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After reading this chapter you will:
• Be familiar with the definitions of exposure
• Realise the difference between exposure source,  environmental

concentration, exposure concentration and dose
• Recognise how chemical and physical properties are

important for transport and fate of chemical pollutants
• Understand how exposure and dose are influenced by

interacting factors

Definitions of exposure

The key word in the definition of exposure is contact. People are in contact
with, exposed to, potentially harmful chemical, physical and biological agents
in air, food, water, soil, dust, products, etc. Exposure does not result only from
the presence of a harmful agent in the environment. There must be contact
between the agent and the outer boundary of the human body, such as the
airways, the skin and the mouth.

Exposure may be defined as “the contact of a chemical, physical, or biological
agent with the outer boundary of an organism”. Exposure is often defined as a
function of concentration and time: “An event that occurs when there is con-
tact at a boundary between a human and the environment with a contaminant
of a specific concentration for an interval of time” (NRC, 1991b).

There are four important aspects (main characteristics) for determination of
exposure:
• The nature of the agent Chemical, physical and biological

properties
• The intensity of exposure How much (concentration) of the agent?
• The duration of exposure For how long a time?
• The frequency of exposure How often?
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Exposure is quantified as the concentration of an agent in a medium in contact
with the human body, averaged or integrated over time (duration) of contact.

Various time frames of exposure are:
• Short-term exposure Seconds,  minutes, hours, days
• Long-term exposure Weeks, months, years, lifetime
• Cumulative exposure Total exposure over a given period of

time

One must distinguish between environmental concentration, exposure concen-
tration, and dose (Figure 4). The environmental concentration of an agent refers
to its presence in a particular carrier medium (for example, PAH in ambient air),
expressed in quantitative terms (for example, µg/m3). Similarly, the exposure
concentration of an agent refers to its presence in its carrier medium at the point
of contact (for example, PAH in breathing zone air) expressed in quantitative
terms (for example, µg/m3). Finally, the dose refers to the amount of a pollutant
that actually enters the human body, i.e. is taken up through absorption barriers.

The mathematical relationship for exposure as a function of concentration and
time can be represented by the equation:

in which E is the intensity of exposure, C(t) is exposure concentration as a function
of time, and t2-t1 is the duration of exposure (NRC, 1991b).

A number of variables can influence the exposure and dose. These include
physiological factors such as age, gender, physical condition, disease and genetics,
as well as exposure factors related to human behaviour and activities (for example
how much time is spent commuting to work each day), and contact rates (for
example how much drinking-water is ingested per day). Exposure factors that
can be used to calculate exposure and dose have been summarised by US EPA
(1997). Exposure factors are of course also dependant on physiological factors.

E C t dt
t
t

= ∫ ( )
1

2
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Figure 4. The relationship of environmental concentration, exposure concentration,
and dose, as well as factors that influence the exposure and dose.
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The environment-health chain

Exposure to potentially harmful agents may lead to a wide range of adverse
health effects, ranging from discomfort, dysfunction, injury, and illness (morbid-
ity) to death (mortality). The relationship between source activities, exposure
and health effects is illustrated in the environment-health chain (Figure 5).

Sources and emissions

The potentially harmful agents may be natural in origin, for example, emana-
ting from volcanic outbreaks, but the majority derive from human activities and
interventions, such as industrial activities, transportation, or energy production.
Driving forces are population growth, economic development and technology.
There are different types of emission sources, for example point sources such as
industries, releasing pollutants to air or water, line-sources such as power-lines
and roads, area sources such as run-off from agricultural lands and landfills.
Emissions of various pollutants from different sources result in environmental
concentrations of pollutants in environmental or carrier media such as air, water,
food, soil and dust.

Transport, transformation and fate

The dispersion and eventual fate of the pollutants depends on various factors
including the pollutants’ physical and chemical properties and on environmental
factors such as water-flow and meteorological conditions.

Pollutants are transported over short or long distances, and from one environ-
mental medium to another. The transport of a pollutant in the environment is
influenced by a number of factors, including volatilisation and sorption to soil.
For example, pollutants with high vapour pressure, such as benzene, will tend to
volatilise and partition into the atmosphere. The pollutants may then be moved
throughout the atmosphere through air movements or precipitation, or they can
re-enter other environmental media through fallout with precipitation (wet depo-
sition) or particulate matter (dry deposition). Pollutants may also sorb to soil
particles. They may then be transported through soil erosion, or be taken up by



19

Figure 5. The environment health chain: the relationship of source activities,
environmental concentrations, exposure, dose, and health effects (adapted from
Briggs et al, 1996).
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plants. The adsorption to soil particles can be expressed as an adsorption coeffi-
cient (Kd), the extent to which an organic chemical partitions between a solid
phase (for example soil or sediment) and a liquid phase (for example water). For
example, the Kd is expressed as the mass of the chemical (in mg) adsorbed per
unit mass of soil (g) divided by the concentration of the chemical in water (mg/
ml). Chemicals with high Kd values (>10,000) will have a high tendency to ad-
sorb to soil, while those with low values will tend to dissolve in water.

