kg of pollutant emitted. These unit values are provided with a software tool
named ECOSENSE (available at www.externe.info). As input emissions of PM2.5,
PM10, NO,, SO, and NHj; have to provided, distinguishing between release in the
different European countries, emission from high stacks, low stacks or in a street
canyon, release in rural areas, cities or large agglomerations. Impacts and mone-
tized impacts are then provided.

6.4 Uncertainties

Individual sources of uncertainty have to be identified and quantified. It is appropri-
ate to group them into different categories, even though there may be some overlap:

1. data uncertainty, e.g. slope of a dose-response function, cost of a day of
restricted activity and deposition velocity of a pollutant;

ii. model uncertainty, e.g. assumptions about causal links between a pollutant and
a health impact, assumptions about form of a dose—response function (e.g. with
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or without threshold), and choice of models for atmospheric dispersion and
chemistry;

iii. uncertainty about policy and ethical choices, e.g. discount rate for intergenera-
tional costs, and value of statistical life;

iv. uncertainty about the future e.g. the potential for reducing crop losses by the
development of more resistant species;

v. idiosyncrasies of the analyst e.g. interpretation of ambiguous or incomplete
information.

The first two categories (data and model uncertainties) are of a scientific nature
and can be analysed by using statistical methods. Results show a geometric standard
deviation of ca. 2-3, which means that the true value could be 2-3 times smaller or
larger than the median estimate. The largest uncertainties lie in the exposure-
response function for health impacts and the value of a life year lost—current
research is directed towards reducing these uncertainties, which reflect our limited
knowledge. These results are discussed in more detail in Spadaro and Rabl (2008).

Furthermore, certain basic assumptions have to be made such as the discount
rate, the valuation of damage in different parts of the world, the treatment of risks
with large impacts or the treatment of gaps in data or scientific knowledge. Here, a
sensitivity analysis should be carried out demonstrating the impact of different
choices on the results. Decisions then would sometimes necessitate a choice of the
decision-maker about the assumption to be used for the decision. This would still
lead to a decision process that is transparent and, if the same assumptions were used
throughout different decisions, consistent.

6.5 Assessment of Greenhouse Gas Emissions

Policies that reduce air pollution in most cases also influence greenhouse gas emis-
sions and policies that are designed to reduce greenhouse gas emissions in most
cases also decrease or increase emissions of air pollutants. The results of a case
study of assessing climate change policies carried out in the EU research project
HEIMTSA indicates, that the impacts of climate policies on air pollution and human
health are—expressed as external costs—about as important as the impacts on cli-
mate change. While most climate policies reduce environmental human health
impacts, some like biomass burning in small stoves or insulation of buildings with
new tight windows increase health risks substantially.

Thus an integrated assessment of policies for air pollution control has to include
an assessment of the changes of greenhouse gas emissions. While the estimation of
changes of greenhouse gas emissions is already included in newer integrated assess-
ments, the question remains, how greenhouse gas emissions should be compared
with health risks within a cost-benefit analysis. As estimates of marginal damage
costs of climate change show a very wide range of results, we propose to use esti-
mated marginal avoidance costs for reaching the EU’s short and long term aims for
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Table 6.3 Marginal avoidance costs (MAC) in the EU to reach the ‘2° aim’, discount rate 5 %/a,
based on results of Kuik et al. (2009)

2010 2020 2030 2040 2050
€010/t CO, 36 (20-63) |58 (33-103) | 95 (54-167) | 155 (88-272) | 252 (143-443)

greenhouse gas reduction, e.g. those estimated in a meta study by Kuik et al. (2009).
If we use the declared aim of the European Commission to limit the temperature
increase of earth’s surface to 2° within a world-wide strategy, marginal avoidance
costs shown in Table 6.3 are estimated. Thus, as the exemplary results shown in
Chap. 7 are for 2020, 58€ per t of CO,, are used.

6.6 Assessment of Utility Losses

The overall aim of the activities of humans is to maximize their well-being or wel-
fare. For example, if someone decides to use his own car to travel, although using
public transport or the bicycle would be much cheaper, there must be some welfare
or utility gain of using the car that compensates for the additional costs. A part of
this utility gain might be time gains (if the car is faster than public transport or
bicycle use). But in addition there are further advantages, e.g. more comfort includ-
ing a guaranteed seat, feeling safer, no waiting times resp. more flexibility and so
on. As these are legitimate arguments, they should be taken into account within an
integrated assessment.

The methodology, that can be used to quantify such utility gains or losses, is the
‘rule of one-half ‘. If a user shifts from a more expensive technique with costs x to a
technique with costs y (x>y) after the costs x have been increased by Ax, the aver-
age utility loss would be x + Ax/2 —y, the income gain would be x —y, thus the average
net utility loss Ax/2. Utility gains and losses would be estimated for all non-technical
measures, where a price change (e.g. by implementing a tax) leads to an enhanced
use of a cheaper activity or the omission of the activity without replacement.

6.7 Assessment of Policies and Measures for Reducing Air
Pollution in the Transport Sector

In the following an example for applying the methodology is shown, namely the
results of an integrated assessment of policies and measures for reducing air pollu-
tion in the transport sector. The results have been generated within the EU project
TRANSPHORM (www.transphorm.eu).

The first step was to identify measures that reduce the emissions of air pollutants
(and greenhouse gases) in the transport sector, covering all transport modes. In a
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screening process the following potentially effective measures have been chosen for
the assessment:
Measures in urban areas:

* Enhanced use of bicycles (15-30 % of all trips in cities)
* Enhanced use of public transport (30-35 % of all trips in cities)
* More electric cars (2.5 % of passenger car fleet)

* Car pooling

* Better traffic management

* Inlow emission zones only EUROS cars are allowed

* Ban of through traffic of heavy duty vehicles

» City toll for city centers reducing private traffic by 15 %
e Parking management

* 10% of buses are hybrid buses

» Freight consolidation center

Measures on non-urban roads:

* Speed limit 110 km/h on motorways
e Speed limit 80 km/h on rural roads

Measures for all road transport:

* Road pricing 1.5 cent per km

* Fuel tax is increased by 20 %

* EURO 7 is implemented in early 2019, especially reducing NO, emission limits
further

e Improved tyres and brakes: 30 % reduction in PM 10 emissions from abrasion

* 10 % share of biofuels

* 10% cars running with CNG (compressed natural gas).

Other modes than road:

» Tighter NO, emission limits for inland ships

» Tighter NO, and SO, emission limits for sea going vessels

» Electricity for ships in the harbour provided by connection to grid
» Tax for kerosene

e Air transport for distances <500 km shifted to rail

For all these measures, the effects of implementing the measure in the EU, i.e.
the reduction of health risks, when implementing the measure, is calculated using
the methodology described in Chap. 2. The result of this analysis, the reduction of
health impacts caused by the EU wide implementation of the measures, concretely
the 10 most effective measures are shown in Fig. 6.3.

So for 2020, the enhanced use of bicycles turns out to be most effective of the
measures followed by the enhanced use of long lasting tyres and brake pads. The
30,000 DALY gained per year can be translated into a gain of life expectancy of
roughly 20 min per person in Europe and per 1 year operation of the enhanced
bicycle use. The small negative benefits (i.e. damage) for public transport and
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Fig. 6.3 Avoided health impacts in Europe in 1000 DALY s (disability adjusted life years) per year
for the year 2020, caused by implementation of emission reduction measures in the EU

freight consolidation are due to the additional electricity production for public
transport resp. electrical small trucks.

For 2030, the ranking changes. The introduction of EURO 7 standards are now
the most effective measures, as in 2030 80 % of the cars are EURO 7 cars, whereas
in 2020 it have been only 20 %. As in 2030 mainly EURO 6 cars and trucks are used,
the effect of all measures reducing emissions of road transport is reduced.

All measures are also reducing the greenhouse gas (GHG) emissions. Ranking
the measures according to their GHG reduction gives the result shown in Fig. 6.4.

The most important measures are now measures for air transport, especially the
shift from air to rail for small distances of less than 500 km.

To be able to combine health and climate effects, we have to convert the damages
into a common unit, here €. For the health damage, this is done using marginal dam-
age costs as described in Chap. 2, for the greenhouse gas emissions an avoidance
cost approach is used as described in Chap. 5. The result is shown in Fig. 6.5.

In the next step, the costs for implanting the measures are taken into account, the
net benefits (benefits=avoided damages minus costs) are estimated. Shifting from
private cars to the use of bicycles or public transport is saving money, if we assume,
that the bicycle or public transport users disestablish their cars and if needed use car
sharing. Bicycles are much cheaper than public transport, so the enhanced bicycle
use ranks highest in the list of the most efficient measures (Fig. 6.6).

In the last step, we add utility losses as described in Chap. 5. Especially abandon-
ing the own car and shifting to the use of bicycles or public transport will result in
quite large utility losses, whereas technical measures (long-lasting tyres and brakes,
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Fig. 6.7 Most efficient measures taking account of utility losses; the net benefit=avoided health
and climate damages minus costs minus utility losses (where relevant) are shown

EURO 7) do not have significant utility losses. Thus when subtracting utility losses,
the net benefit of enhanced bicycle use is largely reduced, although this measures
stays to be the most efficient one, whereas the more costly use of public transport
vanishes from the top ten list (Fig. 6.7).

6.8 Conclusions

A methodology and tools for carrying out an integrated assessment have been devel-
oped and are available. The assessment of health impacts caused by air pollution as
part of an integrated assessment is carried out using the ‘impact pathway’ or ‘full
chain’ approach. A detailed web guidebook on how to carry out this approach can
be found on ‘www.integrated-assessment.eu’. The tool ECOSENSE for assessing
health and environmental impacts of emissions of air pollution with a simplified
approach can be found at ‘www.externe.info’.

The methodology is constantly improved and extended. Recent improvements
are especially the modelling of the urban increment and the inclusion of new
concentration-response functions for NO,.

The use of the methodology has been demonstrated by assessing air pollution
control measures in the transport sector. Further new elements are the inclusion of
‘non-technical’ measures (that change activities instead of emission factors) and the
quantification of utility losses.

The results show, that the most efficient transport policies for improving air qual-
ity and protecting climate are:

more use of bicycles and e-bikes,
traffic management,
rail replacing air transport,
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low emission zones in cities,

shore based electricity and tighter emission limits for ships,
improved tyres and brakes with longer lifetime,

tighter EURO limits (EURO 7) and

promotion of CNG and electric drive.

However, further analyses for other sectors than transport (e.g. Theloke et al.
2013) suggest, that more effective and efficient measures can be found in other sec-
tors than transport, especially in the agricultural sector. These measures include a
reduction in meat consumption, the mounting of dust filters in hog houses and an
optimized fertilizer application.
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Chapter 7
Monetary and Non-Monetary Measures
of Health Benefits from Exposure Reduction

Milan S¢asny and Vojtéch Maca

Abstract Multiple pathways in which environmental hazards may affect human
health translate to diversity of adverse impacts of impaired health on human wel-
fare. Impaired health may in turn directly affect production or consumption
opportunities at individual, household as well as societal level. While at a meth-
odological level the channels of economic effects of impaired health are exten-
sively identified and discussed it is considerably more challenging to establish
respective empirical estimates. This chapter outlines approaches to economic
valuation of health benefits from exposure reduction, discusses relevance of cost
categories for various physical impacts and points to challenges in linking epide-
miological findings to welfare implications. A succinct overview of available
monetary values for a range of health outcomes is provided.

Keywords Health benefits * Health risk valuation * Non-market valuation ¢ Value
of a statistical life  Cost-of-illness  Willingness to pay * QALY * DALY * Damage
function ¢ Impact pathway analysis ¢ ExternE

7.1 Introduction

Economics as a discipline studies how people make choices among competing alter-
natives, restricted by price and subject to resource constraints. To account for health,
standard economic models of consumer behaviour were adapted to reflect the notion
that many goods, services and behaviours that influence health are valued just for
their influence on health. In other words people spend money and their time to “pro-
duce health”. This should be understood rather broadly, referring not only to goods
and services produced and sold in market, but also other non-market factors, such as
time, cultural and psychological aspects, institutional settings etc.

M. S¢asny (<) » V. Mica

Environment Center, Charles University,

Jose Martiho 2/407, 162 00 Prague, Czech Republic
e-mail: Milan.Scasny @czp.cuni.cz

© Springer International Publishing Switzerland 2016 133
J.M. Pacyna, E.G. Pacyna (eds.), Environmental Determinants of Human Health,
Molecular and Integrative Toxicology, DOI 10.1007/978-3-319-43142-0_7


mailto:Milan.Scasny@czp.cuni.cz

134 M. Séasny and V. Mica

Looking from the other side, health contributes to individual utility (or social
welfare)! in multiple ways. First, health directly affects utility because people prefer
to be healthy rather than sick, or to be alive rather than to be dead. Second, the
enjoyment of consumption of other goods and services is (at least in part) influenced
by the health status so that marginal utility derived from consumption is partly con-
ditional on health status. Third, good health is instrumental to an individual’s (or
community’s) capability to undertake desired activities and to generate income that
allows them to consume goods or leisure time spent with family and friends.

Unlike consumption of most goods and services that yields welfare directly, con-
sumption of health goods and services does not provide utility per se. People incur
these expenses simply because they believe the health good or the health service
promote their health. As an analogue, consumers do not demand energy per se
either, but they rather demand energy services such as a warm home, lighting, or
washed dishes. In this case, the demanded energy service is a result of combining
the energy use with household domestic durable goods (such as boiler, bulb, or
dishwasher). Accordingly, the key direct determinants of economic welfare are the
consumption of non-health goods and services, leisure, and health status. Health
status of an individual is then a function of activities to avert illness, such as taking
vitamins, exogenous factors such as exposure to pollution, and individual character-
istics of given person.

Consequently, the impact of impaired health on an individual (or her household)
can be measured in exactly the same terms—consumption of market and non-
market non-health goods and services, leisure, and health status. Taking example of
out-pocket expenditures, impaired health will drive up household consumption of
health-related goods and services at expense of other non-health goods and services.
In the same vein, increase in time spent seeking care or in work incapacity will
reduce production of goods or provision of services, and indirectly (via reduced
ability to produce income) also consumption.

There are other viewpoints though. From a perspective of a firm, absenteeism
and presenteeism can reduce productivity and/or produce quality and consequently
affect profits, diminishing consumption (or investment) opportunities of firm own-
ers. At a societal level impaired health is related to (generally rising) expenditures
on health care services, social security payments (i.e. disability or unemployment
benefits), although impaired health may also lead to reduced room for governments
to provide public goods and redistribute income. An important distinction between

'In welfare economics, social welfare is represented by social welfare function that is a mapping
of individual preferences or judgments of everyone in the society as to collective choices. The
functional form of social welfare depends on normative assumption on equity. For instance, in
most contexts, a social welfare function provides a societal preference based on only individual
utility functions. In the utilitarian or Benthamian social welfare fiction, the social welfare is mea-
sured as the total or sum of individual utilities (or incomes). An alternative can be based on the
product rather than on the sum. In contrast, the Rawlsian approach (so called, max-min) measures
the social welfare of society on the basis of the welfare of the least well-off individual member of
society, i.e. the societal welfare is maximized if and only if the income of the poorest person in
society is maximized without regard for the income of other individuals.
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the concepts of individual (household) utility versus social welfare is that societies
may also care about distributional issues, although a pragmatic approach commonly
taken in societal benefit-cost analyses often uses a simplification in that societal
welfare is a sum of welfare of individuals.

7.2 Economic Valuation of Health Impacts

7.2.1 Damage Function Approach

To assess the economic value of health impacts, the general approach currently
used is based on the damage function approach (EC 2000; Alberini et al. 2015;
Hunt et al. 2016). The damage function approach (in Europe also called impact
pathway analysis, [PA) measures economic benefits of reduced (increased) expo-
sures to pollution.

In brief, the IPA is an analytical procedure examining the sequence of processes
through which polluting emissions result into external damages. The method allows
to estimate the marginal physical impact and the marginal cost of pollution from
certain emission or area source, as a function of technology and of the location of
the plant. The IPA comprises of four basic steps: (1) selection of the reference emis-
sion source, determination of the technology used and of the harmful emissions
released, (2) calculation of changes in pollutant concentrations for all affected
regions using atmospheric dispersion models, (3) estimation of physical impacts
from exposure using concentration-response functions (CFRs), and (4) translation
of the physical impacts into monetary impacts by using appropriate valuation meth-
ods (see, Méca et al. 2012; S¢asny et al. 2015). These four general steps of the IPA
can be described by following schematic chain.

Schematic IPA
fate & 7 .
o - (dose) physical change in
activities SIISSONS ;ﬁ%ﬁﬁrﬁg intake impact(s) welfare

In order to establish a causal relationship between pollution and human mor-
bidity and mortality, the IPA uses the concentration-response functions cali-
brated using epidemiological and toxicological studies. Hunt et al. (2016)
provides the latest review of these functions for ambient air pollution, while
Alberini et al. (2015) review the unit values for the airborne pollution related
health points.

(continued)
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(continued)

Monetized impacts on human health are the most important category
among all impacts expressed in monetary terms that are covered by the
ExternE’s IPA, and the impacts on mortality several times exceed the impacts
on morbidity. The evidence points to underestimation of morbidity impacts of
airborne pollution in health impact assessment. As a respond, Hunt et al.
(2016) suggest marking up mortality costs by at least 10-15% in order to
broadly correct the health benefit estimates in the case of neglected morbidity
impacts.

The IPA procedure has been incorporated into EcoSense tool—the inte-
grated atmospheric dispersion and exposure assessment model>—that deter-
mines a range of impacts on human health, buildings and materials,
biodiversity, and crop yields.

The ExternE’s IPA method is very similar to an integrated assessment
model used in the American studies to connect emissions to changes in con-
centrations, human exposures, physical effects and monetary damages by the
Air Pollution Emission Experiments and Policy model (APEEP, see Muller
and Mendelsohn 2007; Muller et al. 2011; Groosman et al. 2011). OECD’s air
pollution and human health review makes a comparison among several mod-
els including MIT’s APEEP, ITASA’s GAINS, and ExternE’s IPA approach
(Alberini et al. 2015). The limitation of damage function approach is its static
setup—the number of adverse effects is calculated making no allowance for
behavioural changes due to pollution.

7.2.2 Willingness to Pay

In order to measure a change in welfare, one needs a yardstick. There are in fact two
mirroring measures, willingness to pay (WTP) for an improvement in one’s health
and willingness to accept (WTA) a compensation for its deterioration (this may also
be posited as WTP for a decrease and WTA a compensation for an increase in health
risks). Albeit these are two sides of the same coin, the relation between them is far
from trivial. Standard economic theory suggests that differences regularly observed
in WTP vs. WTA empirical studies are due to the income and substitution effects,
since the two welfare measures evaluate the changes at the initial level, or new level
of utility, respectively. Moreover, WTP is bounded by individual’s (or her house-
hold) income, unlike WTA that can be in principle unrestricted. Apart from this

2EcoSense uses air transport models to control changes in the atmospheric concentration of pollut-
ants at the local, regional and global level. An internet accessible version of EcoSense
(EcoSenseWebl1.3) was developed within the NEEDS project (Preiss and Klotz 2008), see the
details at http://ecosenseweb.ier.uni-stuttgart.de/.
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income effect, numerous studies has pointed to other factors as well, including to
what extent what is being valued is an “ordinary” market good (Horowitz and
Mcconnell 2002), aversion to potential losses relative to potential gains, often called
endowment effect (Kahneman et al. 1990), or subjects’ misconceptions in value
elicitation process (Plott et al. 2005).

7.2.3 Cost Components of Health Impacts

The goal of valuation of health impacts is to capture all the components that may
induce a change in welfare. The microeconomic approach builds upon trade-offs
people are making in decisions about alternative uses of their resources that indicate
the relative value they place to competing uses. Since many of these goods (and
services) are normally traded on market, measuring these using monetary terms is a
convenient reference of their willingness to pay.

From a societal perspective the economic values of health impacts associated
with exposure to environmental hazards comprise the following five components:

1. medical (mitigating) expenses associated with treatment of illnesses,
2. defensive or aversive expenditures associated with attempts to prevent illnesses
and other effects on welfare,
. lost of productivity,
4. disutility (dis-welfare) associated with the symptoms (pain, suffer, and other
inconveniencies) and lost opportunities for leisure activities,
5. welfare loss due to change in life expectancy or risk of premature death.

(O8]

The mitigating treatment costs (1) and the avertive expenditures (2) used to be
placed under same category named as resource costs. The first four components are
related to morbidity, whereas the last one is associated with mortality impacts. A
sum over the five cost components gives the total costs of health impacts. Hunt et al.
(2016) point on possible overlap and double-counting when the morbidity cost
components are summed cross them, however. For instance, elicited WTP to avoid
the disutility associated with certain illness may also include financial and non-
financial concerns in her assessment of her loss of welfare. The averting expendi-
tures involved by moving house need not be separable from the disutility and
productivity cost component. If medical treatment is effective, it will likely also
reduce both the disutility and productivity costs (ibid.). It is worth to mention differ-
ent practice in the performance of valuation studies in Europe and the Northern
America. In many valuation studies being conducted in the Northern America,
respondents are asked to state a value for both cost-of-illness and willingness-to-pay
for disutility, such as Chestnut et al. (2006), as Americans bear more of the costs of
illness, particularly they bear directly the mitigation costs. In contrast to Europe,
most of the costs associated with illness used to be more covered by various public
health and social insurance programs.



138 M. Séasny and V. Méica

Treatment cost or ‘direct costs’ are the expenses incurred because of the illness
including medical care, home care, travel costs etc. Any direct medical costs and
non-medical costs used to mitigate consequences of the illness. These costs may be
derived in top-down or bottom-up manner from healthcare statistics or in single
studies (e.g. pharmacoeconomic or cost studies). There are wide differences in cost
estimates for same health outcomes with respect to perspective taken (viewpoint of
an individual, healthcare provider, or public authority), differences in standards of
treatment (average length of hospital stay, drugs prescriptions etc.), as well as a lack
of data (e.g. share between inpatient/outpatient treatment for particular illnesses).
Among numerous efforts to provide standardized guidance, a widely acknowledged
U.S. EPA’s Cost-of-Illness Handbook stands out, detailing precisely a bottom-up
approach for estimating direct medical costs (Abt Associates Inc. 2007). On the top
of direct medical costs this cost category should also include the opportunity cost of
time spent in obtaining treatment.

Avertive expenditures may include the costs involved by relocation to area of
lower air pollution, staying inside, and similar other.

Loss of productivity is an indirect cost category that expresses the value that
has been lost due to an absence from work because of illness. The two dominant
approaches are human capital and friction costs methods, both are however criti-
cized on number of issues such as ignoring unpaid labour or deficiencies in theo-
retical founding (see e.g. Krol et al. 2013). Even the convention for the most
obvious—valuation of time lost from work (or valuation of unpaid labour if pur-
sued)—remains unsettled, but some of the divergences origin from different per-
spectives taken in the calculation. Measures commonly used include employees’
added value to the firm, employees’ gross income, average national gross income
or GDP per employee (or per capita), or insurance payments; there is no consen-
sus on superiority of one of the measures. Valuation of unpaid labour can also be
measured by different approaches; the two dominant methods are replacement
cost and opportunity cost. In public policy evaluations it is common to assert
societal perspective focusing on productivity loss when the ability of productive,
working-age individuals to work is affected. This should ideally account not only
for absenteeism, but also for reduced productivity (called “presenteeism”), com-
pensation mechanisms (i.e. compensations for lost work), and multiplier effects
(affected co-workers’ productivity in team-dependant production). Hunt et al.
(2016) also includes opportunity costs related to leisure time due to the health
impact to the same category as the loss of productivity. Welfare due to impact on
leisure time is however usually reflected in elicited willingness to pay to avoid all
other inconveniencies associated with illness and as a consequence leisure time
used to be part of the fourth component.

Disutility part should complement individual loss of welfare from pain and suf-
fering. Resource costs and loss of productivity does not capture the total welfare
loss because these largely miss inconveniences, suffering and pain associated with
illness (apart from some minor overlaps such as pain killers). As such they can
only provide a lower bound of the overall change in utility measured by willingness-
to-pay or willingness-to-accept to avoid the illness or reduce risk of contracting/
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developing illness. Alberini and Krupnick (2000) have estimated that the total
magnitude of willingness to pay is 1.6-2.3 times larger than the sum of treatment
costs and loss of productivity.

Welfare loss due to premature death is standard measure to derive the economic
costs of mortality related impacts. As a matter of fact, any men will die sooner or
later, and no life can be saved. However, regulation may affect survival rate over
certain time and across certain population. The economic approach to valuing
premature mortality risk reduction does not trace whose life will be saved but rather
values small change in mortality risk across a wider population.

The effect on probability of dying can be translated into two virtual statistical
measures called life-years-loss or statistical lives lost. Basically, taking into consid-
eration life expectancies of each person or each subgroup of a population, all cases
of premature mortality across all age groups can be recalculated into total years
“lost” or total lives “saved” in a given population. For example, if a policy reduces
the risk of dying by 1 in 10,000 in a population of 10,000 people, this policy will
generate one statistical life in that population.

Economists then make an effort to derive a monetary value for small changes in
mortality risk. If the willingness to pay for certain risk reduction is divided by the
magnitude of the risk valued, a value of a statistical life (VSL) is derived. The
VSL—also denoted as Value of Prevented Fatality, VPF—is defined as individual’s
marginal rate of substitution between this risk and wealth. For small changes in the
probability of survival WTP is approximately a product of change in probability and
individual’s marginal rate of substitution between wealth and the probability of sur-
vival. As explained by S¢asny and Alberini (2012), the VSL can equivalently be
described as the total willingness to pay by a group of N people experiencing a
uniform reduction of 1/N in their risk of dying.?

The concept of VSL is generally deemed as the appropriate and theoretically
sound construct for ex ante policy analyses, when the identities of the people
whose mortality rates are affected by the policy are not known yet. For valuation
of change in mortality risks there is also another approach based on life expectancy
change* using Value Of Life Year (VOLY). While the VSL approach usually applies
single value per each fatality, the VOLY approach makes distinction in the differ-
ing length of remaining life expectancy. The (mean) life expectancy change (or
rather mean number of life years lost) may differ substantially by different health
risks and across different age sub-populations. It is argued that for some health
outcomes the mortality is only brought forward by several months (e.g. deaths
among elderly with chronically impaired health during heat waves) and attributing

3To illustrate, consider a group of 10,000 individuals, and assume that each of them is willing to
pay €200 to reduce his, or her, own risk of dying by 1 in 10,000. The VSL implied by this WTP is
€200/0.0001, or €2 million.

4Life expectancy is defined as the average number of years remaining for an individual or a group
of people at a given age, assuming age-specific mortality rates. Statistically speaking, life expec-
tancy is an integral of survival function between the actual age and infinite. Naturally, the survival
rate equals to 1 minus the probability of dying.
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VSL in this case may be perceived as incomparable impact to say traffic fatality
involving young adult.’ Using VOLY in health impact assessment can hence offer
recommendations in conflict with those obtained by using VSL. As pointed out by
Alberini et al. (2015), as long as the VOLY and VSL are constant with respect to
age, the policy that affect the chance of surviving of younger adults would be con-
cluded to offer greater benefits that the policy with completely effect on older
adults if the VOLY is used. By contrast, the two policies would provide the same
benefits if VSL is used. Regardless these contrasting outcomes, the monetary
equivalent of both VSL and VOLY should be based on the willingness to pay for a
small reduction in the risk of dying (Hammitt 2007).

7.2.4 Valuation Methods

The first three cost components of the health impacts may be (at least in part) mon-
etized using market prices or available proxy values (especially relevant in public
healthcare) and are commonly summed to what is being denoted as cost-of-illness
(COI). This allows—though with some limitations—for attributing market prices to
goods and services consumed in course of treatment (1), prevention expenditures
(2), or loss of earnings (or productivity) during illness (3).

Monetary valuation of the dis-welfare due to pain, suffer, and other inconvenien-
cies associated with illness (4) and risk of premature death (5) can, in the absence
of market, be obtained using the following two options:

— conducting a new, original study using non-market valuation techniques, or
— transferring estimates from existing valuation studies (using benefit transfer
techniques).

Non-market valuation can infer preferences either revealed in real market transac-
tions (revealed preferences) or stated by survey respondents to a hypothetical ques-
tion mimicking decision situation in market (stated preferences). The two elementary
approaches of revealed preference are hedonic price and household production
approach. Hedonic price approach aims at infer how a price of a market good changes
when attributes of closely related non-market good changes, for example how a real
estate price changes in response to land contamination (or the opposite, land clean-
up). If the change in health risks from such contamination is known, this allows us to
estimate (implicit) discount for such a risk increase. Hedonic price approach has
been traditionally used in the U.S. for valuation of occupational mortality risks
because (in theory) the wages offered by an employer and accepted by her employee
in labour market should inter alia reflect the health risks of a particular occupation.
In choosing better remunerated but slightly riskier job one makes an implicit trade-

*Note that both metrics are used frequently in Europe, while in the USA, Scientific Advisory
Board of U.S. EPA argues against using different values for mortality risk reductions for differ-
ently-aged adults and recommends to continue using assumption of an age-independent willing-
ness to pay for mortality risk reductions (cf. EPA 2010).
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off between money (wage) and health (safety). By observing many such choices at
the market we are able to estimate the marginal value of such a risk in working popu-
lation. Such calculation is particularly useful when dealing with valuation of prema-
ture mortality as we will discuss in the next subsection.

The household production approach follows the logic of economic model of
household production briefly outlined in introduction section and assumes that
individual (or her household) derives utility not from goods per se but from
their influence on health. One of the revealed preference methods—avertive
behaviour—thus measures expenditures on changing risk to health. Adhering to
the example of land contamination used before, here this may represent the
costs of water purification.

There are various limitations related to use of particular non-market valuation
technique. The revealed preference approach—which is often preferred as it is
based on observation of existing markets—is not always able to address a good that
matches a health outcome defined in exposure-response functions (i.e. it may be
difficult to isolate value of health from other co-benefits of averting activity).®

Contingent valuation (CVM) or discrete choice experiments (DCE) belong to
stated preference methods frequently used to derive willingness-to-pay (or
willingness-to-accept a compensation). The key difference between CVM and DCE
is in how WTP/WTA is elicited. In contingent valuation willingness to pay (or will-
ingness to accept) is inferred more or less directly, without choosing among several
alternatives, by asking e.g. “Would you consider paying X euros to decrease your
risk of lung cancer from 2 in 1,000 to 1 in 1,000?”. In contrast, the discrete choice
experiments usually present several alternatives—when one may be current state—
that are each described by several characteristics, varying their levels across the
alternatives (Carson and Louviere 2011).

These methods are however sensitive to various biases originating from the
hypothetical format such as strategic behaviour of respondents (incl. incentive to
overstate values when real payment is not expected), credibility of the valuation
scenario, free-rider problem, sensitivity to scope of good values, or general distrust
in payment vehicle used in the valuation scenario, such as distrust of public authori-
ties’ use of public funds in case when contingent product is a public good provided
by public authority.

The benefit transfer method uses the values estimated earlier for actual policy
need. This may entail change in context (e.g. using valuation of health effects from
air pollution exposure to similar health effects from exposure to chemicals), transfer
from other country or transfer of values in time. The logic behind is based on strong
assumption that original context and actual policy need are perfectly substitutable.

®The revealed preference approach (but stated preference approach alike) tends to assume homo
economicus conditions—that individuals make fully informed decisions in pursuing their market
transactions. The reality tends to be more vivid and valuations based on revealed preferences may
be confounded by various market imperfections/asymmetries and/or restricted to segments of
population, not to mention difficulties in inferring individual perceptions of cost and effectiveness
of averting activity or time horizon one may assume in her spending (or job) decision.
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One option to account for possible differences is to transfer not only unit values
(typically mean WTP) but entire benefit function (i.e. a function with coefficients of
influential factors that can be supplemented with relevant numbers from actual pol-
icy background).

A careful attention should be paid to implications of benefit transfer over time
and countries. This particularly concerns quality of original study, use of discount
rate(s) to express present value of the future costs, equity issues when transferring
values across countries and time (e.g. decision on use of market exchange rates or
conversion by purchasing parity power), distributional impacts (e.g. income weight-
ing), and how to account for intra-generational equity.

7.3 Review of Empirical Evidence on Monetary Valuation
of Health Impacts

7.3.1 Mortality

The VSL estimates differ in number of characteristics, namely (1) whether the risk
reduction is from public of private effort, (2) whether the risk relates to acute or
chronic mortality, (3) whether a latency of risk is presented, and (4) whether a spe-
cific cause of death is presented (i.e. death from cancer vs. in an accident). We will
discuss this later on in conjunction with cancer risk valuation.

There is a wealth of empirical evidence on VSL, recently summarized in OECD
meta-analysis of mortality valuation studies in environmental, health and transport
policies providing more than 900 VSL estimates (OECD 2012). The OECD meta-
analysis recommends average adult VSL for OECD countries in a range of $1.5—
$4.5 million, with a base value $3 million; for EU-27, the corresponding range is
$1.8 to $5.4 million, with a base value $3.6 million (in 2005 USD). General recom-
mendations for adjusting VSL base values are:

— no adjustment for income within country, for transfers between countries adjust-
ment with GDP per capita and income elasticity of VSL of 0.8 (based on OECD
2012; and further applied, for instance, in OECD 2014; or WHO Regional Office
for Europe and OECD 2015),

— no adjustment of WTP for adults vs. own child due to limited evidence and unre-
solved issues, although earlier recommendation suggested a factor of 1.5-2 to be
used for regulation targeted on reducing children’s risk;

— no adjustment for health status and background risk due to limited evidence;

— no adjustment for cancer or dread as the OECD meta-analysis shows no clear
evidence in favour of a cancer premium’;

"In fact, a cancer premium was found in meta-analysis of full unscreened dataset, but not in qual-
ity-screened models, cf. OECD (2012, p. 132).
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— no adjustment of VSL for public vs. private good (and altruistic) context due to
limited evidence and unresolved issues;

— morbidity preceding death—addictiveness (i.e. separate treatment) of morbidity
costs is suggested.

In Europe, the central estimate of VSL used in the Clean Air for Europe cost-
benefit analysis (Holland 2014) is €1.09 million (median) and €2.22 million (mean,
2008 euros). The central values of VSL used by U.S. Environmental Protection
Agency and by U.S. Department of Transportation are $9.4 million and $9.2 mil-
lion, respectively (recalculated in 2013 dollars by Robinson and Hammitt 2015).
Both of these values are based on qualitative reviews, although the former one is
based on a literature review published in the 1990s, the later one is based on a
review conducted during 2012 and 2013.

Much less studies have focused on eliciting Value Of Life Year (VOLY).
Originally for use in ExternE methodology, Rabl (2003) developed a procedure to
convert VSL to VOLY, but later VOLY was elicited directly in a CVM survey con-
ducted in nine European countries (Desaigues et al. 2011), providing the values of
VOLY at €57,700 (mean) and €138,700 (median).® The VOLY values based on
Desaigues et al. study have been widely used in cost-benefit analyses of many
EU-wide policies, such as CBA on Clean Air for Europe, The VOLY value has been
also used to derive the economic costs of the quality-of-life based measures, such as
QALY’s or DALY ’s.

Valuation of cancer risk attracts considerable attention judging by more than 50
studies identified in recent review by authors (S¢asny et al. 2014b; Alberini and
S¢asny 2013; Alberini and S&asny 2014). Majority of these studies used stated
preference approaches to address issues affecting WTP such as dread related to
cancer, effect of latency, altruism, type of cancer or how the reduction in cancer
risk is delivered.

The cancer premium (or sometimes cancer differential) is posited as capturing
elements of dread and fear of cancer, as well as pain and suffering from the period
of illness preceding death. In CBA praxis such adjustment for cancers to default
mortality risk reduction value (VSL) is sometimes applied, but studies are not con-
sistent in these findings and recommendations from OECD meta-analysis argue
against adjustment of VSL base values and also U.S. EPA’s Scientific Advisory
Board warned against a unique cancer premium value.

There is rather mixed evidence with respect to WTP for risk reduction for child
and adult, and for self and other member of their household. For example an US
study found that parents are willing to pay 2.5 times more to reduce skin cancer
risks to their children than to themselves (Dickie and Gerking 2002), and another
study found that parents were willing to pay about 30 % more to reduce risk of can-

8 Alberini et al. (2015) review of VOLY studies identifies a couple of earlier studies that examined
willingness to pay for an extension in expected remaining lifetime usually of about couple of
months that would be experienced at older ages, see, for instance, Johannesson and Johansson
(1996), Morris and Hammitt (2001), or Chilton et al. (2004). In most cases, criticism has been
raised on the basis of their elicitation method and/or small sample sizes.
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cer to their child in the Czech Republic (Alberini and géasn}'/ 2011), but the latter
study also found no statistical difference between WTP for adult and WTP for her
child in Italy. More recently, Alberini and §éasn)’/ (2016) conducted similar survey
in Canada and got similar results for Canadians as they found earlier for the Czech
parents—VSL for adults is estimated at $6.7 million, while VSL for children is $8.8
million (in Canadian 2015 dollars). In terms of cause of death, the child premium is
the largest for respiratory diseases, 56 %, and the smallest for cancer (24 %).

A prolonged time between initial exposure and increased cancer incidence has
intrigued research into possible decline of WTP with latency, i.e. actual WTP dis-
counts future health impairment. Two recent studies find near-zero discount rate
over latency period (Hammitt and Haninger 2010; Alberini and §éasny 2011), but
several other studies suggest the opposite and the implicit discount rate ranges in
most cases between 5 and 15 % (Van Houtven et al. 2008; Cameron and DeShazo
2013; Tsuge et al. 2005; Alberini and géasn}'/ 2016).