Pollutants may also undergo transformation or be degraded. A transformation is
a change in the molecular structure of the pollutant. This includes rearrangement
of the molecules, and the addition or loss of certain chemical groups. Degradation,
on the other hand, is the breakdown of the pollutant either through the loss of
certain chemical groups or the fragmentation of the pollutant. Biodegradation is
the biological breakdown of chemicals by microbes. Some of the processes
involved in transformation and degradation include oxidation, hydrolysis and
photolysis. Oxidation often, but not always, involves the addition of oxygen to a
chemical. Hydrolysis is the fragmentation of a chemical through the action of
water. This often results in fragments that contain additional hydrogen or oxygen
atoms. Photolysis, on the other hand, occurs when a chemical absorbs sunlight
and breaks apart into fragments known as photo-degradation products. The pre-
vailing environmental conditions like temperature and the presence of water,
oxygen and other pollutants may influence these processes. Some chemicals may
resist any changes in structure through transformation processes or degradation.
These chemicals are usually described as being persistent. An example of such a
group of chemicals is the polychlorinated biphenyls (PCBs).

Exposure pathways and routes

The physical course a pollutant takes from the source of an agent to the organ-
ism exposed is often referred to as an exposure pathway. The way a chemical,
physical or biological agent enters an organism is referred to as an exposure
route. The three major exposure routes to humans are:

• Inhalation
• Ingestion
• Dermal contact
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Other important exposure routes are placental
exposure of the foetus, exposure to noise via the
ears, and exposure to UV-radiation via the eyes.

The relationships between environmental and
exposure media, and exposure pathways and ex-
posure routes are given in Figure 6 (p. 22).

Dose

The amount of a pollutant that may enter the body
is usually only part of the exposure, and is re-
ferred to as the dose (Figure 4, p. 17). The
absorbed dose (or internal dose) is the amount
of an agent that passes into a tissue or organ over
a time interval, for example the concentration of
a solvent in blood during, or shortly after, a work-
shift. The absorbed dose can also be the amount
of an agent accumulated in one or several body
compartments. For example, the concentration of
polychlorinated biphenyls (PCBs) in blood is
proportional to the amount accumulated in the
main sites of deposition, mainly fatty tissue.
The target organ dose is the integrated concen-
tration of the agent in the target organ, that is the
organ where the particular agent may cause an
adverse effect, over a time interval. The biologi-
cally effective dose is the integrated quantity af-
ter subtraction of the non-contributing fraction
of the dose, for example the biotransformed pro-
portion of a substance that may cause an effect
(Box 4).

Relationship between
environmental concentration,
exposure, absorbed dose,
target organ dose and
biologically effective dose:
Lead as an example.

High concentrations of lead in
soil are recorded in the vicinity
of lead emitting industries such
as smelters. That is not an ex-
posure until the lead-contami-
nated soil in some way reaches
the human body. This may in-
deed happen if soil is consumed
via hand-to-mouth behaviour or
so called pica (eating of sub-
stances other than food) which
is not uncommon among young
children. Lead in soil may also
be taken up by edible plants that
are consumed. Soil may con-
taminate food with lead-con-
taining particles that are not
washed off before consumption.
The lead absorbed in the
gastrointestinal tract becomes
the absorbed dose. Lead is to a
great extent accumulated in
bone but the main target organ
in young children is the central
nervous system (CNS). Thus,
the amount of lead in the CNS
is the target organ dose, and the
fraction of lead that gives rise
to neurobehavioural effects in
children is the biologically ef-
fective dose.

BOX 4
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Toxicokinetics

Toxicokinetics describe the processes by which a potentially harmful substance
is distributed, metabolised, and excreted, and the fraction that reaches the target
tissue. Toxicity is demonstrated in one or several organs. For example, mixtures
of chemicals, such as cigarette smoke, affect several organs. After entering the
body via the lungs, skin or gastrointestinal tract, the substance is transported to
the site of action/target organ. The agent is usually dissolved and transported in
blood. The agent may reach the target organ in its active form or it may be
activated there. In many cases, the agent is metabolically activated in the liver.
The active form binds to cellular macromolecules or is eliminated by detoxification
processes, and is excreted in urine, faeces, bile or sweat. The excretion of the
agent itself or of a detoxification product, for example in urine, makes it possible
to measure or estimate the exposure or dose (Chapter 5, p. 87).

Figure 6. The relationships of environmental and
exposure media, and exposure pathways and routes.
Bold arrows indicate one example of an exposure
pathway (adapted from McKone and Daniels, 1991).
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The relationship between exposure or dose and health
effects

In Sir Bradford Hill’s classical guidelines for determining causation of diseases,
one criterion is the ‘biological gradient’, i.e. the dose-response relationship (Hill,
1965). Exposure assessment is critical in establishing causality. When exposure
and dose increase, any adverse effect will usually become more pronounced and
a larger number of individuals may be affected. The relationship between exposure
and effect is expressed as an exposure-effect relationship and the relationship
between dose and type or severity of effect is expressed as a dose-effect
relationship (Figure 7). The relationship between exposure and response is
expressed as the exposure-response relationship and the relationship between
the dose and the proportion of the exposed population that is affected is known
as the dose-response relationship (Figure 8, p. 24). These concepts are crucial
when differentiating between variations in type and degree of effect, and numbers
of individuals with defined effects. It should be noted that the terminology used
in publications does not always follow this important conceptual distinction.