7.3.2 Morbidity

Recently Hunt (2011) in his overview summarized epidemiological evidence link-
ing heavy metals to health impacts and health impacts to monetary values. Most of
reviewed metals (arsenic, cadmium, hexavalent chromium, lead, mercury and
nickel) affect health in both ingestion and inhalation pathways leading to wide
range of health outcomes. Hunt’s review addresses chronic and severe endpoints
like cancers, still birth and adverse pregnancy outcomes, IQ loss, anaemia and
renal dysfunction. Human exposures though vary from mere incidental one-time to
life-long and similarly induced health effects are not restricted to severe impair-
ments but milder and/or sub-clinical health effects (e.g. irritation or sensitization)
are likely to be much more frequent in the population. Multitude of pathways,
metal-specific persistence in the environment, exposure environs, latency of devel-
opment of effects from exposure (or the opposite time-lag between decrease in
emissions and decrement in health risk, called cessation-lag), all pose significant
challenges and add to uncertainty in damage cost calculations (Bachmann 2006).
Earlier study by Serup-Hansen et al. (2004) for Danish Ministry of Environment
elaborated total cost estimates for health impacts related to chemicals including
contact allergy and lung cancer. A recent study for European Chemicals Agency
(S&asny et al. 2014a, b) estimated willingness to pay to avoid health outcomes
related to chemicals, some of them highly relevant to heavy metal exposures (skin
sensitization, kidney injury, neurodevelopmental disorders, very low birth weight
or ‘generic’ cancer case). Based on comprehensive surveys in three EU countries,
EU-wide values were derived for future use in socio-economic analyses and/or
health impact assessments.

Beyond those studies estimating WTP for avoiding particular health outcomes,
there are a few studies that employ entire (or part of) impact pathway approach to
estimate damage costs of exposures to heavy metals. Spadaro and Rabl (2004)



7 Monetary and Non-Monetary Measures of Health Benefits from Exposure Reduction 145

developed a simplified model for quantifying health (i.e. physical) impacts of toxic
emissions of arsenic, cadmium, chromium, mercury, nickel and lead. Several of
ExternE projects (NewExt, GREENSENSE, OMNITOX, ESPREME, DROPS)
elaborated impact pathway methodology further and provided estimates of impacts
in DALY's as well as monetary values (Bachmann 2006; Friedrich 2007; Rabl et al.
2014). Spadaro and Rabl (2008) estimated global average neurotoxic impacts and
costs due to mercury emissions and found that average of the marginal damage costs
is about $1,500/kg (with dose threshold) or $3,400/kg (without threshold). On a
country level neurotoxic impacts of airborne lead emissions from waste-to-energy
plant were estimated by Pizzol et al. (2010) in a range of 41-83 €/kg based on
impact-pathway modelling of IQ-loss in children. IQ losses from lead and mercury
airborne emissions including monetary valuation are incorporated in a Danish inte-
grated modelling system EVA (Brandt et al. 2013). External costs of emissions of
cadmium contained in phosphorus fertilizers to soil were explored by Pizzol et al.
(2014). For a cumulative long-term cadmium exposure via dietary intake the exter-
nal costs were estimated at 334 €/kg (using 3 % discount rate).

In the very recent study commissioned by OECD, a core set of pollutant-health
(morbidity) combinations was recommended for outdoor air pollution (Hunt et al.
2016). This set meets the criteria of being unbiased, credible and implementable,
and can be applied in health impact assessment in OECD countries, China and
India. This review identified five pollutant-health pairs that specifically include (a)
respiratory and cardiovascular hospital admissions linked to PM and to ozone, (b)
restricted activity days and associated work loss days in relation to PM and/or
ozone, (c¢) chronic bronchitis in adults in relation to PM, (d) acute bronchitis in
children aged 6-18 years resulting from PM10, and (e) acute lower respiratory ill-
ness in children aged <5 years resulting from PM10.

7.4 Non-Monetary Measures of Health Benefits

7.4.1 Health-Related Quality of Life Indices

A vivid stream of research and practice has evolved on non-monetary measures gen-
eralizing impact of health impairment on one’s life. These are based on subjective
assessment of actual health status of a person affected by certain illness/disability as
compared to person in a perfect state. Such measures sum duration of health state
adjusted by quality or disability (QALY, DALY).” Unlike for WTP, for QALY (or

?QALY stands for quality-adjusted life years, while DALY stands for disability adjusted life years;
there are also other indices such as healthy-years equivalents (HYE), but not as frequently used as
QALYs and DALYs. The key difference between QALY and DALY is that their indices of life
quality (for QALY) and disability (for DALY) are reversed to one another but in both cases nor-
malized to a scale between 0 and 1. Disregarding other minor differences, a QALY of 0.7 is roughly
equal to DALY of 0.3.
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DALY) it is sufficient to estimate change in quality of life from health impairment and
duration of a health state under consideration, essentially without much concern about
great deal of determinants that may affect the WTP (cf. Hammitt 2002; Hofstetter and
Hammitt 2002). There are several ways to derive utility weights for QALY measure,
either directly using visual analogue scales, time trade-offs or standard gambles, or
indirectly by means of standardized questionnaires (such as EuroQoL or SF-36).
Disability weights, in contrast, were originally defined by experts (cf. Gold et al.
2002) but recently abandoned for a set of weights elicited from paired comparisons by
a large sample of general public (Salomon et al. 2012).

The relative ease of estimation of these measures has stimulated numerous
attempts to find a simple transformation of QALY (or DALY) to WTP, what would
allow us to evaluate a broad range of health outcomes affected by public policies,
simply because a wealth of QALY and DALY weights exists for much broader
scope'® of health outcomes and these could be transferred easily without much care
for context and other determinants. Unfortunately, these simplifications (such as
disregarding non-health determinants of WTP) also imposes substantial restrictions
on individual preferences and many of these restrictions are not particularly realistic
(cf. Hammitt and Haninger 2010) meaning that a simple transformation of QALY's
(or DALYSs) to WTP is generally not feasible (Robinson et al. 2013; Gyrd-Hansen
and Kjer 2012).

7.4.2 Non-Monetary Benefits of Metals’ Exposure Reduction

The appeal of quantification of impacts from exposure to heavy metals in QALY's or
DALYs lies in simple unification of morbidity and mortality and simplified methods
linking DALYs/QALYs to adverse effect indicators, e.g. ED, (exposure dose asso-
ciated with 10 % risk). Crettaz et al. (2002) and Pennington et al. (2002) elaborated
such a valuation of human health impacts in terms of DALY for cancer and non-
cancer effects in Life Cycle Impact Assessment (LCIA) methodology, respectively.
These approaches were elaborated further in ExternE impact-pathway methodology
(Bachmann 2006; Friedrich 2007; Rabl et al. 2014), but in the latter served primar-
ily as a means to arrive at monetary values assuming equality between VOLY and
WTP per DALY. Even without attempting to convert QALY's or DALY's to monetary
terms, LCIA approach is far from settled. Pizzol et al. (2011) compared different
LCIA methodologies to find a poor agreement between methods both in terms of
relative contribution of each metal and of the metals in total to the total impact on
human health. According to the authors these differences stem from different tech-
niques used to calculate the characterization factors and also due to number of met-
als included in each method.

10Cost-effectiveness Analysis Registry at https://research.tufts-nemc.org/cear4/ provides a large
collection of (QALY) utility weights. Salomon et al. (2012) provide 220 disability weights, origi-
nally devised for WHO’s Global Burden of Disease Study 2010.
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7.5 Conclusions

The health impacts are usually measured in terms of premature mortality or new
cases of certain illness. In health economics, these impacts are translated in the
health-related quality of life indices, such as QALY s and DALY s, that both allow
aggregation across all the adverse health effects in order to express them through
one health impact indicator. This approach allows performing the cost-effectiveness
analysis of various policy designs or regulatory programs. On the other hand, using
the health-related quality of life indices does not allow performing the cost-benefit
analysis, since involved economic costs and health impacts are expressed in quite
different units, i.e. money and life years. Despite some attempts to attain monetary
value of VOLY on the health-related quality of life indices, this economic assess-
ment is not generally justified, as it can be applied only under very restrictive (not
realistic) assumptions.

In contrast, deriving the willingness to pay for avoiding disutility associated with
premature mortality or illness, the resource costs, and the opportunity costs for each
health outcome is theoretically sound and appropriate approach to perform the cost-
benefit analysis. This approach is time and resource intensive, as each cost compo-
nent has to be derived for each health outcome under consideration. In fact, empirical
literature on health benefit valuation is not huge, but on the other hand this literature
has been growing fast for last decades and it can serve a bulk of economic values
for continuously growing number of health outcomes.

Quantifying the economic benefits of health impacts due to policies require to
examine the full chain of impact pathways. Damage function approach embedded
in ExetnE’s IPA is just such method that can serve performing both the cost-
effectiveness analysis relying on the health-related quality of life indices as well as
the cost-benefit analysis using the willingness to pay approach.
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Chapter 8

Capturing the Health Effects
of Environmental and Industrial Policy
in a Macroeconomic Model

Hector Pollitt and Ben Gardiner

Abstract Assessments of industrial or environmental policy are often based on
macroeconomic models which typically neglect the effects of the policies on human
health. Cost Benefit Analyses can include these effects but often in a rather simplis-
tic manner, for example neglecting lagged effects and distributional impacts.
However, it has been shown that the impacts on human health of such measures can
be large and can even outweigh the standard economic impacts, as they cumulate
over time.

In this chapter we discuss how health effects could be integrated fully into a
macroeconomic modelling framework that can also be used to predict the levels of
certain pollutants through scenario analysis. Rather than converting all the health
impacts of the pollution to monetary ‘externalities’, as is standard in neoclassical
economics, we outline an approach that would consider the wider implications of
the direct impacts (e.g. on labour productivity or healthcare costs) to be assessed
within the same modelling framework. The outputs of the model thus represent an
integrated analysis of physical and economic impacts in each scenario.

The chapter discusses some of the key assumptions that are required to conduct
such an analysis and demonstrates how the choice of economic model can be impor-
tant in determining overall outcomes.
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8.1 Introduction

8.1.1 Opverview

This chapter explores how links can be established between environmental and/or
industrial policy and their potential health and wider economic impacts, as repre-
sented in modelling tools. We discuss the shortcomings of existing approaches and
how they could be improved upon, providing an example based on the E3ME
macro-econometric model (http://www.e3me.com) that is commonly used for envi-
ronmental policy analysis in Europe.

8.1.2 The Role of Macroeconomic Modelling in Policy
Analysis

Governmental organisations use two standard approaches for assessing possible
future policy, both of which may rely on (macroeconomic) modelling. The European
Commission applies a multi-criteria analysis that is described in its Better Regulation
Guidelines (European Commission 2015). Macroeconomic modelling plays an
important role in the quantitative part of this assessment but, while the approach can
produce both estimates of macroeconomic and health outcomes, these are generally
from separate analyses. The alternative approach, as applied by the UK government
(HM Treasury 2013), is Cost Benefit Analysis (CBA). CBA includes both economic
and health impacts (amongst other factors) and expresses each one in monetary
terms. Macroeconomic modelling may be used to obtain the economic impacts,
usually expressed in GDP terms. The health effects are estimated as unit ‘damage
costs” which are then added to or subtracted from the economic GDP result to give
a broader indicator of welfare.

In this chapter we argue that both approaches may miss important interactions
between human health and wider economic welfare. For example, workers that are
not fit to work may withdraw from the labour market. This will also affect the rest
of the labour market; firms may be stuck with less efficient workers, or bottlenecks
may allow remaining workers to charge more for their labour. While all of this will
have an impact on GDP, the extent of this impact will be highly dependent on other
factors. There will also be important distributional outcomes that are missing from
a standard CBA (and also often from multi-criteria analysis).

In summary the treatment in existing quantitative approaches does not attempt to
address the complexities and possible interaction effects between environmental
policy, human health and the wider economy.
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8.2 The Types of Health Effects That Might Be Included
in a Macroeconomic Model

8.2.1 Introduction

Before describing how health effects could be included in a macroeconomic model,
we must be clear about the particular health effects that we are covering and how
they are defined. Some of these are summarised below—the list is not intended to
be comprehensive and could depend on the types of environmental and industrial
policies that are being assessed. These are the ‘exogenous’ factors that are not mod-
elled but which could be entered into a macroeconomic model; we do not here dis-
cuss secondary, indirect effects, which the macroeconomic model itself would be
designed to determine.

8.2.2 Health Care Costs

Perhaps the most obvious inputs to a macroeconomic model are the direct treatment
costs for accident or illness that are incurred, or are avoided, by additional regula-
tion. The macroeconomic impact of these costs is likely to vary by country, for
example depending on whether the health care is funded by the state through taxa-
tion, by private insurance schemes, or by the individual. Particularly for developing
countries we must consider whether the individual would be able to meet the costs;
if not then we would expect to see more severe impacts in the other categories.

8.2.3 Mortality Rates

Population is usually present in macroeconomic models. The exact treatment
depends on the type of model (see next section) but each person in the economy can
be expected to contribute to production (if of suitable working age and active in the
labour force) and also to contribute to the consumption of goods and services. Entry
into and exit from the working age population is largely taken from official popula-
tion projections which themselves rely on fertility and mortality rates. Policies
which have the potential to affect these demographic rates would need to be cap-
tured in the model through additional assumptions, as they would not be part of the
baseline (population) projection.
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8.2.4 Labour Market Participation and Public Benefits

If an individual suffers from a serious illness they may be unable to work and will
therefore withdraw from the labour force. In countries with a social security system
they will receive disability benefits. Leaving aside migration, reducing the size of
the active labour force will constrain the level of output that an economy can pro-
duce so environmental policy that results in a higher labour force may result in
higher overall production levels.

One point that is often neglected in this type of analysis is the role of carers. If an
individual that is no longer able to work requires constant caring, this could also
lead to another individual effectively withdrawing from the formal labour force.

8.2.5 Labour Productivity

Even if an individual is still able to work, their labour productivity is likely to be
reduced if they are ill. This means that they will be able to produce less for a given
amount of time working. They may also work fewer hours, for example to attend medi-
cal appointments. Overall, the ratio of output per worker would be expected to fall if
there was a higher incidence of illness. If environmental policy reduced rates of illness
it could therefore be possible to increase total economy-wide productivity rates.

8.3 Designing a Counterfactual Scenario

8.3.1 Introduction

Macroeconomic models typically operate through a series of scenarios. First of all
a baseline case is determined, usually on the basis of business-as-usual assump-
tions. The aim of the baseline is not necessarily to provide a highly accurate forecast
of future outcomes, but instead to be used as a comparator for the policy scenarios.
The policy scenarios are then defined as the baseline plus the addition of one or
more policy inputs. The differences between the outcomes of the policy scenarios
and the baseline represent the policy impacts, based on ceteris paribus principles.

8.3.2 Designing Scenarios of Environmental Policy

Figure 8.1 summarises the inputs to and outputs of a scenario of environmental
policy. The two main inputs to such a scenario are likely to be the direct compliance
cost to business and a representation of the health impacts of the policies.
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| Economic impacts |

[Environmental Policy | [ Health impacts |

Wider Economy

| Budget balancing mechanisml | Other social impacts |

| Environmental impacts |

Fig. 8.1 Scenario inputs and outputs. Source: Authors’ representation

In addition, an assumption is usually made about government fiscal neutrality.

This means that overall the government balance is unchanged between the baseline
case and the policy scenarios, i.e. that there is no fiscal stimulus or contraction in the
policy scenario, which could bias the results of the analysis. It is sometimes neces-
sary to adjust another tax rate to ensure fiscal neutrality is observed; note that the
choice of tax to change can be important (see Barker et al. 2009, for a discussion).

8.3.3 The Main Dimensions to Consider

There are several important dimensions that must be taken into account when
designing the scenarios. The main ones are:

Geographical coverage—Many of the health impacts of a poor environment are
highly localised, for example the effects of poor air or water quality will be most
felt by those who are close to the source of pollution.

Economic sectors—Environmental regulations often focus on heavy industry
and the power sector, with some additional constraints on transport. It is these
sectors that are most likely to bear the burden of meeting regulatory
requirements.

Socio-economic and demographic group—The age and gender of the individuals
affected are important. For example, if the impacts fall on those who are retired
then there will be less impact on the labour market. Socio-economic status is also
important, especially with regards to ability to pay for medical treatment.

Time period—CBA largely ignores timing effects, or applies a simple multipli-
cative rate to discount future costs. However, many of the effects can take many
years to be felt. For example, the economic impacts of pollution that slows
learning development in children will not manifest itself until those children
enter the labour market, 10-20 years later.
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8.3.4 Ensuring the Changes Are ‘Net’

The scenario-based approach described earlier in this section is designed to assess
the ‘net’ effects of environmental policy. By this we mean that it should take into
account impacts, both positive and negative, across the whole economy, comparing
the policy scenario to what otherwise would happen. When we design the scenario
inputs we must ensure that they are also on a net basis.

When assessing healthcare costs this issue is especially important, as treatment
costs are usually highest at the end of a person’s lifespan. So while reduced inci-
dence of illness may reduce short-term healthcare costs, the same individual may
live longer and require a similar level of treatment at a later date.

When designing the scenario inputs for a macroeconomic model, careful consid-
eration must thus be given to how the effects are measured. If only the ‘gross’ effects
are considered (i.e. the short-term reduction in costs, without taking into account
longer-term impacts) then this must be made clear in the analysis as an underlying
assumption.

8.4 Different Types of Macroeconomic Models

8.4.1 Introduction

Once the scenarios have been designed, there is a question about the type of eco-
nomic model to use. Several different types of model exist, with each one offering a
different interpretation both of how the economy works (see Keen 2011 for a dis-
cussion), and also a different interpretation of how health impacts would affect mac-
roeconomic relationships. This section outlines the main types of model that may be
applied. In the next section, we expand in detail as to how a scenario of environmen-
tal policy with health effects could be modelled in one particular modelling
framework.

8.4.2 Input-Output and Multiplier Analysis
8.4.2.1 Introduction

Input-output analysis is a demand-driven approach that focuses on supply chains.
The input-output table details the interactions between different sectors of the econ-
omy. The other modelling approaches below also incorporate input-output analysis
but fit it within a broader macroeconomic framework. An economic multiplier is
estimated by inverting the matrix of the input-output table; this gives an estimate of
how much total output increases in response to a unit increase in demand.
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The working assumption to the approach is that all industries operate below
capacity and that they are able to increase output if the demand for their product
increases. There are no prices in input-output analysis, or any representation of sup-
ply constraints.

8.4.2.2 Coverage of the Key Dimensions

Of the four dimensions listed in Sect. 8.3.3, input-output analysis is only able to
cover economic sectors in a high level of detail. Input-output tables are typically
produced at national level (although they could be produced for local areas in
theory, the scale of the data collection exercise makes this unusual) and for a single
base year. They have no representation of different demographic or socio-eco-
nomic groups.

8.4.2.3 Potential Coverage of Health Effects

It is relatively straightforward to measure the economy-wide effects of a change in
healthcare expenditure by entering a demand shock to that sector in the input-output
table. This shock could be balanced by a corresponding change in other spending
(either by households or government) to ensure that changes are net overall.

However, it is much more difficult to estimate the other health impacts of envi-
ronmental analysis using input-output analysis alone. The approach is able to esti-
mate changes in consumption patterns (e.g. to different mortality rates) but, due to
its lack of representation of the production side, supply shocks are much more dif-
ficult to incorporate.

Most difficult of all is attempting to assess a change in labour productivity.
Standard input-output analysis does not include labour at all and even a version that
is extended to include labour has severe limitations. For example, as labour is
entirely determined by the current level of production, which is largely fixed, an
increase in the level of production per worker would result in a lower required num-
ber of workers.

8.4.2.4 Summary
In summary, input-output analysis is in most cases not a suitable tool for carrying

out an economic assessment of the health effects of environmental policy. We there-
fore turn attention to more sophisticated modelling approaches.
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8.4.3 CGE Models
8.4.3.1 Introduction

Computable General Equilibrium (CGE) models have become the standard tool for
long-run macroeconomic analysis since the 1970s. They are derived from neoclas-
sical microeconomic theory and ensure consistency (‘closure’) at the macro level
between different economic and financial balances. Commonly used CGE models
include GTAP (Hertel 1999), GEM-E3 (Capros et al. 2013) and the Monash model
(Dixon and Rimmer 2002).

The basic assumption of CGE models is one of optimisation. It is assumed that
individuals and firms act ‘rationally’ in their own self-interest to optimise their
own interests, and that markets optimise by allowing prices to adjust to balance
supply and demand. The supply-driven nature of the model follows from this
assumption—prices adjust so that all available resources are used productively
and the economy as a whole optimises its level of economic output. The only way
to increase output levels is to increase the resources available with which to pro-
duce, as adding any constraint (i.e. regulation) on the optimisation process can
only lead to lower output overall.

The parameters in CGE models are usually either drawn from econometric studies or
‘calibrated’ using a single base year of data. The GTAP database (https://www.gtap.
agecon.purdue.edu/databases/v8/) provides a standard data set for global CGE models.

8.4.3.2 Coverage of the Key Dimensions

CGE models usually operate at national or international level. Regional models
exist (e.g. state level in the US) but there are very few models for local areas. As
CGE models incorporate input-output tables, they have the same coverage of sec-
tors, but face the same restrictions for being used at local level.

Some CGE models are disaggregated to provide information split by socio-
economic group. The constraint on this aspect of the analysis is the data rather than
the theoretical modelling framework.

CGE models are also used to assess future scenarios, so can at least in part
address the time dimension of health impacts. However, the dynamic properties of
CGE models are limited so the accumulation of health effects over time does not fit
naturally into the modelling framework.

8.4.3.3 Potential Coverage of Health Effects

The supply-oriented structure of CGE models makes them quite suitable for some
aspects of incorporating health effects. For example, in the basic ‘Cobb-Douglas’
labour-capital production function with constant returns to scale, an increase in
labour productivity (assumed to take place through an improvement to the average
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health of the labour force) can be adjusted relatively easily by increasing L in the
following equation, implying that there are more labour resources available:

Output = AL/ «K"»

where A is Total Factor Productivity, L is the amount of labour used, K is the amount
of capital used and the betas represent the marginal productivity of additional capi-
tal and labour.

This does not lead to a one-to-one increase in output, as the value of beta is less
than one, but it is fairly trivial to calculate the change in output for any given level
of beta. Within the model structure prices will adjust so that demand and supply are
fully consistent and all available resources are used. So while although there is an
easy representation of labour productivity in the model structure, the wider assump-
tion that all resources are used and higher productivity automatically leads to higher
demand and production levels is more questionable.

It is also possible to estimate the effects of shifts in expenditure in and out of the
healthcare sector by adjusting the utility levels of the different sectors, inducing the
shifts in expenditure. The input output linkages in the model will allow for the analysis
of supply chain impacts in the same way as input-output analysis described above.

8.4.34 Summary

In summary, CGE models could be used to provide a macroeconomic representation
of health effects from environmental policy but there are some limitations in the
modelling approach that must be recognised. There are also assumptions that must
be taken into account when interpreting model results. It is important to be aware of
the type of question that CGE models are meant to answer:

Given these constraints, what is the maximum level of economic production?
This is not the same as the type of question that scenario analysis often is used for:
If this policy is implemented, what will be the impact on economic production levels?

With these findings in mind, we now turn attention to a more simulation-based
approach.

8.4.4 Macro-Econometric Models
8.4.4.1 Introduction

Macro-econometric models fall roughly between static input-output analysis and
CGE modelling. They have an input-output structure at their core and extend this to
cover other economic indicators (e.g. household consumption, international trade)
and prices. Macro-econometric models are in general simulation, rather than opti-
misation, tools that estimate the outcomes of shocks to the economic system.
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Prices in macro-econometric models do not adjust fully. While it is assumed that
supply will adjust to meet demand, as in input-output analysis, supply constraints
and changes in prices are important features of the model. However, the working
assumption is that there is usually spare capacity in the economy which, if drawn
upon, could lead to higher rates of economic production and employment.

The parameters in macro-econometric models are usually derived through
econometric equations, as the model name suggests (although they could theoreti-
cally be derived in other ways). This provides a strong empirical basis for the analy-
sis but does require a much larger data set and means that the models can be subject
to the Lucas Critique (Lucas 1976) of using past performance to predict behaviour
under different circumstances. However, it should be noted that the parameters in
CGE models are subject to the same criticism.

The E3ME model, which we describe in the next section, is an example of a macro-
econometric model. Another example is the GINFORS model (Lutz et al. 2010).

8.4.4.2 Coverage of the Key Dimensions

Like CGE models, macro-econometric models usually operate at national level.
There are some examples of regional models (e.g. the UK MDM-E3 model devel-
oped from Barker and Peterson 1988) but the data requirements mean that local area
modelling is difficult within a full model structure. The same input-output con-
straint described above also applies to macro-econometric models and they are able
to offer similar sectoral coverage.

Macro-econometric models are typically more open to the idea of different socio-
economic groups with different consumption patterns but in practice are limited by
the available data in this respect so there is little difference in coverage. However, one
important advantage over CGE models is in modelling changes over time, as the mod-
els encompass both stocks and flows (rather than just flows in a standard CGE model)
and are able to estimate transition paths as well as long-run outcomes.

8.4.4.3 Potential Coverage of Health Effects

The macro-econometric models are more heterogeneous in their detailed approach
than the CGE models, especially in their treatment of supply-side constraints. In the
next section we will show how such constraints are modelled using the E3ME
model. In general, however, they are able to offer an adequate representation of
health effects.

Household and government spending can be increased or decreased to the health-
care sector as required, depending on the level of demand. Additional spending may
be drawn from elsewhere or could come in the form of additional borrowing. Unlike
in CGE models, the banking sector in macroeconomic models is able to provide
additional financing (i.e. increasing the money supply) if there is sufficient demand
for new loans.
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It is also possible to model supply shocks in macro-econometric models. In the
labour market, where potential supply is given explicitly by the available labour
force, shocks can be entered by changing the number of available workers and the
model will solve. Modelling changes in labour productivity is potentially trickier as
the model may not know whether higher productivity leads to more output or fewer
workers—however, as we shall see in the next section, it is possible to factor in
productivity changes in some models.

8.4.4.4 Summary

In summary, macro-econometric models have their underlying assumptions which
the model user and the policy maker who interprets the results must be aware of.
Overall, however, the basic principles of a tool that simulates changes in policy
rather than finds optimal outcomes for society is much more appropriate for an
assessment of the health effects of environmental policy. The models are better
suited for incorporating the build-up of health effects with impacts that might last
long into the future. The empirical basis on which behavioural responses are esti-
mated, while far from perfect, gives the best guide possible for estimating the
impacts of future policy outcomes.

8.4.5 Summary of How Health Effects May Be Represented

In this section we have discussed three different modelling approaches, how they
cover the key dimensions of the analysis and how they may be able to incorporate
health effects that were identified in Sect. 8.2. Table 8.1 summarises the
information.

8.5 Case Study: Simulating Health Impacts in the E3SME
Modelling Framework

8.5.1 Introduction to E3SME

In this section we describe in more detail how the health impacts of environmental
policy could be assessed using the E3ME macroeconomic model. The model is
described briefly below before we discuss how each individual impact can be
entered and the data required to do so. Further information about E3ME, including
recent applications and the full model manual (Cambridge Econometrics 2014), can
be found at the website www.e3me.com.
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Table 8.1 Overview of model capabilities

H. Pollitt and B. Gardiner

Input-output

CGE

Macro-econometric

Key dimensions

Geographical

Usually national,
sometimes regional
but not local

Usually national,
sometimes regional
but not local

Usually national,
sometimes regional but
not local

Sectoral

Reasonable

Reasonable

Reasonable

Socio-economic
groups

None

Limited

Limited

Over time

Not available

Typically long-term
only (can be
made dynamic)

Long-term and short-term

Health impacts

Healthcare costs

Possible

Possible

Possible

Mortality rates

Changes in
consumption only

Focused on changes
in production

Accounts for changes in
production and

consumption
Labour market Not covered Covered Covered
participation
Labour Not covered Covered—assumed | Covered—could lead to
productivity to lead to higher higher production or

production

lower employment

Source: Authors’ analysis

E3ME is a macro-econometric model of the world’s economic and energy systems
and the environment. It was originally developed through the European
Commission’s research framework programmes and is now widely used in Europe
and beyond for policy assessment, for forecasting and for research purposes. The
most recent version of the model has global coverage and splits the world into 59
regions. The model includes 69 economic sectors in Europe and 43 economic sec-
tors in the rest of the world. Its historical database covers the period 1970-2014 and
it projects forward annually up to 2050. Recent applications of the model include
inputs for the official analysis of the EU’s 2030 climate and energy targets (Pollitt
et al. 2014). E3ME has also been used to look at the economic damages related to
local air pollution in géasn}’/ et al. (2009) and Barker and Rosendahl (2000).

Figure 8.2 summarises how the different components of the model fit together. In
this section we describe how the feedbacks from environment to economy (top left
arrow) could be expanded to include health effects. With this feedback in place the
model is able to offer a comprehensive assessment of the impacts of environmental
policy, including health effects.

E3ME has previously been used in the past to estimate the health-economic
impacts of exposure to heavy metal pollutants, such as lead and cadmium, as part of
the EU DROPS research project (http://drops.nilu.no/). Many of the linkages
described below are developed from the research that was carried out in that project
and generalised for wider environmental policy.
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Fig. 8.2 E3ME modules. Source: Cambridge Econometrics (2014). Used with permission
8.5.2 Forming Model Inputs

At present there is no health module in E3ME but it would be possible to build this
in, adding a box between environment and economy to Fig. 8.2. However, a simpler
approach would be to carry out these calculations off-model and use an approach
based on a parameterisation of these calculations. Whichever approach is adopted,
the first stage in the calculation is to estimate the incidence of illness or disease
linked to emissions of a specific pollutant. This estimate can then in turn be used to
produce estimates of changes in healthcare costs, labour productivity, etc.

The advantage of building the calculations into the model is that it is possible to
take into account the non-linearities that are an important feature of dose-response
functions. The advantage of the parameterised approach is that it is technically eas-
ier to implement. In the sections below we outline the linkages back to the economy
based on estimates that could be derived using either approach.

8.5.3 Healthcare Costs

Healthcare expenditure features in two parts of the model: final household expendi-
ture and final government consumption. In both cases the revenues accrue to the
health sector which may adjust employment levels to match demand.
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Usually a budget balancing mechanism will be put in place, i.e. if healthcare
spending increases then it is at the expense of other expenditure. For households the
standard assumption is that other expenditures are reduced proportionately (although
this could be modified, e.g. to focus on luxuries rather than necessities). Governments
can either reduce expenditure in other areas or raise taxes to pay for the increased
healthcare requirements.

8.5.4 Mortality Rates

Population is an exogenous assumption to E3ME and is therefore quite easy to
change. There are two main effects in the model from changing population:

e Aggregate rates of consumption, which are estimated on a per capita basis mul-
tiplied by population, will be affected
* The potential available labour force is adjusted

E3ME breaks the population down to 5-year age bands and splits by gender,
which are important for determining the size of the potential labour force (ideally
they would also determine consumption patterns but the data do not support this).
Information about mortality rates should therefore also be broken down by age
group and gender.

8.5.5 Labour Market Participation

The labour force, or labour supply, is defined as those in employment plus those
who are unemployed. In E3ME the labour force is calculated by multiplying work-
ing age population (see above) by a set of participation rates, again split by gender
and age band. Participation rates are estimated endogenously in the model but the
equations do not take into account health effects—hence it is necessary to step in
and make additional changes.

In making these changes we need to gather information about the number of
people who are unable to work due to illness, and also make an assumption about
the share of these people who otherwise would have been either working or seeking
work. Ideally an allowance should be made for individuals who drop out of the
labour force to take on caring responsibilities.

A change in labour supply will affect primarily the unemployment rate (labour
supply minus employment), which will in turn feed into the determination of wage
rates and industrial unit costs. A moderate sized change in labour supply could
therefore have important impacts throughout the economy.
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8.5.6 Labour Productivity

As a macro-econometric model, E3ME does not make assumptions about the full
use of capacity. Under normal economic conditions it can usually be assumed that
there is spare capacity available in the economy, represented by economists as the
‘output gap’. The difference between actual and potential production levels are not
observable, however, so the output gap is estimated, in part based on activity rates
in labour markets (where capacity, i.e. number of people, is known).

E3ME also does not have an explicit representation of potential output but has an
estimate based on a set of econometric ‘normal’ output equations. These equations
are an extrapolation of previous trends in the economy that give a measure of
expected future output, on which capacity is based. If actual production increases in
relation to expected output then there may be constraints on output, represented by:

* Increases in product prices

* Increased investment in new capacity

e Import substitution

* Increases in wage rates and working hours

A reduction in labour productivity, for example due to illness, is assumed to
reduce available capacity, leading to all of these outcomes. The functional form used
is similar to the Cobb-Douglas function, described in Sect. 8.4.3.3, except that E3AME
does not assume constant returns to scale and so the (1 —f3) term can be replaced with
a separate value between zero and one. It is still necessary, however, to make an
assumption about the marginal productivity of labour (how much capacity increases
in response to higher labour productivity, represented by p in the equation).

Reductions in labour productivity due to illness could be expected to accumulate
over time, until the workers affected either recover or leave employment. As above,
it is therefore useful to have an estimate of the share of workers affected in each age/
gender group.

8.5.7 Expected Macroeconomic Qutcomes

Figure 8.3 shows the main linkages within the model framework. The four inputs
from health impacts are shown in bold-italic type in the four corners. The most
important outcomes from the modelling (GDP, employment and unemployment)
appear in the centre of the figure. Solid lines represent relationships in the model
that are formed either through accounting balances or assumptions, while the dashed
lines represent the econometric equations.

It is immediately clear that the feedbacks are highly complex and there are many
interdependencies in the modelling system. Furthermore, the figure only shows the
most important linkages. There are further linkages as well (e.g. labour participation
rates are also determined by GDP and unemployment rates) and the economic
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mechanisms that determine the direct effects of environmental policy are not
included. Furthermore, the model itself of course represents a simplification of the
actual real-world processes.

Although not shown on the diagram there are also a mix of linear (e.g. the calcu-
lation of unemployment) and log-linear (e.g. the econometric equations)
relationships. This means that the context in which the analysis is carried out is
important. For example a policy that is designed to create employment will be inef-
fective if there are no people available to fill the new positions. This suggests that a
simple approach of subtracting a value from GDP to estimate damage costs could
be inaccurate under different economic conditions.

Overall, however, we can trace through some of the broad impacts of reducing
the incidence of illness:

* Areduction in healthcare costs leads to a shift in spending away from healthcare
and towards other products. The impact of this on GDP is ambiguous, it is likely
to depend on the relative import content of the purchased goods and the dis-
placed health services. A higher share of domestic content in the products con-
sumed will lead to higher GDP.

e Areduction in mortality rates will mean higher levels of consumption by households.
This will lead to higher tax receipts and, potentially, government expenditure (not
shown in the figure). Aggregate GDP will be higher, although GDP per capita may
be affected less. A reduction in mortality rates may also mean a larger available
labour force. This will in the long run lead to lower wage rates (through adjustments
in employment and unemployment levels) and lower business costs. Improved com-
petitiveness will lead to lower inflation rates, higher (real) household spending and
an improvement in the trade balance. Ultimately, GDP will increase.

* An increase in labour participation rates will also lead to an increase in labour
supply, with the same effects as described above.

e Finally an improvement in labour productivity will increase the capacity of
domestic firms, allowing them to reduce prices and increase production levels.
Lower prices lead to competitiveness benefits, higher domestic spending and an
improvement in international trade. Firms may also benefit from lower wage
rates and a direct beneficial trade substitution effect (through more capacity for
domestic production). Although there is one potential negative effect, lower
investment (as there is less need for new capacity), the positive effects from
lower prices are likely to outweigh this and GDP increases overall.

The picture is thus broadly positive in economic terms and even more so in wel-
fare terms because households would much prefer to spend their income on things
other than healthcare. The question for policy makers is how these benefits would
compare against the potential costs of implementing the environmental regulation.
E3ME provides a framework that can address this question.
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8.6 Conclusions

Macroeconomic models are used extensively for the quantitative assessment of
environmental policy. By combining the energy system with the wider economy,
these models are able to estimate the impacts of energy or environmental policy on
indicators such as GDP and employment. Current models are not, however, well
suited to understanding the health impacts of such policies.

The approach that has been applied most widely has been to estimate health costs in
monetary terms and to subtract this from the GDP results in the model. However, as is
clear in Fig. 8.3, this approach ignores the complexity of the underlying relationships
and may not be appropriate to use in different macroeconomic contexts. Furthermore,
it cannot be used easily to estimate impacts on other macroeconomic indicators, such
as employment. There is thus merit in assessing how the macroeconomic modelling
frameworks available can be adapted to better account for health impacts.

We considered three different modelling frameworks that could be applied
potentially. Each one has a different focus and a different set of comparative advan-
tages and disadvantages. We found that input-output analysis is not an appropriate
tool to carry out the analysis, CGE modelling can partially address the issues, while
a macro-econometric model better meets the requirements, although still with some
shortcomings.

The final part of the chapter outlined how the framework offered by the E3AME
macroeconomic model could be adapted to take into account health impacts. We
found that the relationships are complex and there are many potential interactions
with the wider economy. However, the mechanisms within the model in general
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point to a positive outcome from reducing incidences of illness. The value of such a
tool to policy makers is that it can allow a comparison of the benefits from improv-
ing public health with the initial costs of implementing the environmental policy, all
within a single assessment framework.
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Chapter 9
Transition to a Low Carbon Economy;
Impacts to Health and the Environment

Rebecca J. Thorne

Abstract As carbon dioxide (CO,) emissions and other greenhouse gases (GHGs)
represent both a great environmental challenge in terms of climate change and a
problem for human health and social issues, their emission must be mitigated.
Technological pathways to a low carbon economy include improving resource
application/energy intensity, or by cutting carbon intensity through promoting low
carbon technologies such as renewable energy or carbon capture and storage (CCS).
For these technologies to be a truly effective option to mitigate climate change, they
must be sustainable and be protective of the environment and human health over the
long-term. Whilst analysis of most initiatives focuses on direct GHG quantification,
other benefits and potential impacts are often not considered, and indirect emissions
are often overlooked. In this chapter, the benefits of adapting to a low carbon econ-
omy are assessed, and technological adaptation strategies discussed along with
associated impacts to human health and the environment. In particular, CCS is
focused upon and life cycle assessment (LCA) shown as a particularly useful tool to
give a holistic view of the impacts relating to mitigation options. These are impor-
tant decision criteria for policymakers, and should be dealt with as such.