0 20 40 60 80 100

Carboxyhaemoglobin in blood (%)

Degree of 
effect

 

 Slight 
headache

 Headache,
dizziness

Nausea, 
blackouts 

Uncon-
sciousness

Death

Figure 7. An example of a dose-effect relationship, as
the dose increases so does the degree of effect, from
slight headache to death (Beaglehole et al, 1993).
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The scope of human exposure assessment

The aim of human exposure assessment is to identify and quantify past, present
and future exposures to chemical, physical, and biological agents that may cause
health effects.

Human exposure assessment comprises all the methods available to describe,
estimate and determine, qualitatively and quantitatively, the agents’ contact with,
and entry into, the body. Exposure assessment includes:

• Identification and evaluation of sources of hazardous agents (type, amount
released, geographic location)

• Determination of concentrations of agents in environmental media such as
air, water, food and soil

• Identification of (major) pathways and routes of exposure
• Determination of intensity, duration and frequency of exposure
• Determination of dose resulting from exposure

Figure 8. Relationships between dose or exposure and prevalence in
percent (response) of individuals, as the dose or exposure increases, so
too does the prevalence of individuals experiencing minor dysfunction,
minor effects and major effects (response), from a few to almost l00
percent (Elinder et al, 1994).
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• Estimation of number of persons exposed
• Identification of high-risk groups (highly exposed or more susceptible to

effects)

For prevention of disease it is essential to know who are exposed, what the
exposure sources and levels are, which the health effects are, the subgroups of
the population with the highest risk, and the proportion of the population affected.
Using this information, measures to reduce exposure and effects can be taken.
Human exposure assessment is a complex process, involving many different
specialists, such as industrial hygienists, chemists, environmental health physi-
cians and toxicologists.

Key considerations of human exposure
assessment

Time and location

Time and location play important roles in human exposure assessment in several
ways. Individuals are exposed intermittently throughout a whole lifetime, over
time periods of various lengths and of various intensities, depending on what
they do and where they spend their time.

Exposure duration and frequency
The duration and the frequency of exposure are both important determinants of
total exposure. The minimum duration of exposure causing a disease is often not
known. Therefore, it can be important to evaluate exposure over both long and
short periods. When health effects from long-term exposure (months, years) are
to be evaluated, exposure and dose are usually integrated over the time period of
interest. For shorter periods, such as minutes, hours, or days, exposure is usually
averaged over the specific time period. The integrated (cumulative) exposure is
defined as the area under the curve, determined by exposure concentration and
time as illustrated in Figure 9 (p. 26). Cumulative exposure is often used as the
exposure index in epidemiological studies, but it may not give a complete picture
of the exposure potentially associated with a health outcome. For example, a
study of the association between lung cancer and smoking have suggested that
lung cancer risk increases with the square of smoking intensity but with the
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Figure 9. Two individuals experiencing different
exposure patterns but the same cumulative dose. During
the time period shown subject A encountered considera-
bly higher concentration of the pollutant than subject B,
but the cumulative exposure (area under the curve) was
the same for both individuals.

fourth or fifth power of smoking duration (Doll and Peto, 1978). Thus, smoking
two packs of cigarettes a day for 10 years would not confer the same risk as
smoking one pack a day for 20 years, the latter is worse.

If high (peak) exposures in a short time interval cause more harm than an equiva-
lent amount over a protracted period, an index of peak exposures may be useful.
For example Enterline (1976) noticed that intermittent exposures to asbestos
carried a higher risk than continuous exposures when average exposures were
similar. Peak exposures may also cause adverse effects that may be distinct from
those of cumulative exposure. Intensity, frequency and duration should be con-
sidered in the definition of peaks.

Threshold for acute effects
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Time between exposure and effects
The time between initial exposure and the occurrence of a health effect can  vary
from instantly to decades depending on the agent and the type of effect. This is
important to know in order to assess exposure for a relevant period of time in
relation to the expected effects. For hazardous agents that cause acute effects
more or less immediately after exposure starts, the current level of exposure
should be measured. An example is carbon monoxide (CO) causing predomi-
nately acute cardiovascular effects due to decreased binding and transport of
oxygen in the blood. However, other environmental agents, for example cad-
mium and lead, can cause health effects after long-term exposure at relatively
low levels. They accumulate in the body because of their low rate of excretion
(i.e. long biological half-time), and adverse health effects may occur when the
concentration has reached a critical level. For carcinogenic agents, the time
between exposure and the appearance of a tumour is often in the order of decades,
which often makes it necessary to estimate exposure retrospectively, since
prospective studies would take too long to complete.

Time-activity patterns and exposure settings
Concentrations of potentially harmful agents differ in relation to time of the day,
week, or season, etc., and between different settings. Information on how people
use their time, and where they spend it, may influence exposure considerably.
Human behaviour and use of time is referred to as the time-activity pattern of an
individual or a population.

People are moving between various exposure settings with different concentrations
of hazardous agents. An exposure setting may be referred to as a microenvironment.
A microenvironment is a well-defined surrounding such as the workplace, home,
vehicle, kitchen, store, restaurant, etc., that can be treated as homogeneous (or
well-characterised) with regard to the concentration of a hazardous agent (Duan,
1982). Exposure assessment can be based on measurements of hazardous agents
in typical (or all) microenvironments where people spend time, and of the amount
of time spent there, i.e. concentration x time for each microenvironment (Box 13,
p. 97).