Keywords Climate change * Impacts * Human health ¢ Environment « CCS

9.1 Introduction to Climate Change and Associated Impacts

According to figures from the Intergovernmental Panel on Climate Change (IPCC),
the interpretation of the temperature record indicates a slight increase in global
average annual temperatures in the last 150 years of 0.76 °C (IPCC 2007a). It is
generally accepted by the scientific community that the main cause of this ‘global
warming’ is the increase in atmospheric concentrations of greenhouse gases (GHGs)
due to human activity, including carbon dioxide (CO,), methane (CH,) and nitrous
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Fig. 9.1 Global GHG emissions and emission scenarios. Taken from IPCC (2007b). Note: Left
Panel: Global GHG emissions (in GtCO,-eq) in the absence of climate policies: six illustrative
SRES marker scenarios (coloured lines) and the 80th percentile range of recent scenarios pub-
lished since SRES (post-SRES) (grey shaded area). Dashed lines show the full range of post-
SRES scenarios. The emissions include CO,, CH,, N,O and F-gases. Right Panel: Solid lines are
multi-model global averages of surface warming for scenarios A2, A1B and B1, shown as continu-
ations of the twentieth-century simulations. These projections also take into account emissions of
short-lived GHGs and aerosols. The pink line is not a scenario, but is for Atmosphere-Ocean
General Circulation Model (AOGCM) simulations where atmospheric concentrations are held
constant at year 2000 values. The bars at the right of the figure indicate the best estimate (solid line
within each bar) and the likely range assessed for the six SRES marker scenarios at 2090-2099.
All temperatures are relative to the period 1980-1999

oxide (N,O) (IPCC 2007a). CO,, whose atmospheric concentration has risen from
pre-industrial levels of 280-380 ppm in 2005, is considered the main GHG and
responsible for two thirds of the enhanced greenhouse effect (IPCC 2007a).

There is general acceptance that the world must take both preventive and mitigat-
ing action against global warming, and reduce CO, emissions to the atmosphere.
Predictions have been made that if continued in a ‘business-as-usual’ (BAU) sce-
nario, significant climate change will occur by the end of the century increasing the
global surface temperature by 1-6 °C depending on emission scenario [several sce-
narios have been developed, but for an example see Fig. 9.1, where further reading
on each scenario described can be found in the Special Report on Emissions
Scenarios (SRES) (IPCC 2000)]. It is now accepted by many countries that ‘danger-
ous’ climate change will occur if the global-mean temperature increases over a 2 °C
limit compared to a pre-industrial baseline (Gosling et al. 2011).

In response to the global warming threat, the United Nations Framework
Convention on Climate Change (UNFCCC) established the Kyoto protocol in 1997,
deeming it necessary to mitigate GHG emissions. For the temperature increase to be
limited to 1.8 °C (below the 2 °C threshold), CO, emissions must stabilise in the
long term around 400 ppm (Enkvist et al. 2010). This corresponds with global
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CO,-eq emissions peaking at around 55 GtCO,-eq per year in the year 2040, before
declining to under 30 GtCO,-eq per year by the end of the century (Fig. 9.1). A
target reduction for Annex I (developed) countries of 5.2 % compared to the 1990
baseline was set for the first Kyoto protocol commitment period of 2008-2012.
Although this was an important first step towards mitigation action, these targets
were not fully met. For example, the EU, as one of the major contributors towards
Kyoto Protocol foundation, had a 8 % GHG reduction target in 2008-2012, but the
15 states who were EU members in 1997 when the Kyoto Protocol was adopted
(EU-15) only made a 4.3 % reduction in GHG emissions (Lau et al. 2012). During
the second Kyoto commitment period of 2013-2020, Annex I parties have commit-
ted to reduce GHG emissions by at least 18 % below 1990 levels.

Other emission targets are also in place. In 2009, the EU pledged a unilateral
GHG reduction target of 20 % below 1990 levels by 2020, with at least 20 % of EU
energy from renewables and a 20 % increase in energy efficiency also by 2020 (the
2020 climate and energy package). In addition, in 2014 the EU pledged a unilateral
GHG reduction target of 40 % below 1990 levels by 2030, coupled with at least
27 % of EU energy from renewables and a 27 % increase in energy efficiency (the
2030 climate and energy framework). Most recently at the Paris Climate Conference
(COP21) held in December 2015, 195 countries adopted the first ever universal and
legally binding global climate deal to limit global warming to well below 2 °C
above a pre-industrial baseline, with an aim of 1.5 °C (EC 2015a). The agreement
states a need for global GHG emissions to peak as soon as possible, and undertake
rapid reductions thereafter. In advance of the conference, countries accounting for
approximately 90 % of global CO, emissions submitted their climate plans in terms
of Intended Nationally Determined Contributions (INDCs). This showed a gap of
15—-17 Gt between what countries have promised to do, and the emissions reduc-
tions needed to peak emissions by 2020 and stay on the 2 °C trajectory (IRENA
2015a). According to analysis, if all current INDCs are fully implemented, the tem-
perature will still rise roughly 2.7 °C by the end of the century IRENA 2015a).

If insufficient measures are taken to mitigate global warming, significant impacts
are likely to occur relating to rising sea levels, ocean acidification, and issues to
ecosystems and biodiversity, water resources and food security at a global level (see
Gosling et al. 2011, for a review). As a result of these climatologic factors, human
health is threatened both by direct effects of temperature and climatologic instabil-
ity, but also by secondary effects such as those resulting from impacts to agricul-
ture, access to clean water, shifting distribution of disease, migration, competition
for scarce resources and the potential for armed conflict (Louis and Hess 2008).
Figure 9.2 summarises the relationships between the driving forces for local climate
change, pressure on the environment, human hazard exposure and health impacts,
using the Driving Force-Pressure-State-Exposure-Effect-Action (DPSEEA) frame-
work developed by the World Health Organisation (WHO) (Kjellstrom and
McMichael 2013).

The Fourth Assessment Report (AR4) from the IPCC estimated that the global-
mean sea level rise could be up to 0.38 m for a world with 2 °C increased temperatures
(IPCC 2007c), although more recent reports suggest that this is an underestimate
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Fig. 9.2 DPSEEA framework for climate change and global public health. Taken from Kjellstrom
and McMichael (2013)

(Rahmstorf 2010). Impacts upon society resulting from this include flooding, with
63—102 million people estimated flooded and 5-20 % of coastal wetlands estimated
lost, and southeast Asia representing the worst affected region (IPCC 2007c).
Exposure to flooding and other natural hazards is increased by the destruction of
mangroves that protect coasts from tidal surges (Jager and Kok 2007). Globally, the
cost of this has been estimated at around $2-400,000 million per year (Dasgupta
et al. 2009; van Vuuren et al. 2011). Due to ocean absorption of CO,, surface pH is
projected to decrease by 0.3-0.4 units by 2100 with a 3—4 °C temperature increase,
leading to under-saturation of aragonite, changes to oxygen levels, redistribution of
fish, and adverse effects on calcifying organisms (IPCC 2007¢). Due to these effects
(and others on other ecosystems), the potential for abrupt negative changes in eco-
systems and ecosystem services is great, with extinctions possible for 20-30 % of
plant and animal species assessed (IPCC 2007c). Impacts may be felt by humans,
with resulting large-scale crises and migration.

Climate change impacts to water resources and agriculture could have a signifi-
cant impact on human welfare. Globally, it is expected that there will be an overall
net negative impact on water resources, and drought-affected areas will increase
(IPCC 2007c). For example, Gosling and Arnell (2011) estimated using a hydro-
logical model that for a 2 °C increase in temperature, up to 2.202 billion people may
experience increased water scarcity. Similarly, with the same temperature increase,
it has been estimated that around 59 % of the global population would have a blue
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water shortage (fresh surface and groundwater), and 39 % would experience a
shortage of both blue and green water (precipitation on land stored in soil)
(Rockstroem et al. 2009). According to Rockstroem et al. (2009), green water domi-
nates in food production; thus countries which are severely water short may not be
able to produce enough food for their population unless green water is managed
well. On the other hand, enriched CO, concentrations may have a positive effect on
crop productivity (IPCC 2007c¢). Nevertheless, according to Tubiello et al. (2007),
this may be offset by a negative factors for crop growth such as pests, weeds and
diseases and extreme events, and evidence suggests that crops grown under elevated
CO, conditions may have a reduced protein and mineral content (Ainsworth and
McGrath 2010). It will only be through understanding and simulating local and
region level climate-crop processes that the impacts can be understood.

Direct effects to human health (i.e. mortality) may also result from climate
change and climate variability. These include risks from extreme weather [over the
past 20 years, natural disasters have claimed more than 1.5 billion lives, and affected
more than 200 million people annually (Jdger and Kok 2007)], and increased risk of
disease with an estimated extra 2.5 billion people at risk of dengue (IPCC 2007¢)
and 100,000 extra deaths from malaria across Africa in 2050 (van Vuuren et al.
2011). For temperature-related mortality, evidence is conflicting due to the balance
of heat and cold related mortality (Gosling et al. 2011); Hayashi et al. (2010) esti-
mate that one million heat-related global deaths could be avoided by 2100 if CO,
levels are stabilised at 450 ppm instead of 650 ppm. However, overall the authors
suggest that the increased temperatures caused by climate change could actually
reduce overall mortality due to the larger decrease of cold-related mortality,
although Gosling et al. (2011) note that these conclusions are debateable. Climate
variation may also reduce local and regional air quality, with resulting respiratory
and cardiac disease (Ebi and McGregor 2008), as well as affecting the environmen-
tal fate of other pollutants such as mercury (Hg) (Sundseth et al. 2015). For the
latter, methylation and re-emission from soil and water may increase with higher
temperatures, with resulting impacts to human health (Sundseth et al. 2015; Pacyna
et al. 2010). Nonetheless, local conditions must again be studied in order to accu-
rately predict effects.

A complication to the situation is that human impacts relating to the aforemen-
tioned factors are not distributed equally amongst people. According to the United
Nations (Jager and Kok 2007), vulnerability itself depends on sensitivity to impacts,
exposure and adaption capacity, with the most vulnerable groups including the poor,
indigenous populations, women and children. In recent years, countries that have an
equitable income distribution and medical treatment availability have had larger life
expectancy gains than others. Thus, poverty represents a major factor in vulnerabil-
ity; these people lack essential services, making them especially susceptible to envi-
ronmental and socioeconomic change (Jiger and Kok 2007), and developing
countries may thus be the most affected by climate change (Beg et al. 2002). More
than 90 % of the people exposed to natural disasters live in the developing world, and
due to factors such as reduced state social protection schemes and poor infrastruc-
ture, chronic disease and conflict, capacity to adapt is reduced (Jéger and Kok 2007).
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In fact, according to St Louis and Hess (2008), the distribution of most severe health
burdens would be almost inverse to the global distribution of GHG emissions,
although the experience of the 2003 heatwave in Europe shows that high-income
countries may also be adversely affected (Haines et al. 2006). Importantly, the lead-
ing health risks in poorest countries including malnutrition, unsafe drinking water,
poor-quality nutrients and use of low-quality fuels, are all climate sensitive. Effects
of climate change since the end of the 1990s are already being observed (Louis and
Hess 2008); the World Health Organisation (WHO) has predicted that deaths per
year attributable to climate change have already reached 154,000, with the greatest
burden in sub-Saharan Africa and South Asia (WHO 2002). Although international
trade has helped remove many from poverty, outsourcing natural resource extrac-
tion, production and manufacturing to developing countries leads to challenges with
environmental impacts and unsustainable patterns of consumption (Jdager and Kok
2007). Worsening the situation, as noted by the Brundtland Commission (WCED
1987), is that environmental degradation contributes to the ‘downward spiral of pov-
erty’. Poorest people suffer the greatest water deficit due to location, poor infrastruc-
ture and lack of finances, and poor access to material assets at the household level is
part of a cycle of impoverishment, vulnerability and environmental change (Jager
and Kok 2007).

To increase robustness towards environmental and socioeconomic change, sus-
tainable development must be achieved and poverty must be addressed in all coun-
tries across all sectors. In particular, local and global governance should be integrated
for policy making (Jager and Kok 2007). This was highlighted at the COP21 confer-
ence, with governments agreeing to provide continued and enhanced international
support for adaptation to developing countries (EC 2015a). Some studies (e.g.
Arnell et al. 2011 show that climate change impacts may not be totally eliminated
by climate policy alone; science and technology has the potential to reduce vulner-
ability, but has also added to the climate change risks faced by people and the envi-
ronment (Jager and Kok 2007). Overall, there are strong synergies between
improving human well-being and reducing vulnerability from environment, devel-
opment and human rights perspectives (Jager and Kok 2007). However, many
uncertainties exist between understanding the association of climate and human
systems.

9.2 Co-Benefits to Air Quality Resulting from a Low Carbon
Economy, and Associated Impacts

A low carbon society would not only mitigate the aforementioned effects of climate
change (conveying direct benefits), but in many cases, methods of reducing CO,
emissions have additional impacts on other types of emissions, such as air pollut-
ants including particulate matter (PM), ozone (O;), carbon monoxide (CO), sulphur
dioxide (SO,) and nitrogen oxides (NO,). This is as a result of the fact that these air
pollutants are emitted from many of the same processes as GHGs.



9 Transition to a Low Carbon Economy; Impacts to Health and the Environment 175

Table 9.1 Sources and health effects of air pollution. Adapted from the U.S. EPA (2012)

Pollutant Main source(s) Health effects
Ozone (0;) Secondary pollutant typically Decreases lung function and causes
formed in sunlight by chemical respiratory symptoms, aggravates
reaction of NO, and volatile asthma and other lung diseases which
organic compounds (VOCs) can lead to premature mortality
Particulate Emitted through chemical Short-term exposure can aggravate
Matter (PM) reactions including fuel heart/lung diseases. Long term
combustion, industrial processes, exposure can lead to heart and lung
agriculture and unpaved roads disease and premature mortality
Lead (Pb) Smelters and other metal Damages the developing nervous
industries, combustion of leaded system lowering 1Q and impacting
gasoline, waste incinerators and learning, memory and behaviour. In
battery manufacturing adults, cardiovascular, renal and early
anaemia effects may occur
Nitrogen Fuel combustion and wood Aggravates lung disease leading to
oxides (NOy) burning respiratory symptoms and increased
susceptibility to respiratory infection
Carbon Fuel combustion (mainly Reduces the amount of oxygen
monoxide (CO) vehicles) reaching organs and tissues,
aggravates heart disease
Sulphur Fuel combustion, electric Aggravates asthma and increased
dioxide (SO,) utilities and industrial processes respiratory symptoms. Contributes to
and natural sources particulate formation

Air pollutants derive from almost all economic and societal activities but mainly

the combustion of fossil fuels (Guerreiro et al. 2014a, b). In brief, PM originates
both from primary particles that are directly emitted, as well as secondary particles
that are produced from chemical reactions involving PM precursors. Oj; is a second-
ary pollutant formed in the troposphere following emissions of precursors, and CO,
S0O,, NO, and toxic metals are mainly emitted during fuel combustion and/or indus-
trial activity (Guerreiro et al. 2014a, b). Organic air pollutants include benzo(a)
pyrene (BaP), a polycyclic aromatic hydrocarbon formed mainly from organic
material combustion, and benzene, mainly released during incomplete combustion
of vehicle fuels (Guerreiro et al. 2014a, b).

Indirect co-benefits on air pollution resulting from climate change mitigation
policies and the reduction in levels of pollutants other than GHGs have been
described (Haines 2012; Patz et al. 2014; Woodcock et al. 2009; Kjellstrom and
McMichael 2013). Air pollutants can affect health in many ways, but in general can
be linked to respiratory and cardiovascular disease, decreased lung function,
increased frequency and severity of respiratory symptoms and susceptibility to
respiratory infection, effects to the nervous system (such as IQ loss), cancer and
premature death. Table 9.1 gives a break-down of the sources of some key air pol-
lutants, and their effect on human health. The United States Environmental
Protection Agency (U.S. EPA) note that those with pre-existing health conditions,
older adults, children and diabetics appear at a greater risk (U.S. EPA 2012).
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According to Guerreiro et al. (2014b), PM poses the greatest risk in terms of the
potential to harm human health, penetrating into the respiratory system leading to
health problems and premature mortality. Toxic metals (e.g. Hg) can also reside in
or be attached to PM and impact human health when inhaled. Co-benefits in terms
of reductions of levels of these pollutants may thus have a substantial, immediate
impact on population health (Haines et al. 2009, 2006), and are important to provide
additional rationale for GHG mitigation, as well as to address international health
priorities such as the UN Millennium Development Goals (MDGs) (Haines et al.
2009). As such, quantifying the impact of air pollution on public and environmental
health has become an increasingly critical component in recent years for policy
discussion.

Many studies have demonstrated the link between air pollutants in urban areas
and adverse health risks due to air pollution (Ebi and McGregor 2008; Reiss et al.
2007; Lippmann 2014; Henschel and Chan 2013; WHO 2013). Health risks due to
air pollution in urban areas are particularly an issue, since recent data indicates that
more than 70 % of global population live in cities (Costa et al. 2014). Current pollu-
tion levels, especially of PM, O; and BaP thus impact on large parts of the popula-
tion (Fig. 9.3); for example, it has been estimated that 20—44 % of the EU-27 urban
population were exposed to concentrations of PM10 in excess of the EU air quality
daily limit (Guerreiro et al. 2014b). Additionally, in low-income countries, indoor
air pollution is also a large issue for health (Haines 2012).

Air pollution can also directly and indirectly adversely impact the environment.
For example, O; can damage vegetation, negatively impacting its growth and reduc-
ing its ability to uptake CO, (U.S. EPA 2012). SO, can cause acidification, and NH;
emissions (93 % of which derive from agriculture) exert pressure on ecosystems due
to eutrophication (Guerreiro et al. 2014b).

In many countries levels of air pollutants are declining. In the United States of
America (U.S.), nationwide air quality has improved significantly in recent years
(U.S. EPA 2012). Nevertheless, in 2010, 124 million people lived in U.S. counties
that exceeded one or more national ambient air quality standard (NAAQS) (U.S. EPA
2012). Levels of six common pollutants have declined since 1990 when the Clean
Air Act was amended, including ground level O; (8-h O; declined 17 %), PM pollu-
tion (24-h PM,, declined by 38 %), Pb (3-month average Pb declined 83 %), NO,
(annual NO, declined 45 %), CO (8-h CO declined 73 %) and SO, (annual SO,
declined 75 %) (U.S. EPA 2012). This is thought to result from the development of
cleaner cars, industries and consumer products (U.S. EPA 2012). In Europe also, air
pollution shows some improvement. In the EU-27 block between 2002 and 2011,
emissions of primary PM,, and PM, s decreased by 14 % and 16 % respectively, SO,
emissions decreased by 50 %, NO, decreased by 27 %, NH; emissions decreased by
7% and non-methane volatile organic compounds (NMVOCs) decreased by 23 %
(Guerreiro et al. 2014b).

Despite improving trends, there is a close connection between the climate and air
quality, and climate change itself is likely to have an impact on general air pollution
levels. Climate change may directly affect local and regional air quality through
changes in chemical reaction rates or changes in boundary layer heights, which
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Fig. 9.3 The percentage of the EU-27 urban population potentially exposed to air pollution
exceeding allowable EU air quality standards (fop), and WHO air quality guidelines (bottom).
Taken from Guerreiro et al. (2014b)

affect the mixing of pollutants and synoptic airflow that governs pollutant transport
(Ebi and McGregor 2008). In particular, O; and PM pollutants are strongly influ-
enced by shifts in weather conditions (U.S. EPA 2012; Ebi and McGregor 2008).
Thus, e.g., the U.S. Environmental Protection Agency (U.S. EPA) has concluded
that climate change may produce a 2-8 ppm increase in summertime average
ground-level O; concentrations, further exacerbate O; concentrations on days when
weather is already favouring high O; concentrations, lengthen the O; season, and
produce both increases and decreases in PM pollution over different U.S. regions
(U.S. EPA 2012).

As these air pollutants also contribute to climate change (tropospheric O; is a
GHG and particulates absorb and scatter light and change cloud reflectivity, lifetime
and precipitation), a positive feedback loop may occur. As before, the overall impact
would not be distributed equally, but rather the more vulnerable portions of society
would suffer most.
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9.3 Technological Pathways to a Low Carbon Economy

Technological pathways to a lower carbon economy include improving resource
application and/or achieving structural change, developing higher levels of indus-
trial efficiency, or by cutting carbon intensity through the promotion of low carbon
technologies such as renewable energy or carbon capture and storage (CCS).
Economic/political solutions also play an important role. The Kyoto Protocol pro-
poses three mechanisms to assist developed ratified nations to achieve their emis-
sion reductions; the clean development mechanism that promotes environmentally
friendly foreign investments to earn saleable emission reduction credits, the joint
implementation mechanism allowing a country to earn emission reduction units
from emission reduction elsewhere, and emission trading (Lau et al. 2012). The
COP21 agreement also emphasises a combination of technological and economic
factors for reaching GHG emission targets (EC 2015a).

For a transition to a low carbon economy to be successful it must be sustainable
and protective of the environment and human health over the long term, and not
conflict with the economic growth of a country. In practice, a combination of tran-
sitional pathways must be adopted; this is shown by the 2020 and 2030 targets for
the EU, which aim to increase both the production of energy from renewable sources
and increase energy efficiency. For example, the 20-20-20 targets introduced by the
European Union aim to increase both the production of renewable energies by 20 %
and energy efficiency by 20 % by 2020, in order to achieve a 20 % (or even 30 %)
reduction in GHG emissions (EC 2009). The energy and industrial sectors must
play a central role in achieving the GHG emission mitigation required for climate
stabilisation. This was demonstrated in a study by Riahi et al. (2007), which found
that in each of their stabilisation scenarios, 85% of total mitigation was in the
energy and industrial sectors. Agriculture and forestry played a less important role
in emission reductions in absolute terms, but are nonetheless important for net GHG
emissions.

For full mitigation to be achieved, significant implementation barriers must be
overcome. For example, studies have shown that less than 30 % of potential GHG
mitigation may be achieved by 2030 due to both cost and non-cost related barriers
(Smith et al. 2007). As a result, policies must be implemented that convey benefits
(incentives) for climate, economic, social and environmental sustainability (Smith
et al. 2007). Subsidies also play a part to make certain technologies competitive; a
study showed that in 2012, EU government interventions to support renewable ener-
gies were $,9, 41 billion, and support for energy efficiency was $9, 9 billion
(ECOFYS 2014a). Determining GHG mitigation measures hinges on comprehen-
sive understanding of local conditions and the historical relationship between eco-
nomic development, energy consumption and CO, emissions—especially for
developing countries (Liao and Cao 2013). Some synergies already exist between
climate change policies and sustainable development, such as energy efficiency,
renewable energy, transport and sustainable land-use policies (Beg et al. 2002); if
fully understood, these may alleviate mitigation barriers. For example, Yedla et al.
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(2005) found that local pollutant mitigation strategies in transportation planning
would mitigate GHGs, as well as attract international funding for transport infra-
structure development in developing countries (Yedla et al. 2005).

Nevertheless, there may be large trade-offs where developing countries are
dependent on indigenous coal and are required to switch to cleaner and more expen-
sive fuels to limit emissions (Beg et al. 2002). Thus, policies must recognise the
diverse situations of developing countries with respect to their level of economic
development, their vulnerability to climate change and their ability to adapt or miti-
gate (Beg et al. 2002). This is reflected in the COP21 agreement, which emphasises
large differences in the roles of developed and developing countries (EC 2015a). In
addition, targeted (local) policy making may be required for countries where indus-
trial structural change is occurring rapidly in an unequal manner across regions,
such as China (Tian et al. 2014). In short, according to Beg et al. (2002), “Recognition
of how climate change is likely to influence other development priorities may be a
first step toward building cost-effective strategies and integrated, institutional capac-
ity in developing countries to respond to climate change.”

9.3.1 Improving Resource Application and Energy Intensity

Delivering the same service or product but using less energy is one of the most cost-
effective options for reducing GHG emissions. This is underlined by the EU target
that all member states must achieve a 20 % increase in energy efficiency by 2020; in
practice this means that EU energy consumption should not exceed 1,483 Mtoe of
primary energy (EC 2012). Energy consumption in the EU has already been reduced.
EU primary energy consumption peaked in 2006 (around 1,721 Mtoe) and decreased
to reach 1,584 Mtoe in 2012 (EC 2014), although much of this reduction can be
assigned to a reduced economic productivity. To ensure 2020 targets are met, the
Energy Efficiency Directive (EED) was created, that, for example, details measures
for improving the energy efficiency of public buildings. Energy efficiency is also
considered important in the U.S.; research published by McKinsey & Company
(Granade et al. 2009) shows that the U.S. economy has the potential to reduce
annual non-transportation energy consumption by 23 % by 2020, eliminating more
than $1.2 trillion in waste and abating 1.1 Gt of GHG emissions annually.
Measures to increase efficiency vary depending on the sub-sector and activity in
question. For combustion activities, fuel switching and use of alternate fuels can
offer important CO, reductions, and in some cases can also lower operating costs
(IEA 2012). Table 9.2 gives the energy content and unabated emission factors for
CO, as specified by the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories (IPCC 2006) for some commonly combusted fuels. The differences in
energy content values and CO, emission factors goes some way towards explaining
the global shift away from coal combustion to natural gas (Riahi et al. 2007).
However, additional investment is often required to utilise alternative fuels, and
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Table 9.2 Default CO, emission factors, representing unabated emissions from stationary
combustion installations, and the energy density for the three major forms of fossil fuels. Data is
sourced from the IPCC (2006)

Energy density
Fuel CO, emission factor (kg per TJ fuel) (TJ per Gg fuel)
Coal (sub-bituminous) 96,100 (92,800-100,000) 18.9 (11.5-26.0)
Crude oil 73,300 (71,100-75,500) 42.3 (40.1-44.8)
Natural gas 56,100 (54,300-58,300) 48.0 (46.5-50.4)

regulatory or institutional barriers can inhibit their use (IEA 2012). Some developed
regions with vastly improved input efficiency in resource-related heavy manufacturing
demonstrate the potential for reducing CO, emissions in regions lagging in input
efficiency (Tian et al. 2014). For cement production, fuel switching may lead to
large efficiency gains, whilst for aluminium production, new technologies are
required for gains in efficiency (IEA 2012). For transport, lower carbon-emission
motor vehicles with more efficient engines and alternative fuels are being imple-
mented, and an increased focus put on ‘active’ transport (e.g. walking or cycling)
(Woodcock et al. 2009). In summary, specific efficiency improvement measures can
be identified in virtually every sector, from buildings (Perez-Lombard et al. 2008) to
agriculture (Pimentel et al. 1983), and should be identified on a case-by-case basis.

As with other GHG mitigation strategies, energy efficiency and public health are
closely linked. Haines et al. (2009) and Haines (2012) reviewed and modelled
energy initiatives to curb GHG emissions in energy, residential construction, urban
transport and agricultural systems, and found many global health co-benefits
(including amongst the poor). For each sector, the potential links between reduction
in GHGs and health appeared strong, and e.g. switching to low carbon fuels, lower-
ing consumption of animal products and using clean-burning cook stoves could
reduce disease on national to regional scales. For example, for household energy, it
was found that over 10 years, replacing 15 million inefficient cook-stoves with
improved efficiency stoves could avert an estimated two million deaths during the
period, as well as saving energy (Haines 2012). For transport, Woodcock et al.
(2009) found that a reduction in CO, emissions from an increase in active travel and
reduced use of motor vehicles had larger health benefits than from the use of lower
emission motor vehicles alone. Policies to increase energy efficiency should account
for these co-benefits.

9.3.2 Low Carbon Technologies

Evidence suggests that introducing low carbon technologies into the energy sector
is key to mitigating GHG emissions and climate change (Valentine 2011; Lau et al.
2012; Song et al. 2015; Hastik et al. 2015; Panwar et al. 2011; Chang 2013). In addi-
tion to the mitigation of environmental impacts, this may bring co-benefits
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Table 9.3 Main renewable energy sources and their usage. Adapted from Demirbas (2006)

Energy source Energy conversion and usage options

Hydropower Power generation

Modern biomass Heat/power generation, pyrolysis, gasification, digestion
Geothermal Urban heating, power generation, hydrothermal, hot dry rock
Solar Solar home system/dryers/cookers

Direct solar Photovoltaic, thermal power generation, water heaters

Wave Numerous designs

Tidal Barrage, tidal stream

promoting the local economy through creating opportunities for industrial develop-
ment and contributing towards energy security (Valentine 2011). Of the possible
technologies investigated in order to achieve mitigation targets, renewables, nuclear
and CCS are regarded as important options.

Renewable energy—energy that comes from resources replenished on a human
timescale—is considered a clean source of energy that will minimise environmental
impacts, minimise secondary waste and is sustainable for economic and social
needs; both now and in the future (Panwar et al. 2011). Table 9.3 gives an overview
of renewable energy sources, with more detailed reviews available elsewhere
(Demirbas 2006; Raghuvanshi et al. 2008; Panwar et al. 2011). Recent estimates of
the current share of renewable energy sources in global energy vary, e.g., from
19.1% (REN21 2015) to >22 % (IRENA 2015a). For Europe, the share of renew-
ables in gross final energy consumption was considered to be 15.3% in 2014
(ECOFYS 2014b). The most rapid growth, and the largest increase in capacity, is
thought to have been led by wind, solar photovoltaics and hydropower. Projecting to
the future, renewables are predicted to play an important role (REN21 2015). Within
Europe, the EU considers that renewable energy is essential for an energy transfor-
mation to occur, as it “...contributes to all of the Energy Union objectives: the deliv-
ery of security of supply, a transition to a sustainable energy system with reduced
greenhouse gas emissions, industrial development leading to growth and jobs and
lower energy costs for the EU economy” (EC 2015b). The EU has set a target of
20 % energy from renewable sources by 2020 [and 10 % use of biofuels in transport
(EC 2015b)], growing to at least 27 % by 2030. The role of renewables was also
specifically emphasised in the COP21 agreement (EC 2015a).

Nuclear energy is considered clean energy but its inclusion in the renewable
energy list is a subject of major debate. In recent years nuclear energy has also been
seen as a GHG mitigation pathway that conveys energy security, [providing 2.6 %
of global final energy consumption in 2013 (REN21 2015)], but it is less attractive
in terms of accessibility, affordability and resilience (Valentine 2011). Additional
safety considerations since the Fukushima disaster of March 2011 have also
impacted its appeal (Valentine 2011). For a review of nuclear energy, see e.g.
Pearce (2012).
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A major challenge for the uptake of renewables in the large scale is breaking
through the technological hold that fossil fuels have on energy provision (Valentine
2011). Due to the relatively fragmented structure of the renewable energy sector, a
large issue is cost, coupled with lack of public understanding and political support
(Valentine 2011). Although current engineering consensus is that up to 20 % energy
from intermittent sources can be incorporated into most existing electricity net-
works without additional storage capacity or backup generators (Valentine 2011), a
persisting belief exists that renewables would lead to unstable electricity networks.
Additionally, depending on the renewable energy type, conflicts may occur for land
with pre-existing ecosystem services (Hastik et al. 2015)—benefits provided by
ecosystems to humans that depend on biodiversity as the total sum of life. National
renewable energy associations exist in most countries, but as of yet there is an insuf-
ficient collaborative effort of transnational renewable energy associations to lobby
against (and unseat) fossil fuels (Valentine 2011).

Considering the likelihood for continued dominance of fossil fuels in the years
to come, an additional concept to renewable energy is to continue to burn fossil
fuels, but abate resulting CO, emissions in the same way that technological fixes
were devised in the past to abate SO,, NO, and PM emissions. This is termed car-
bon capture and storage (CCS—which may relate to post combustion, pre combus-
tion or oxy-fuel technology), and is predicted to play an important role in GHG
mitigation in addition to other transitional pathways. Use of CCS is not a sustain-
able GHG mitigation option in the long run; fossil fuels are a finite resource whose
prices are now for the first time being predominantly driven by demand-side pres-
sures not by supply-side manipulations (Valentine 2011). Nonetheless, by reducing
CO, emissions from large (and current) industrial point sources, CCS is an enabling
technology that will allow the continued use of fossil fuels for power generation
and combustion in industrial processes, during the transition to cleaner renewable
technologies. The International Energy Agency (IEA) CCS Technology Roadmap
(IEA 2013) even goes so far as to note that CCS is the ‘only’ technology available
to mitigate GHG emissions from large-scale fossil fuel usage in fuel transforma-
tion, industry and power generation. To achieve the 2 °C at least cost, the IEA
considers that 4000 million tonnes per annum (Mtpa) CO, needs to be captured and
stored in 2040, growing to around 6000 Mtpa in 2050 (IEA 2015). Similarly, CCS
may be the only technology able to achieve an actual reduction in GHG emissions,
and hold the global temperature rise to an aim of 1.5 °C, according to the COP21
agreement (EC 2015a).

Abatement costs of mitigation options were compared by McKinsey & Company
(Enkvist et al. 2010), presenting the technical potential of emissions abatement per
specific mitigation option and the associated cost per tCO,-eq saved, taking into
account required up-front investment and associated operating costs. According to
the cost curve (Fig. 9.4), increasing energy price expectations lead to abatement
technologies being net profit positive. IPCC cost estimates for adaptation to climate
change under a BAU scenario are between 1 and 5% of average global GDP.
According to Enkvist et al. (2010), the abatement cost estimate across all sectors is
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Fig. 9.4 Global GHG abatement cost curve beyond BAU-2030. Taken from Enkvist et al. (2010).
Note: The curve presents an estimate of the maximum potential of all technical GHG abatement
measures below $80 per tCO,-eq if each lever was pursued aggressively. It is not a forecast of what
role different abatement measures and technologies will play

$6 per tCO,-eq (excluding transportation), meaning mitigation would come at a net
profit to society, representing a lower societal cost than estimated for adaptation.
When specifically comparing the GHG mitigation costs of different low carbon
technologies, CCS was found to be a part of the lowest cost mitigation options.
Despite its high capital costs, the IEA (2013) finds that without it, overall costs to
halve GHG emissions by 2050 rise by 70 %. Once relatively low-cost technologies
(such as various renewable options) are fully exploited—because of limits in their
availability, or in countries where these technologies are not an option- CCS
becomes a competitive option.

To directly compare the overall competitiveness of various electricity generating
technologies, the levelised cost of electricity (LCOE) is often used to normalise
figures. This represents the per kW cost in real $ of building and operating a gener-
ating plant over an assumed financial life and duty cycle, divided to equal annual
payments, and reflects all costs, building time as well as expected lifetime. Table 9.4
gives the LCOE for non-renewable and fossil fuel options in new power plants,
based on U.S. Energy Information Administration statistics (U.S. EIA 2015). The
values do not include any government or state incentives, meaning the actual cost to
society is reflected. At present, natural gas, geothermal and coal are the most eco-
nomic electricity generating technologies, although the cost of other sources are
falling as technology improves (IRENA 2015b). Solar PV module costs have fallen
by as much as 80 % since 2009 (IRENA 2015b), and wind turbine prices have fallen
by almost a third since 2009 (IRENA 2015b). Whilst LCOE is a convenient sum-
mary of the overall competitiveness, actual plant investment decisions are affected
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Table 9.4 Cost comparison of electricity generating technologies. Adapted from the U.S. EIA,
Annual Energy Outlook (2015)

Range for total system LCOE ($,03
Energy per MWh)
source Plant type Minimum Average Maximum
Fossil fuels Coal Conventional 87.1 95.1 119.0
Advanced 106.1 115.7 136.1
Advanced with CCS 132.9 144.4 160.4
Natural Conventional 70.4 75.2 85.5
gas combined cycle
Advanced combined 68.6 72.6 81.7
cycle
Advanced with CCS 93.3 100.2 110.8
Nuclear Advanced 91.8 95.2 101.0
Renewable Geothermal 43.8 47.8 52.1
Biomass 90.0 100.5 117.4
Wind Onshore 65.6 73.6 81.6
Offshore 169.5 196.9 269.8
Solar PV 97.8 125.3 193.3
Thermal 174.4 239.7 382.5
Hydroelectric 69.3 83.5 107.2

Note: The values for each source are given for a different capacity factor

by the specific technological and regional characteristics of a project, which are
influenced by other technological and political factors (U.S. EIA 2015).

In reality, it is likely that attaining a low carbon economy must occur through a
combination of transitional pathways. In one study focusing upon Japan, China and
India by Okagawa et al. (2012), the authors found appropriate energy strategies dif-
fer between regions due to the uneven pre-existing nuclear energy, CCS potential
and renewable energy potential, resource endowments and levels of economic
development. They found that mitigation targets could be achieved if nuclear energy
and CCS are not available, but that significant enhancement of renewable energy is
needed in such a case. Riahi et al. (2007), found the three top ranked mitigation
options to be deployment of biomass, nuclear and efficiency improvements, whilst
large-scale CCS should be used on a large scale for unfavourable scenario baselines
(e.g. the coal-intensive scenario A2, see Fig. 9.1) or in combination with stringent
stabilisation targets. Nevertheless, according to the IEA nine of ten technologies
that hold potential for energy and CO, emissions savings are failing to meet deploy-
ment objectives needed to transition to a low-carbon future (IEA 2012). Irrespective
of mitigation pathway taken, the model by McKinsey & Company suggests that
delaying abatement action by 10 years would half abatement potential to 19 GtCO,
(Enkvist et al. 2010). The emissions trajectory would then exceed a 550 ppm stabili-
sation pathway as laid out by the IPCC, making it challenging to limit global warm-
ing to within 3 °C.
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9.4 Case Study of CCS as a Climate Change Mitigation
Technology

Despite the potential of CCS to mitigate climate change, globally there are only 15
large scale CCS projects in operation (see Table 9.5), with a further seven under
construction (Global CCS Institute 2015). This represents a doubling since the start
of the decade, with the total CO, capture of these 22 projects around 40 Mtpa
(Global CCS Institute 2015). However, according to modelling by the IEA (2015),
to limit the temperature rise to 2 °C at least cost, 4,000 Mtpa needs to be captured
and stored in 2040, growing to around 6,000 Mtpa in 2050. Thus, the number of
projects presently in operation is required to grow to thousands by the middle of the
century.