Knowledge of the type of activities performed can assist in identifying sources of
exposure, activities contributing significantly to exposure, and in investigating
relationships between exposure and health effects (Box 5, p.28).
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Time activity data

Time-activity data in combination with microenvironmental concentration
measurements or personal measurements can be used to identify sources of
exposure and activities that contribute significantly to exposure. For example,
measurements of personal exposure to nitrogen dioxide (NO2) were carried
out among children in a community of Sweden where high ambient levels of
NO2 had been measured repeatedly at the outdoor fixed monitoring station in
the centre of an urban area. However, it became evident from diaries kept by
the children that the most significant source of NO2 exposure was indoor ice-
skating arenas. Childen visiting indoor ice-skating arenas showed extremely
high exposures (Figure 10). It was concluded that the source of NO2 was the
iceresurfacing machine.

BOX 5
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Figure 10. Example of day-to-day variations of NO2 exposure (µg/m³) in rela-
tion to activities for two children: one living in an urban area (left) and one
living in a rural area (right). Notice the ten-fold difference on the y-axis. Left: On
Monday this child went skating for 2 h in the indoor ice-skating arena. Saturday
she spent 3 h in the downtown area, indoors (2 h) and outdoors (1 h). Sunday was
spent at home. Right: Wednesday (1.5 h) and Sunday (2 h) were spent in the
indoor ice-skating arena by this boy (data from Berglund et al, 1994b).
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Additional factors modifying ex-
posure and dose

Additional factors influencing the exposure and
dose, and which have to be considered in human
exposure assessment, include personal habits and
preferences of the individual, often referred to
as  life-style factors, as well as socio-economic
and cultural factors, nutritional status, and level
of physical activity.

In epidemiological studies it is very important
to adequately deal with potential confounders
and effect modifiers. A variable associated with
the outcome of interest as well as with the expo-
sure under study is a confounder, in other words
it may distort the associations under investiga-
tion (Box 6). A variable is considered to be an
effect modifier if the association between
exposure and the investigated outcome are not
the same for different levels of this effect modi-
fier. Confounders and effect modifiers should be
measured and quantified in a similar way to the
exposure of prime interest.

Example of a confounder
that should be considered
and quantified

Passive smoking or environ-
mental tobacco smoke (ETS)
is a risk factor for respiratory
symptoms. Indoor air pollu-
tion from the use of gas for
cooking is also a risk factor
for respiratory symptoms. If
the association between
asthma symptoms in children
and indoor air pollution from
gas stoves is to be assessed,
exposure from passive smok-
ing must also be measured. If
those cooking with gas have
different ETS exposure
patterns than those not cook-
ing with gas, the association
with asthma symptoms may
be confounded.

Life-style factors
Life-style factors such as food choice and smoking habits will influence the
exposure and dose. For example, individuals habitually eating a diet rich in shell-
fish had a much higher intake of cadmium than individuals eating a fibre rich
diet (vegetarian diet) or a mixed diet (Figure 11, p. 30). However, their blood
cadmium concentrations were not significantly different, indicating differences
in the gastro-intestinal absorption of cadmium depending on nutritional and dietary
factors.

Some individuals consume much more drinking-water and beverages than others.
Living in hot climates makes it necessary to drink a lot of water. The risk of
excessive exposure to fluoride, which may cause osteofluorosis, is therefore higher,
for example, in India than in Scandinavia even though the fluoride concentration

BOX 6
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in drinking-water is similar. Some people may consume only bottled water.
Therefore, it is important to investigate the actual water intake in a population
when performing a study of the exposure via drinking-water, instead of using a
default value of, for example, 2 litres/day for an adult.

Socio-economic and nutritional status
Socio-economic and nutritional status may affect exposure and dose. Low socio-
economic status (measured by income, education, housing or occupation)
appears to increase both the environmental exposure and the susceptibility, for
example due to poor nutrition. However in relatively high socio-economic classes,
low nutritional status such as iron deficiency in women is also common. For
example, in Swedish women of childbearing age (including all social classes), it
was shown that 10-40 % of the women had depleted body iron stores (Hallberg
et al, 1993). Iron deficiency has been shown to increase the absorption of cad-
mium in the gastrointestinal tract, leading to increased blood cadmium concen-
trations and increased body burden of cadmium (Berglund et al, 1994a; Åkesson
et al, 2002).

Figure 11. Intake of cadmium via different types
of diets (medians and 95-percentiles, µg Cd/10
MJ; data from Berglund et al, 1994a; Vahter et
al, 1996).
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Deteriorating leaded paint in old housing is a
significant source of lead exposure, especially in
young children, due to their hand-to mouth
behaviour. Lead paint exposure is particularly
common in deprived areas with a large propor-
tion of old houses. Lead concentrations in house-
hold dust and garden soil may be very high, lead-
ing to high exposures.

Polychlorinated biphenyls (PCBs) - synthetic hy-
drocarbon compounds once used as insulating
materials and capacitors - are among the most
persistent and ubiquitous environmental contami-
nants. Environmental emissions of these
compounds have given rise to a marked accumu-
lation in the food chain, including certain species
of edible fatty fish. If the contaminated fish is
consumed, this may cause significant human ex-
posure. In utero exposure to PCBs has been linked
to adverse effects on the development of children
(Box 7). Interestingly, and in contrast to
environmental lead exposure, exposure to PCBs
in the study by Jacobson and Jacobson (1996)
was not related to poverty or deprived social
circumstances.

Intake of contaminated fish
gave rise to developmental
effects in children.

Jacobson and Jacobson (1996)
have studied women and their
children who consumed fish
from the contaminated Lake
Michigan. PCBs and a number
of other pollutants were deter-
mined in maternal and umbili-
cal cord blood, breast milk, and
in blood samples from the chil-
dren at ages 4 and 11. The cog-
nitive function of the children
was tested at age 11. There were
significant negative associa-
tions with perinatal exposure to
PCBs and several of the cogni-
tive function tests. Various
confounders such as educa-
tional level of the mother were
considered, but the overall find-
ing that early PCB exposure
may affect the intellectual de-
velopment remained.

BOX 7
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Physical activity
Physical activity has effects on uptake, metabolism and distribution of agents
inhaled. For example, someone who is exercising heavily may inhale more than
ten times as much air per minute as a person at rest. Differences in individual
ventilation patterns, for example mouth and nose breathing, also influence depo-
sition and absorption of inhaled substances. Åstrand and co-workers (1983) have
examined the effects of exercise on the uptake, metabolism, and distribution of
solvents. They observed that even mild exercise might increase the rate of uptake
and change the pattern of blood flow through the tissues. Because of these changes,
the relationship between target tissue concentration and exposure level may also
change dramatically.

Figure 12 shows how the time course of ethylene oxide (EtO) concentrations
varied in the three main tissue groups as a function of different levels of light
exercise: 10 watts sedentary work versus 50 watts light work. The increased
respiration and cardiac rates associated with 50 watts of work resulted in twice
the levels of EtO in the tissues as those associated with 10 watts of work. The
skin/muscle group displayed the largest increase because of the increased blood
flow in these tissues. Thus, two exposure situations with identical air concentra-
tions of EtO resulted in a more than twofold difference in the individual dose.

Exposure distributions and high-risk groups

There are large variations in exposure between and also within individuals due
to variation in behaviour, activity patterns and other factors modifying exposure
and dose. Thus, not everybody in the general population is equally exposed and
not everybody in the general population is at the same risk, given some level of
exposure.

Identification of high-risk subgroups is important from a public health perspec-
tive (Figure 13). Certain individuals may be at higher risk because they are more
exposed than the average individual; that is, they are at the high end of an expo-
sure distribution. For example, vegetarians are potentially more exposed to agri-
cultural pesticides and cadmium than the general population, because of their
higher intake of vegetables, fruit, and rice. Other individuals may be at higher
risk because they are more susceptible to exposure; thus, they may develope
health effects at lower exposures than the average person. Potential causes of
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Figure 13. Hypothetical exposure distributions illust-
rating the relationship between the general population
and population subgroups (adapted from Sexton et al,
1995).
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Figure 12. Physiological model estimated tissue concentrations of
ethylene oxide in the three major tissue groups for two identical
periods of inhalation exposure but different levels of exercise
(adapted from Åstrand et al, 1983).
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enhanced susceptibility are genetic predisposition, age, gender, pre-existing dis-
ease (for example, asthma, diabetes), inadequate nutrition and stress. For ex-
ample, foetuses and young children are more susceptible to lead because of
their immature blood-brain barrier and central nervous system.
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33
After reading this chapter you will:
• Be aware of the principal applications of human exposure

assessment
• Be able to identify the requirements of exposure assessment in

environmental epidemiology, risk assessment/management
and documentation of status and trend

• Understand the importance of appropriate exposure
information in health prevention and promotion

Exposure assessment data are used mainly in four interrelated disciplines, that is
epidemiology, risk assessment, risk management and status and trend analysis
(Sexton et al, 1992).

Epidemiological studies examine the link between human exposures and health
outcomes. Risk assessment estimates the likelihood, magnitude, and uncertainty
of health risks associated with exposures. Risk management deals with the level
of health risks in the society, and what to do about them. Status and trend studies
evaluate historical patterns, current status and possible future changes in human
exposures.
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Occupational and environmental epide-
miology

Epidemiology is the study of the occurrence of disease and its determinants in
human populations. For more than a century, epidemiological studies have played
an important part in investigations of infectious disease. Today, epidemiological
methods are increasingly used to study effects of chemical and physical
environmental agents.

Epidemiological studies often concern chronic diseases (such as cancer) with
long latency periods, for which the time between actual exposure and onset of
disease may be very long, sometimes in the order of decades. Thus, previous
rather than current exposure levels may be associated with the disease. To study
the associations between previous exposure and current disease is thus one of the
major challenges in modern epidemiology.

Retrospective or historic exposure assessment is very important in many epide-
miological studies. Sometimes retrospective exposure assessment is relatively
easy. Lead, for example, accumulates in bone and teeth, and analysis of lead in
these materials may thus provide a good estimate of the accumulated dose (Chapter
5, p. 93). In most situations it is, however, much more difficult to assess previous
exposures.