Although commercialising CCS is not a technical challenge, policy and regula-
tory enhancements are key to incentivising in CCS. A major challenge is the high
operational cost involved, despite the IEA indicating that CO, reduction costs are
significantly increased without it (IEA 2012). There are also concerns that public
opinion (dominantly affected by leakage fears) will affect the wide-spread imple-
mentation of CCS, and the technology appears imposed to some communities
(Bachu 2008; Minh and Loisel 2011). Development of CCS as a low carbon tech-
nology requires a ‘next generation’ policy framework, that recognises the multi-
tudes of risks and political challenges, along with the policy mechanisms needed to
address them. Current CCS policies are limited; in Europe, the main piece of regula-
tion for CCS is the EU CCS Directive on Geological Storage of Carbon Dioxide
(Directive 2009/31/EC). As an enabling Directive, this means that CCS is not
required to be developed, but establishes a legal framework for the environmentally
safe geological storage of CO, for member states to follow. In the U.S., policy is
somewhat mixed with regard to CCS; policy and regulations for onshore CCS in
brine formations are set by the EPA, but are less certain for CCS with EOR. Overall,
these barriers are reflected in the fact that since 2007, total CCS investment has been
less than $20 billion, compared to around 100 times that amount for renewable ener-
gies over the same timeframe.

Resolution of challenges (improving the opinion of the public and policy mak-
ers) can be achieved in part through full understanding of the risks and impacts
resulting from the CCS process. Despite the fact that CCS is a relatively new tech-
nology and there is little experience on which to base failure rates and uncertainty
levels (Wilday et al. 2011a), analysing the various risks and achieving a holistic
view of the total impacts is crucial for further technology development. Aside from
the global climate change effect of CO, returning to the atmosphere, local risks to
health and safety and the environment resulting from use of CCS need to be prop-
erly assessed over a range of time scales. In addition to short term potential effects
(from injection and storage), long term risks from storage must also be considered
(Wilday et al. 2011a). The benefits of the CCS process (reduction of CO, emissions)
may then be weighed up against the negative impacts in a holistic view of total
impact, which is understandable for all.
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9.4.1 Loss of Containment of CO, and Impacts to Human
and Environmental Health

Although CCS risks can be found all along the CCS chain, the main risk is the
potential release of large quantities of CO, from surface installations and injection
(Wilday et al. 2011a; Minh and Loisel 2011). CO, release may occur due to leak-
ages (particularly in pipelines and storage facilities), or due to venting, required at
various points of the CCS chain for pipeline depressurisation or operational reasons
(Wilday et al. 2011b). Models for the release (and dispersion) of CO, have been
developed in many studies, and can typically be divided into Gaussian/dense-gas or
computational fluid dynamics (CFD) model types (Koornneef et al. 2012).

Captured CO, can be transported through a pipeline or in a ship. Based on an
optimisation tool minimising transport cost, Morbee et al. (2010) estimated that
17,859 km pipeline will be required in Europe in 2050, along with 2,515 km of ship-
ping routes, whilst Neele et al. (2011) found between 21,800 and 32,000 km of
backbone CO, pipelines may be required, depending upon the scenario. Minh and
Loisel (2011) predicted that 10 % of the total CO, captured in 2050 would be trans-
ported by ships, reaching 450 MtCO, in 2050. Irrespective of transport method,
leakage of CO, can occur due to corrosion of carbon steel pipelines or equipment,
as a result of CO, content forming an acidic solution (Wilday et al. 2011b, a), or
metal becoming brittle and fracturing (Mahgerefteh and Atti 2006; Wilday et al.
2011b). For shipping, when a leak is detected a jettisoning system must be activated
(Han and Chang 2014), causing large CO, emissions around the ship.

Leakages are also expected from injection into storage sites. The IPCC currently
estimates that flows from 1 to 2.2 MtCO, per year per well can be sustained, but in
future Minh and Loisel (2011) estimate that the average storage scale will increase
from 1 MtCO, per year to 8.8 MtCO, per year per site by 2050. The major leakage
risk with injection is thought to be well failure due to the high pressures (Minh and
Loisel 2011; Bachu 2008), with the estimated frequency of blowout per well per
year estimated as 1x10™*-3x 10 After injection, the security of CO, storage
increases due to lower pressures and alternative CO, trapping mechanisms (Bachu
2008), but other risks for CO, leakage relate to the storage period itself. CO, buoy-
ancy means that CO, will flow up and out if pathways are available, or if the well is
poorly plugged (Wilday et al. 2011a; Bachu 2008). There is also a lack of knowl-
edge of the nature and concentration of impurities that will be injected into the res-
ervoir with the CO,, which can have important effects on hazards (Wilday et al.
2011a). Small quantities of H,S and SO,, as well as small quantities of non-
condensable components (e.g. N, O, H) may be present in the CO,.

Although CCS is already performed (predominantly for EOR), due to the large
proposed quantities and flow rates of CO, for CCS in the future, risks to human
health are exacerbated (Minh and Loisel 2011). Consequences may be global or
local, short or long term, and relate to health and safety and/or the environment.
Short-term consequences of CO, leakage are those that pose an acute danger to life
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(Bachu 2008). At atmospheric concentrations (0.038 %), CO, is not classed as toxic
and is fundamental to photosynthetic and respiratory processes (Bachu 2008); but in
high concentrations it is an asphyxiant, displacing oxygen in the air to below the
16 % level required to sustain human life (hypoxia) (Wilday et al. 2011b, a; Bachu
2008). In addition, when inhaled at elevated concentrations CO, can increase the
acidity of blood, triggering adverse effects on the respiratory, cardiovascular and
central nervous systems (Wilday et al. 2011b, a; Bachu 2008). This has caused gov-
erning bodies to set both major hazards toxic dose criteria and offshore impairment
criteria (Wilday et al. 2011a). For example, the UK occupational exposure limit is
0.5 % for an 8 h time-weighted average, with a short-term exposure limit (STEL) of
1.5 % for 15 min (Wilday et al. 2011b). As CO, is heavier than air, power stations
and other buildings constructed with tunnels running beneath them will be vulner-
able to CO, accumulation (Wilday et al. 2011b; de Lary et al. 2012). CO, can also
have an indirect short-term effect on human health, because of its physical proper-
ties; for example, from explosive decompression (Reid 1979), cold burns and risk of
ignition.

Long-term consequences of CO, leakage are generally those that effect ecosys-
tems (Bachu 2008). CO, may dissolve in brine, react with rock, and remobilise trace
metals or other problematic compounds (Wilday et al. 2011a). Dissolved CO, forms
a weak carbonic acid, altering water pH (Bachu 2008; Carroll et al. 2014). Changes
to pH of surrounding soil is likely to adversely affect the nutrient chemistry, redox-
sensitive elements and trace metals, and plant growth (Bachu 2008). Water pH
changes also induce geochemical reactions in shallow aquifers, potentially mobilis-
ing U.S. EPA regulated metal contaminants such as Pb and Hg (Atchley et al. 2013;
Bachu 2008; Wang and Jaffe 2004) with associated human health and environmen-
tal risks (Siirila et al. 2012; Little and Jackson 2010). CO, leaking at the sea floor
may affect the sediment biota by dissolving in seawater, locally affecting water pH
and consequently marine life (Bachu 2008). Halsband and Kurihara (2013) describe
how little studied meso- and bathy-pelagic species of the deep sea may be especially
vulnerable to pH changes, as well as vertically migrating zooplankton, which
require significant residence times at great depth as part of their life cycle. These
represent a crucial link between primary producers and higher trophic levels such as
fish, seabirds and marine mammals, and are important contributors to the biological
pump (Halsband and Kurihara 2013). As such, consequences higher up the food
chain need to be addressed.

Leakages from pipelines and storage failures may lead to relatively large flows
of CO, but these are usually short lived, and based on statistics of underground
gas storage, the frequency is likely to be low (Bachu 2008). Nonetheless, accord-
ing to Bachu (2008), whilst the risk associated with any individual storage opera-
tion is likely to be low, the large number of such operations that will be needed by
2050 to make the strategy viable for climate change mitigation will increase the
overall risk. Thus, using the CO, as a product, rather than a waste that must be
stored, should be considered as a viable alternative to storage to reduce the risks
involved.
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9.4.2 Other CCS Emissions and Impacts to Human
and Environmental Health

Although CCS leads to an overall reduction on CO, emissions, other undesirable
emissions are produced (both directly and indirectly). Additional direct emissions
from CCS vary depending on the specific CCS technology employed (Wilday et al.
2011b); i.e. post combustion, pre combustion or oxy-fuel. A good overview of emis-
sions relating to the various technologies is given by Koornneef et al. (2012). For
post-combustion, key extra emissions relate to the solvents themselves (amines or
equivalent). Whilst emission of NH; from pulverised coal (PC) plants are negligible
(Tzanidakis et al. 2013), amine-based solvents such as mono ethanolamine (MEA)
can be emitted by the stack along with their degradation products including volatile
organic compounds (VOCs) and NH; (Koornneef et al. 2012). Secondary amines,
such as diethyl amine (DEYA) are also released during CO, capture due to volatili-
sation from the scrubbing solvent or degradation pathways (Karl et al. 2011). These
compounds can also be emitted to water, which according to Koornneef et al. (2012)
is an under-researched subject. The amine emissions vary depending on operating
conditions, the amine that is used, and whether a water wash is installed (Thitakamol
et al. 2007). Without water wash, use of MEA as a scrubbing solvent can result in
emissions of 0.1-0.8 kg MEA per tonne CO, captured, which are minimised to
between 0.01-0.03 kg per tonne CO, captured with water wash (Thitakamol et al.
2007; Koornneef et al. 2008). To reflect operating conditions with typical and with
elevated emissions, Karl et al. (2011) described a best case scenario with emissions
of 80 t per year MEA and 5 t per year DEYA, and a worst case scenario with emis-
sions of 80 t per year MEA and 15 t per year DEYA. Other flue impurities may be
influenced by CCS; for example, flue gas NO, may be enriched for pre-combustion
technology due to the combustion characteristics of hydrogen rich fuel requiring a
DeNOy installation, which in turn results in NH; emissions (Koornneef et al. 2012).
In contrast, flue gas recycling (FGR) in oxy-fuel technology leads to a reduction of
NO, formation during combustion (Koornneef et al. 2012).

In addition, due to the fact that CCS is an energy intensive technology, a reduction
in the overall process efficiency occurs compared to a non-CCS unit (Table 9.6).
Thus, if installed in a power station, CCS implies more fuel must be mined and
combusted to produce the same output; e.g. Minh and Loisel (2011) found that 4.5
GtCO, captured translates to about 2.1 Gt extra coal. Thus, although direct CO,
emissions from the plant itself are drastically decreased when CCS is fitted, other
combustion products and upstream (indirect) emissions from fuel and material con-
sumption are increased, as well as downstream emissions from waste processing
(Tzanidakis et al. 2013). For the latter, as well as the extra waste relating to extra
fuel combustion for the energy deficit, the composition of waste and by-products
are also affected by CCS technology. In post-combustion technology, impurities in
the flue gas react with amine-based solvents to form salts which are later separated
from the solvent in a reclaimer and disposed of as sludge (Koornneef et al. 2012),
influencing the distribution of trace elements (such as Hg) in the waste stream
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Table 9.6 Simplified overview of energy conversion and CO, capture efficiencies of power plants
equipped with various CO, capture technologies. Adapted from Koornneef et al. (2012)

Conversion Generating Energy penalty of | Capture
Capture process technology efficiency (%) | CO, capture (%) efficiency (%)
Post combustion | PC 3040 8-13 85-90

NGCC 43-55 5-12 85-90
Oxyfuel PC 33-36 9-12 90-100

GC and NGCC | 39-62 2-19 50-100
Pre combustion IGCC 32-44 5-9 85-90

GC 43-53 5-13 85-100

Note: PC pulverised coal, NGCC natural gas combined cycle, GC gas cycle, IGCC integrated
gasification combined cycle. Efficiencies are reported based on Lower Heating Values (LHV),
assuming CO, product pressure of 11 MPa

(Thitakamol et al. 2007). Distribution of Hg is also influenced in oxyfuel combus-
tion due to speciation variations; Davidson et al. (2003) suggest that the oxidised
Hg produced here is more easily captured in flue gas control technologies, and
would end up in waste streams rather than in the emitted flue gas. The energy
demand and demands by CO, capture system also means extra water must be con-
sumed (Koornneef et al. 2012).

Many studies have attempted to quantify overall additional power plant emis-
sions, and detailed reviews are available. For example, Tzimas et al. (2007) pro-
vided insight regarding the potential of trade-offs between increased emissions of
acid pollutants and decreased CO, emissions when CCS is implemented, suggesting
that NO, emissions may be amplified across the power generation sector irrespec-
tive of technology type. In addition, for post combustion capture, deposition due to
NH; emissions from the capture process increases considerably, and Tzanidakis
et al. (2013) found that a potential post capture deployment of CCS will only be
beneficial in relation to deposition due to SO, emissions. This was also demon-
strated by Koornneef et al. (2010, 2012).

In terms of studies investigating the impact of these additional emissions to
human health and the environment, amines have received the most focus in recent
years, possibly because post-combustion CCS technology is the most advanced.
Although the toxicity of MEA is well documented, and exposure guidelines are set,
research towards chronic exposure effects and other toxicity end-points is lacking
(Koornneef et al. 2012). Additionally MEA forms other compounds in the atmo-
sphere whose effects are lesser quantified; A potential concern is the formation of
carcinogenic nitrosamines, nitramines and amides that are products of the sunlight-
induced reaction of ethanolamines and atmospheric oxidants such as NO, (Koornneef
et al. 2012). In 2007, the Norwegian Institute for Air Research (NILU) initiated a
project to study the effects of amine emissions to the environment, including MEA,
AMP, MDEA and piperazine (in Koornneef et al. 2012). In addition to the effects to
human health, damage to ecosystems can occur due to eutrophication and acidifica-
tion from NHj; release (Tzanidakis et al. 2013). In a study by Karl et al. (2011), the
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Table 9.7 Overview of compounds, exposure paths and associated toxicity. Adapted from Karl
etal. (2011)

Compound Exposure route Toxicity

MEA Inhalation Human health, subchronic
Aquatic environment Algae/bacteria, chronic

DEYA Inhalation Human health, acute
Aquatic environment Algae/bacteria, chronic

Nitrosamines Inhalation Human health, carcinogenic
Drinking water Human health, carcinogenic
Aquatic environment Algae/bacteria, chronic

Nitramines Drinking water Human health, carcinogenic
Aquatic environment Fish, chronic

Formamide Aquatic environment Invertebrate, chronic

Acetamide Inhalation Human health, carcinogenic

authors found that maximum expected MEA deposition fluxes would exceed toxicity
limits for aquatic organisms by about a factor of 3-7, depending on the scenario.
Due to the formation of nitrosamines and nitramines, the estimated emissions of
DEYA would be expected to be close to or exceed safety limits for drinking water
and aquatic emissions (Karl et al. 2011). An overview of these compounds and their
effects to human health and the environment is given in Table 9.7, adapted from Karl
et al. (2011), and more details of the effects of nitrosamines and human health can
be found in other studies (Ravnum et al. 2014; Zhang et al. 2014).

Other risks to human health include the exposure of the population to fine par-
ticulates (Hou et al. 2015; Lippmann 2014); primary PM,,, PM, s and secondary
inorganic aerosols (SIA) (Schlesinger and Cassee 2003; Reiss et al. 2007). There is
particularly a concern over human health regarding increased urban NO, concentra-
tions (Tzanidakis et al. 2013; Bostrom et al. 1994). Additionally, risks posed by
other gases produced by IGCC and oxy-fuel processes—oxygen and nitrogen—
need to be considered with respect to their effects on human health (Wilday et al.
2011b). Nitrogen is produced in large quantities by air separation units, and is mixed
with hydrogen for combustion in IGCC processes, representing an asphyxiation
hazard. In addition, oxygen enhances combustion and IGCC processes will also
produce CO, contaminated with H,S, which can react to produce iron sulphide—a
pyrophoric substance (Wilday et al. 2011b).

9.4.3 Introduction to Methods for Assessing Impacts

Impacts to human health and the environment from any technology can be quanti-
fied using risk assessment or life cycle assessment (LCA). These techniques are
complementary, with risk assessment generally providing an in-depth quantitative
assessment of the human/environmental response to one particular toxicant, and
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LCA providing a more general holistic assessment of the health/environmental
impact relating to direct plus indirect emissions over the whole life cycle. A thor-
ough assessment of impacts may also need to consider different time scales; for the
case of CCS, some risks concern only the exploitation phase, whilst others may
concern longer periods (e.g. storage) (Wilday et al. 2011a; Farret et al. 2010).

A quantitative risk assessment can theoretically be performed for any particular
activity based on the product of probability and consequence. For example, the
increased human health risk associated with groundwater contamination from
potential CO, leakage into a potable aquifer was predicted by conducting a joint
uncertainty and variability (JUV) risk assessment by Atchley et al. (2013). Although
the estimated risk to human health from CO, leakages to potable groundwater was
low, this study only considered one metal (Pb). Using a similar approach, Siirila
et al. (2012) corroborated this and also found little cancer risk relating to Pb metal
contamination. However, when the authors studied arsenic (As) contamination, the
risk for cancer was orders of magnitude higher than for Pb. Carroll et al. (2014) also
performed a risk assessment to study the potential impacts to groundwater quality
due to CO, and brine leakage, and found that pH and total dissolved solid (TDS)
levels would be likely to go beyond the ‘no impact thresholds’, although the risk to
human health may not be significant for the simulations in the study. However, it is
difficult to develop abatement strategies based on traditional risk assessments, as in
general, only direct emissions from one stage of the CCS process are considered,
and indirect emissions that are only evident from a life cycle perspective are often
neglected or added as an afterthought.

The LCA method allows the full life-cycle cost of CCS ‘from cradle to grave’ to
be considered in the context of the overall social, environmental and economic ben-
efits, and inherent trade-offs relating to a range of factors determined (Hardisty et al.
2011; Tzanidakis et al. 2013). Variations in the scope of the assessment are varied,
and can be on a wide scale or from a technical perspective on individual cases. In
addition, a LCA may be consequential (i.e. comparing different technology options)
or attributional (i.e. comparing specific options within a technology).

As part of the four stages of the LCA (which should adhere to ISO 14040:2006
International Standards), a goal and scope are set, life cycle emissions are invento-
ried (using an input/output approach), impacts are studied in a life cycle impact
assessment (LCIA) and the LCA is interpreted. See Fig. 9.5. The range of impact
categories can be ‘mid’ or ‘end’ point and are predominantly environmental e.g.
climate change potential, biodiversity, energy usage, although human health can be
considered in terms of ‘years of life lost” (YOLL) or ‘daily adjusted life years’
(DALY). Weighting of factors and the method chosen can have a large effect on the
LCIA ‘outcome’ in terms of environmental performance (Wilday et al. 2011a;
Breedveld et al. 2010). Although less quantitative than a risk assessment in terms of
specific effects to human and environmental health, the benefit of a LCA is that an
overall, holistic view is gained.