Indices of historical exposures may include for instance duration of employment
in a plant (occupational exposure) or period of residency in a polluted area
(environmental exposure). The most important factors for determination of
historical exposures are duration (time) and intensity (concentrations).

Occupational or environmental epidemiological studies examine associations
between exposures to occupational or environmental agents and associated dis-
eases. Occupational exposures have been very high in many industries in the
Western world, but have continuously decreased during recent decades. In devel-
oping countries in the beginning of industrialisation, occupational exposure may
still be high. In the developed countries, environmental exposures are often low
and not specific, but in many other countries in the world environmental exposures
are still relatively high.
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The objective of an epidemiological study is to assess whether an exposure has
an effect on health, by comparing the health effects of exposed to unexposed
persons (Baker et al, 1999).

The following table (Table 2) illustrates different exposure assessment related
problems encountered in occupational and environmental epidemiological studies.

Issue Occupational Environmental

Exposure prevalence Confined to specific Often commonly occuring,
occupational settings but not specific

Exposure range Wide range of exposures Limited range of exposures,
within an industry is that is  “high exposure” is not
relatively common very different from “low

exposure”

Exposure Single (or a few) exposure Often multiple exposures
characteristics common (complex mixtures) but

usually only a single expo-
sure included in study

Individual exposure Often lacking, but data Often lacking, group or
data from representative work community based data may

places may be good be less good surrogates
surrogates

Public health Limited Large populations often
importance exposed, and therefore the

impact of low excess risks
may be important

Table 2. Differences between occupational and environmental exposure assessment.
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As study design and methods are essential for sound environmental epidemiol-
ogy, we refer to the abundant epidemiological literature. The following sections
give only a brief overview of the most important study designs. The appropriate
strategies to deal with the above mentioned challenges of environmental epide-
miology depend on the chosen study design, the research question and the meth-
ods.

Exposure assessment in various types of
epidemiological studies

Depending on the study design and purpose of the epidemiological study, vari-
ous types of exposure data are needed.

Cohort studies
Cohort studies follow health events occurring in exposed subjects over time. One
example of a cohort study is given in Chapter 9 (The Bhopal disaster).
  Prospective cohort studies require basic documentation of present exposure.
Since most exposures vary over time, it may be necessary to measure exposure
repeatedly during the follow-up period. For example, in the cohort study of male
British doctors initiated in 1951 by Doll and Hill, doctors were re-surveyed
regarding their smoking habits in 1957, 1966 and 1972 (Doll and Peto, 1978).
Over the study period the prevalence of current smoking in the cohort decreased
markedly. Disease incidence and mortality pattern could be extensively studied
as a function of individual smoking histories.
  Retrospective cohort studies have been commonly used in the study of work
environment related diseases. Historical occupational exposure data may be
obtained from many different sources. The initial step is usually to identify the
potentially toxic agents. Sometimes this is a relatively easy task, for example
when the concern is exposure to agents with known toxic properties, such as
asbestos or arsenic.

In other cases both type of exposures and their concentrations may vary over
time. Commonly, it is not only a single agent which is of interest for the outcome
under study. Instead, complex mixtures of compounds may be responsible for
the causation of disease. Such mixtures are, however, rarely studied, partly due
to design difficulties. In relatively few studies has the interaction been analysed
between two toxic agents, for example between arsenic and smoking, or asbestos
and smoking, as risk factors for lung cancer.
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It is also important to identify confounding ex-
posures to be able to compute potential exposure
response relationships in an accurate way.

Records of employment are commonly used in
occupational epidemiology, sometimes supple-
mented by measurements of specific substances
in the work environment. A rarely used alterna-
tive to records is the reconstruction of previous
work place environments in which actual mea-
surements can be performed.

One of the most commonly used retrospective
exposure estimates in occupational epidemiologi-
cal studies is duration of employment, which does
not take into account levels of concentration of
the agents under study. An exposure profile over
time for the entire plant adds further information
to the exposure assessment. Combining such a
profile with the individual worker’s employment
records yields cumulative exposure values for
each worker, but does not take into account air
concentration variations within the plant.
Nevertheless, this rather crude cumulative
exposure estimate may yield strong associations
between exposure and disease as shown in the
example given in Box 8.

If more detailed information is available with,
for example, different exposure concentrations
in different plant areas or workshops, the degree
of mis-classification of exposure naturally
decreases and thus the precision of the study

BOX 8

Cumulative cadmium
exposure and prevalence of
kidney dysfunction

Cadmium is a heavy metal with
a very long biological half-time.
The critical organ is the kidney
and the first sign of cadmium
induced renal damage is a uri-
nary excretion of low molecu-
lar weight proteins, such as
beta-2-microglobulin, due to
decreased reabsorption in the
renal tubules. The prevalence of
tubular proteinuria was studied
in a cohort of 900 nickel-cad-
mium battery workers in Swe-
den. A rough estimate of the
cadmium concentrations in
workroom air over time was
used as a surrogate for indi-
vidual exposure. The cadmium
concentration for each time pe-
riod was linked with the work
files and cumulative exposure
indices were computed for each
worker. Using these rather
crude estimates of exposure, it
was possible to establish expo-
sure response relationships for
cadmium exposure and the
prevalence of tubular proteinu-
ria (Table 3; Järup et al, 1988).

increases. A goal for retrospective exposure assessment is to possibly reach this
level of refinement, but the work is very time-consuming and thus expensive.
Therefore, rather few studies have been published using such refined exposure
estimates.
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Table 3. Exposure-response relationship between cumulative exposure to cadmium
in work room air and the prevalence of tubular proteinuria in Swedish nickel cad-
mium battery workers (Järup et al, 1988).

Cumulative exposure Cases of tubular Total number of Prevalence of
to cadmium in air proteinuria exposed subjects tubular proteinuria %
µg/m3 year

<359 3 264 1.1
359 - <1710 7  76 9.2
1710 - <4578 10  43 23.3
4578 - <9458 10  31 32.3
9458 - <15000  5  16 31.2
15000 +  5  10 50.0

Another way of assigning exposures to individual workers is by so-called Job
Exposure Matrices (JEMs). A matrix consisting of job titles and relevant expo-
sure levels can be estimated. Often exposure has changed over time and com-
monly JEMs therefore include several time periods with varying exposure levels.
Typically, in the early years of a factory operation the exposures were much
higher than in later years, when various control measures had been implemented.

Useful data sources for generating a job-exposure matrix have been suggested
and are listed below (Checkoway et al, 1989):

• Industrial hygiene or health physics sampling data
• Process descriptions and flow charts
• Plant production records
• Inspection and accident reports
• Engineering control and protective equipment documentation
• Biological monitoring results

Historical archives containing information on, for example, industrial processes
and control measures are useful but rarely found in smaller industries. Even in
large industries such records may be hard to obtain. In a few cases, measure-
ments of toxic agents have been made throughout plant operation. Even if his-
toric files exist the task of developing a JEM also includes interviews with, for
example, former employees, trade unionists and occupational health physicians.
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Case-control studies
A case-control study (or case-referent study) ex-
amines the association between exposure and a
health effect by comparing individuals who have
developed the disease (cases), with individuals
who have not (controls or referents), and who
are from the same population as the cases (Box
9). In case-control studies, exposure assessment
should allow inferences about past exposure,
usually a long time before onset of disease. Such
studies therefore most often rely on personal in-
terviews, self-administered questionnaires and
available records about the study persons and the
exposures they may have encountered. Informa-
tion on present exposure data is sometimes used
in case-control studies, but assumes stability of
exposure over time. This is rarely the case how-
ever and therefore mis-classification of exposure
is likely. Asking an individual about present smok-
ing habits alone may thus yield completely wrong
information about previous smoking, since the
respondent may have quit smoking recently.
Another example is the use of current air pollution
data to describe retrospective exposure to air pol-
lution. Changes in heating systems and the de-
velopment of road traffic over time would most
likely be considerable, eventually leading to
substantial mis-classification of exposure.

The so-called nested case-control design uses a
previously existing cohort. For cases of a dis-
ease under study and a number of controls within
the cohort, additional detailed information of rel-
evant exposures and confounders may be obtained

A case-control study of lung
cancer in Stockholm

In a case-control study of lung
cancer in Stockholm, exposure
to air pollution was assessed
through a postal questionnaire
combined with dispersion mod-
elling of relevant air pollutants
(Nyberg et al, 2000). Cases and
controls (or their next of kin,
when the respondent was de-
ceased) were asked questions on
their previous and current
residential addresses. This in-
formation was combined with
information on air pollution
data derived from the dispersion
modelling to get individual cu-
mulative air pollution esti-
mates. Questions were also
asked about other potential risk
factors for lung cancer, smoking
being the most important. Ex-
posure to environmental to-
bacco smoke was assessed, as
well as certain dietary habits, in
particular consumption of veg-
etables with potentially protec-
tive properties. The study
showed an increased risk for
lung cancer associated with ex-
posure to road traffic generated
air pollutants.

BOX 9

for example through questionnaires sent to cases and controls. Thus, data on
exposures and other risk factors will be required only for the cases and their
controls, and thereby costs can be cut.
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Cross-sectional studies
In cross-sectional studies, data on exposure and health outcome are collected at
the same time (Box 10). The association between exposure and prevalence of the
health outcome is studied. These studies may use the current exposure situation
and sometimes, also past exposure. In the latter case, the same methods as used
in retrospective studies may be applied. Direct measurements of current expo-
sure are often convenient to perform and, in fact, are an advantage of the cross-

The Cadmibel study

Studies on kidney damage (tu-
bular proteinuria) after (long-
term) cadmium exposure have
mostly been cross-sectional. A
good example of a large cross-
sectional study that has had
great impact on consequent re-
search as well as on public
health action is the so-called
Cadmibel study (Buchet et al,
1990). In this study, 1699 sub-
jects aged 20-80 years were
studied as a random sample of
four areas of Belgium with
varying degrees of cadmium
pollution. After standardisation
for several possible confound-
ing factors, several urinary
markers of tubular dysfunction
were significantly associated
with the urinary excretion of
cadmium (a marker of cad-
mium body burden). The results
suggested that subclinical
changes in tubular function
might occur in the general
population above a threshold of
urinary cadmium as low as 2
µg/24h.

sectional study design. A major disadvantage of
concurrent assessment of exposure and health is
the inability to establish the temporal sequence
of exposure and health outcome. This is
particularly true for situations where a disease
may cause a change in the exposure pattern, for
example asthmatics tend to give up smoking due
to the disease.