Many studies have used LCA to compare the risks/benefits of using CCS to the
base line case where no CCS is operational, and to compare different CCS tech-
nologies to each other. This type of analysis suggests that not all types of CCS are
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created equal in terms of their environmental impact (Hardisty et al. 2011); overall,
GHG emissions leading to climate change are largely reduced by CCS, but other
impact categories are less clear (Wilday et al. 2011a). Some studies find that addi-
tional life cycle emissions by up- and downstream process may result in a deterio-
ration of the overall environmental performance compared to a power plant without
CCS (Koornneef et al. 2012). A study by Singh et al. (2012) aimed to evaluate the
impacts of the IEA scenarios from a global perspective, with results identifying
generally positive co-benefits in relation to acidification and human health, with
trade-offs relating to eutrophication due to NH; emissions. Tzanidakis et al. (2013)
commented that in relation to ecosystem impacts, an increase in NH; emissions
has the potential to impact significantly upon other policy targets such as National
Emission Ceilings and the UNECE Gothenburg protocol, which aims to abate
acidification, eutrophication and ground level Os;. Currently, 42 % of European
terrestrial ecosystems are projected to remain at risk of nitrogen eutrophication in
2020, with consequent biodiversity loss (Posch et al. 2011). A general increase
in water consumption has also been estimated with use of CCS, with an increase
in water consumption of between 32 and 93 % for a 1 GWe power plant with CCS
(Koornneef et al. 2012).

In terms of human health, when population exposure to total PM, 5 was used by
Tzanidakis et al. (2013) as a proxy to calculate YOLL and DALY parameters, the
impacts on human health appeared to be higher for the ‘no action’ scenario in which
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Fig. 9.6 Years-Of-Life-Lost (YOLL) attributable to BAU2020, CCS2030, CCS+2050 and
IGCC2050 scenarios. Taken from Tzanidakis et al. (2013)

all plants are operational and without CCS (BAU2020) than for the ‘realistic’
potential development scenario (CCS2030) (Fig. 9.6). Total YOLLS are dominated
by the power plant, with YOLLSs attributed to other sectors being an order of mag-
nitude less than the power plant. This finding was also corroborated by other
authors (Singh et al. 2012). Exact emission flows and composition are uncertain,
and trade-offs depend on the applied CCS technology in question.

When individuals cannot estimate the uncertainty of consequences from a new
technology option they tend to build the worst potential scenario, denying or over-
estimating potential risk (Slovic 1986). Although science based risk assessment
should not be used as a direct guide for action, it is thus a beneficial instrument to
avoid influence on policy making. For CCS, as with other technologies, a fair com-
parison requires evaluation of the consequences across the whole ‘life cycle’, from
raw material extraction to waste disposal over all time spans, as focussing on one
stage is often misleading (Matthews et al. 2002).

9.5 Summary

Although there is always a degree of uncertainty with understanding the relation-
ship between physical processes, impact and climate models, evidence shows that
significant changes are arising for many aspects of human and natural systems, and
that GHG emissions from human activity are causing climate change. If no mitiga-
tion action is taken, it is predicted that global average surface temperatures will
rise by between 1 and 6 °C by the end of the century. The IPCC has predicted that
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if temperatures rise beyond 2 °C from pre-industrial levels, significant impacts will
occur to human health and the environment, from which we may not recover. This
is reflected by the COP21 Agreement which aims to keep the global rise in tem-
perature (from pre-industrial levels) below 1.5 °C.

Effects to human health resulting from global warming may be direct (e.g. mor-
tality from heatwaves and other extreme weather) or secondary (e.g. effects to agri-
culture and water resources). The virtual certainty is that climate change will have
its most severe effects on the same poor, mostly tropical countries that are currently
focused upon for global health efforts, and actions must be taken now to mitigate
this outcome. Mitigating GHG emissions will not only avoid the health impacts
resulting from climate change (both direct and secondary effects), but also convey
co-benefits resulting from increased air quality. Pollutants such as PM, SO, and NO,
are produced from many of the same processes as GHGs (mainly the combustion of
fossil fuels), and are linked to a variety of respiratory and cardiovascular diseases.
Climate change mitigation strategies may therefore also improve public health,
especially in urban areas, and policies are thus highly connected.

Mitigation strategies may be in the form of a technological option (increasing the
efficiency of current technology, or by utilising low carbon technology) or a social
(change in behaviour) or economic solution. It is almost certain that a combination
of these strategies must be adopted to reach mitigation targets. In addition, irrespec-
tive of GHG mitigation pathway, policy will prove central for success. Policies must
be made based both on evidence and economic, technological and social feasibility,
as well as potential health co-benefits. The share of low carbon energy is increasing
in the energy market, but challenges still remain to break the hold of fossil fuels on
the industry.

CCS represents an option that could mitigate GHG emissions during the transi-
tion to a lower carbon economy, allowing the continued use of fossil fuels. But
despite these benefits, insufficient policy and doubts in public opinion represent
significant barriers to its development. Understanding the risks and total impact of
the technology, in terms of human and environmental health, may help allay public
and policy-maker fears, thereby increasing CCS desirability. With further imple-
mentation of policies, economics may be improved (lower financial risk) of CCS,
and technology deployment accelerated (Bachu 2008). LCA provides an overall
framework for identifying and evaluating life cycle implications of any technology
or mitigation option. However, it requires the support of risk assessment to go
beyond simplistic assumptions about the implications of a discharge inventory, and
both disciplines should be closely linked (see Matthews et al. 2002 for a
discussion).

Overall, although GHG mitigation is progressing, progress is too slow. A model
published by McKinsey & Company (Enkvist et al. 2010) suggests that delaying
abatement action by 10 years would half abatement potential to 19 GtCO,, making
it challenging to mitigate global warming to target levels. Thus, it is evident that
more action must be taken now to prevent the major effects of climate change to
human health and the environment in the coming years.
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Chapter 10

Unmasking Environmental Health Zorros:
The Need for Involvement of Real Risk
Communication Experts for Two-Way
and Problem-Solving Communication
Approaches

Hans Keune, Peter Van Den Hazel, and Frederic Bouder

Abstract In the literature about risk communication an evolution can be traced
from traditional, one-way and problem focussed communication, restricted to the
dissemination of information from experts to the public, to more modern, two-way
and more problem solving oriented risk communication, with a focus on participa-
tion and cooperation between scientists, policy-makers and the public. Despite
advances in theory and numerous initiatives in practice, traditional, one-way com-
munication continues to dominate many attitudes towards the public communica-
tion of science as well as practices. Science should no longer hide behind expertism,
elitist attitudes and non-transparent black box approaches. Despite good intentions
of environmental health experts to help society tackle risks, unmasking these scien-
tific Zorros is crucial to take practice and its practitioners and stakeholders serious.
It is time for real professional risk communication expertise to be applied and
involved in two-way directional and problem solving collaborations.
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10.1 Introduction

In the literature about risk communication an evolution can be traced from
traditional, one-way communication, restricted to the dissemination of information
from experts to the public, to more modern, two-way risk communication, with a
focus on participation and cooperation between scientists, policy-makers and the
public (Fischhoff 1995; Leiss 1996; McComas 2006). Traditional approaches to
risk communication have often been based on what Wynne (1996) refers to as the
deficit model: i.e. the assumption that clear, one-way communication of objective
and sound scientific information from experts to the ignorant public is sufficient to
make them aware of problems and respond accordingly. In most cases, the science
is not simple and consensual, but involves ambiguities and uncertainties. Nor is the
public mere recipient of information, but actor in the decision process of the strate-
gies to improve and/or preserve situations and in management of the risks. Reflecting
this, obligations for public disclosure of environmental information have for long
been promulgated: for example under the Aarhus Convention (UNECE 1998), and
through numerous ‘right to know-initiatives” at local and national level.

Another important challenge in risk communication is on content: how to exchange
meaningfully information regarding uncertain, complex and ambiguous knowledge
(Renn 2008). How can science formulate confident, robust and clear messages when
due to complexity, science struggles with uncertainties, unknowns, and ambiguities?
How does the traditional scientific evidence base approach live up to expectations of
clear communication and of solving problems without pleading for endless ever more
detailed research and without too complicated messages due to lack of clear cut scien-
tific understanding? There is a range of concerns in risk communication. Ragas et al.
(2006) challenge the argument that communication should be restricted because of
uncertainties, and argue that if the information is used by regulators, public managers
and risk assessors, then the public equally ought to know. The belief that the public is
unable to deal with complex issues can also be disputed (e.g. Marris et al. 2001).
Withholding data regarding uncertainty is shown to often reduce trust (Frewer 2004;
Van Kleef et al. 2007). As Slovic (2001) has stated, “The challenge is to communicate
the risk estimates so that they are understandable and that the risks and associated
uncertainty can be put into a personal perspective”.

Despite advances in theory and numerous initiatives in practice, the deficit model
continues to dominate many attitudes towards the public communication of science
(Davies 2008) as well as practices. Two-way communication is seen as inherently
difficult and dangerous. The alternative view —that two-way communication helps
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to make scientists and policy makers accountable and to empower the public—
remains in the minority in many fields of science and policy. Much still has to be
done to devise and promote more open, yet workable solution oriented approaches
to the communication of science, risk and policy, in the context of complexity. In
this chapter we will give some theoretical background to modern two-way risk com-
munication combined with illustrations from practice, building on experiences in
EU and national environmental health projects, highlighting challenges that after
decades are still prominent.

10.2 Decades of Professional Two-Way Risk Communication
Advice: How to...

10.2.1 A History of Two-Way Risk Communication Advice

Often cited and therefore important landmarks in the history of two-way risk
communication advice are two seminal publications from the end of the last cen-
tury. First Baruch Fischhoff’s ‘Risk Perception and Communication Unplugged:
Twenty Years of Process’ (1995) elegantly summarizes both the message and its
history (Table 10.1—after Fischhoff 1995):

Well, to be more precise, history at that moment in time. Or from a present day
perspective we perhaps better call it its potential future as it could or should be, as
even at present it still remains a challenge to change the dominance of one-way risk
communication practice. Second, Stern and Fineberg in Understanding Risk:
Information Decisions in a Democratic Society (1996) highlight the need for soci-
etal dialogue coupled with research practice. Both publications highlight the impor-
tance of a turn to more collaborative approaches combining scientific analysis with
stakeholder involvement. Even before that, seminal more fundamental reflections
about changing the mode of traditional science and science communication practice
provided the breeding ground, so fertile, that one wonders why so unheard, or per-
haps better, so neglected in real practice. Two examples are Rosenhead’s Rational

Table 10.1 Developmental stages in risk management

¢ All we have to do is get the numbers right

¢ All we have to do is tell them the numbers

¢ All we have to do is explain what we mean by the numbers

¢ All we have to do is show them they have accepted similar risks in the past
¢ All we have to do is show them that’s a good deal for them

e All we have to do is treat them nice

¢ All we have to do is make them partners

e All of the above
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Analysis for a Problematic World. Problem Structuring Methods for Complexity,
Uncertainty and Conflict (1989) and Uncertainty and Quality in Science for Policy
from Funtowicz and Ravetz (1990). Both publications contain pleas for new modes
of balancing scientific uncertainty and societal challenges addressed by science, by
opening up to more practice-relevant approaches and to practitioners and stakehold-
ers. More recent examples in the field of environmental health echoing similar
reflections and advice are Philippe Grandjean’s Non-Precautionary Aspects of
Toxicology (2005) and David Briggs’ A Framework for Integrated Environmental
Health Impact Assessment of Systemic Risks (2008).

These reflections share concerns and ambitions for better responses to the chal-
lenge of dealing with limited and ambiguous knowledge about societal important
issues; in other words, of dealing with complexity. Whereas more traditional
approaches such as the Santa Fé school (Kauffmann 1995; Holland 1998) merely
believe that new scientific strategies in the face of complexity in the end will bring
us closer to the modern scientific aim of ever more perfect knowledge and control,
the critical complexity school (Cilliers 1998; Morin 2008: Kunneman 2010; Keune
2012) points out that limits of knowledge are inherent to complexity. The critical
complexity thus points at the need for reduction of complexity, as we cannot fully
embrace complexity. And it underlines the need for critical reflection on the norma-
tive basis for any simplification: why do we choose to take some elements of com-
plexity into account, and other not? Methodological choices related to complexity
cannot be objectified: they are open for discussion and for value laden preferences.
This also has consequences for policy interpretation and policy action. Framing
complexity is crucial: the complexity to be taken into account and the approach for
dealing with that complexity is part of context specific negotiation amongst actors
involved in the process of investigation and interpretation, and as such becomes
negotiated complexity (Keune et al. 2013). This also poses the question who has the
right to be involved in such negotiation? In principle all who have stake, such as the
general public when it comes to important risk issues, can be considered for this.
The core question of how to deal with limited knowledge on important societal
issues in relation to environmental health is critical for risk communication.

We will next present some key aspects of two-way risk communication.

10.2.2 Who Communicate?

Risk communication is the act of conveying or transmitting information between
parties about a range of areas including: levels of health or environmental risks; the
significance or meaning of health or environmental risks; decisions, actions or poli-
cies aimed at managing or controlling health or environmental risks (Fewtrell and
Bartram 2001). According to Bennett and Calman ‘ongoing reciprocal communica-
tion among all interested parties is an integral part of the risk management process.
Risk communication is more than the dissemination of information, and a major
function is the process by which information and opinion essential to effective risk
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management is incorporated into the decision’ (Bennett and Calman 1999). Thus,
risk communication is an integral part of risk management.

Going back to earlier theories of communication (Laswell 1948), risk communi-
cation practice is often conceptualised as involving senders and receivers. There are
a number of roles in risk communication that one might seek to incorporate accord-
ing to Renn and Levine (1991). Some of these roles fit the senders of risk commu-
nication messages, other roles are applicable both for senders and receivers:

e Enlightenment role (aiming to improve risk understanding among target
groups).

e Right-to-know (designed to disclose information about hazards to those
who may be exposed).

* Attitude modification role (to legitimise risk-related decisions, to improve
the acceptance of a specific risk source, or to challenge such decisions and
reject specific risk sources).

e Legitimate function (to explain and justify risk management routines with
a view to enhancing the trust in the competence and fairness of the man-
agement process).

e Risk reduction role (to enhance public protection through information
about individual risk reduction measures).

e Risk reduction role (to enhance public protection through information
about individual risk reduction measures).

e Behavioural change role (to encourage protective behaviour or supportive
actions towards the communicating agency).

e Emergency readiness role (to provide guidelines or behavioural advice for
emergency situations).

e Public involvement role (aiming at educating decision-makers about pub-
lic concerns and perceptions).

e Participation role (to assist in reconciling conflicts about risk related
controversies).

The general public is considered in most cases of risk communication the main
target ‘receiver’ group. The involvement of the general public as stakeholder is
needed to establish effective risk communication. However, beyond public commit-
ments to increase public participation there is often little knowledge on how to
engage with various “publics” (Lofstedt et al. 2011; Arvai and Rivers 2014).
Communication should be perceived as a two directions process of providing infor-
mation using different tools, understanding the reception of the information, reading
the feedback and adjusting the information accordingly. Effective risk communica-
tion should be less about persuasion than about achieving fewer but better disagree-
ments (Fischhoff 2013). In the eyes of the sender, the understanding of the reception
of information has often to do with risk perception and acceptance. It is assumed
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that acceptance of risks is greater when Fischhoff’s (1995) eight developmental
stages in risk management are met. As a precondition for engaging with stakehold-
ers in a partnership, evidence needs to be communicated in a correct and intelligible
manner, the ultimate health effect needs to be seen as not too big and the risk needs
to be perceived as recognizable/manageable for all stakeholders, and finally the
benefits need to be perceived as bigger that the risks.

The message send has to be understood and the reciprocal exchange of informa-
tion is fundamental to establish clear communication. The idea of the ‘general pub-
lic’ as a target audience is generally misleading as there are many different groups
of stakeholders, many ‘publics’. Most stakeholders must be identified according to
their position to the topic at hand.

Stakeholders are any individuals, groups of people, institutions (government
or non-government) organisations or companies that may have a relationship
with the project/program or other intervention at stake. They may—directly or
indirectly, positively or negatively —affect or be affected by the process and/or
the outcomes. Usually, different sub-groups have to be considered because
within a certain group interests may be different (adapted from EU Project Cycle
Management Manual 2004). In some projects or risk communication frameworks
the following types of stakeholders are considered:

1. Those who are important to engage during a project or problem because
they are important and/or influential in relation to the identified activities,
e.g. environmental health managers and authorities, research institutes
(“developers and scientists”);

2. Those who are influential during and after a project, incident or pro-
gramme, e.g. regional or local authorities (whether only advisory or with
decision taking power) and other institutes influencing the public environ-
ment or health management or environment or health protection at local
and/or downstream level (“decision makers”);

3. Those who should apply or could be instrumental in spreading the out-
comes or results

(problematic, complex findings of research or planning scenarios, location
specific management solutions, generic guidelines), e.g. public health
authorities, national authorities dealing with public (environmental) health,
existing local platforms/fora, NGOs, traditional authorities, patient organ-
isations, etc. (“end users”).

This approach, however, is increasingly challenging especially when it comes
to the new roles of NGOs, the public and other interest groups. Since the 1990s
regulators, especially in Europe, have experienced public distrust following
large-scale incidents —from the BSE scandal in the UK to the dioxin in chickens
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scandal in Belgium. As a result government has been under increased pressure to
open up decision-making, which in practice means that influential stakeholders
are increasingly able to influence risk communication (Lofstedt et al. 2011). On
a global level, Sand (2003) has identified three main legal obligations to disclose
information—and as a result, incentives to communicate:

» Disclosure to governments by environmental impact assessment statements;
* Disclosure to citizens under the ‘right-to know’ schemes;
e Disclosure to consumers through a variety of labelling schemes;

Therefore, increasingly, risk communication is seen as an integral part of the
wider attempt to develop new forms of collective decision-making between regula-
tors, industry, non-governmental organisations and the general public (Bouder and
Lofstedt 2013). According to Renn, ‘effective communications must address, in as
much detail as possible, the particular concerns of affected or interested parties in
the specific case at hand (Renn 2008). In a majority of projects, incidents or cases
there will be multiple stakeholder groups involved. In the case of power lines there
are the inhabitants of houses under a high voltage line, but also the owners of the
buildings in case of rental houses, the employees in case of companies, the local
authorities and health services for the protection of public health, the power compa-
nies, maintenance staff and multiple other stakeholders. The risk communication to
all of these stakeholders could have a different approach. These stakeholders will
have different positions on the topic. The differences in interest will influence the
risk perception and the way the communication will be conducted.

The senders of information in the process of risk communication are usually
professionals linked to the authorities. Those authorities that are responsible for the
health of the general public are usually the main stakeholders who convey messages
related to incidents which might cause effects or alarm with the general public.
There is a common misunderstanding that authorities have to possess all the avail-
able knowledge before communicating evidence or known facts. There is no soci-
etal obligation that authorities have to know everything. At the same time the
authorities are not responsible for everything. However, they usually have the great-
est influence over matters.

10.2.3 Essential Elements of Risk Communication

There are a range of elements identified in risk communication and in risk percep-
tion. In 2009 Frederic Bouder (2009) developed for the UK Risk and Regulation
Advisory Council a science-informed “‘survivers’ guide” to help the institutional
senders of risk messages cope with the risk communication challenge. The so-called
“five As” of public risk communication suggest to consider five elements:
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Assembling the evidence
Acknowledgement of public perspectives
Analysis of options

Authority in charge

Interacting with the audience

g 89 =

10.2.3.1 Assembling the Evidence

The first step for message senders is to “assemble the evidence” about a given risk.
Concretely, this means that risk communicators need to demonstrate that they
understand the science behind the risk and that their decisions will be based on cred-
ible evidence. This does not mean that a thorough risk assessment can always be
conducted, but this means that basing decis