Ecological studies
The collection of individual exposure data is
expensive. Ecological studies make use of often
easily available aggregate data such as average
exposure or proportion of population exposed,
for example the prevalence of smoking in a county
(“exposure”), and the mortality rates (“outcome”)
for the same population. The statistical correla-
tion of aggregate data may strongly differ from
the true exposure-effect association. Due to the
lack of individual data, control of confounding is
not possible and, in contrast to studies on the in-
dividual level, it cannot be anticipated whether
ecological correlations are stronger, weaker, or
similar to the individual level associations. For
that reason, truly ecological studies are inadequate
sources for etiological inference. It must be
emphasised that for example cohort and cross-
sectional studies, although collecting individual
data, may use “aggregate” exposure data rather
than individually measured exposures. Examples

BOX 10
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may be job titles in occupational epidemiology or the average level of ambient
air pollution in the region of residence. Such a design may be termed “semi-
individual” (Künzli and Tager, 1997).

However, ecological studies may be useful for hypothesis generation. Routinely
collected data on exposures (such as air pollution levels) and health outcomes
(such as mortality, cancer incidence and hospital admissions) may be used for
ecological analysis. The results from such analysis may indicate if further more
detailed epidemiological analysis is warranted. An example of how routinely
collected data have been used successfully to assess potential health risks asso-
ciated with environmental exposures is the Small Area Health Statistics Unit
(SAHSU) in the United Kingdom. SAHSU was established in 1987 to respond
to environmental health risks, following the alleged association between expo-
sure to radiation from the Sellafield nuclear power plant and childhood leukae-
mia. To be able to make a first assessment quickly, which is often essential,
SAHSU has developed a technique, using Geographic Information Systems
(Chapter 5, p. 98), which computes relative risks around a potential source of
environmental exposure (Aylin et al, 1999). These initial analyses can be per-
formed in a few hours, and may give an indication of potential health risks,
enabling further steps to be taken without delay.

Time series studies
Time-series analyses have been commonly applied to studies of air pollution and
acute health effects. A well-known example of a time-series study is the London
fog episode of 1952 (Box 1, p. 3). Time-series studies analyse exposures and
associated short-term outcomes repeatedly in the same group of people over
time. An advantage of this design is that individual life-style factors (for example
diet and smoking) which may be confounders do not influence the analyses since
the study individuals are their own controls. However, time dependent factors
such as temperature and other meteorological factors may confound associations
in time-series studies, and must therefore be controlled for. Several recent large
studies of ambient air pollution and acute health effects have found an almost
linear association between increases in the air pollution levels and increase in the
daily number of deaths on the same day or over the next few days. Although the
relative risks are low, for particles typically in the order of a 0.5-1 % (RR=1.005-
1.01) increment for a 10 µg/m3 change in PM10, statistically significant and
consistent results have been observed in cities around the world (Dockery and
Pope, 1994). Although these studies show that mortality (and hospital admissions)
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increase if the air pollution levels increase, the time-series design cannot estimate
the prematurity of these events. Air pollution episodes may thus “harvest” death
among those so severely ill that they would have died within days even without
any increased air pollution levels. To establish the full impact of air pollution on
life expectancy, it is necessary to perform cohort studies with long-term follow-
up (Dockery et al, 1993).

Risk assessment and risk management

Exposure assessment and exposure control are important tools in the processes
of risk assessment and risk management. Risk assessment gives a quantitative
estimate of the risk of a specific health effect based on available exposure data,
and risk management uses this information to set priorities, improve decision-
making, and produce more efficient risk (exposure) reduction strategies.

Scientific results from health effect studies associated with environmental expo-
sures have frequently been interpreted differently by scientists and lay persons.
It is thus very important that scientists produce not only scientific measures of
such health risks but also make efforts to disseminate the results so that lay
persons will understand the significance of the findings. This is referred to as
risk communication and is not always an easy task. It may be wise to consult
experts from the social science field to assist in the dissemination strategy. A
number of social science research methods have been used to investigate risk
perceptions, risk communication and public participation.

Risk assessment

Risk assessment is a formal process used to estimate the likelihood and magni-
tude of adverse health effects caused by a hazardous agent in humans. The as-
sessments of risks to human health involves the scientific examination and evalu-
ation of information in three areas:

• The hazardous nature of agents in the environment
• The degree of human exposure to such agents
• The impact of such exposure on people’s health



45

A basic framework for the process of risk assessment for human health effects
has evolved through national and international consensus and is now well ac-
cepted. Risk assessment process can be divided into four parts (NRC, 1983;
Risk Assessment and Toxicology Steering Committee, 1999):

• Hazard identification
• Hazard characterisation (dose-effect and dose-response assessment)
• Exposure assessment
• Risk characterisation

Hazard identification
Hazard identification is based on data from human and animal studies, in vitro
test systems, structure-activity relationships and other relevant data to determine
whether exposure to an agent can cause adverse health effects in humans
(qualitative estimate). For example, can exposure to benzene cause leukaemia in
humans? The amount of toxicity data available for risk assessments varies
considerably depending on the type of substance and the intended use. For risk
assessments of substances that are specifically regulated, such as drugs, pesti-
cides, and food additives, there is usually a complete set of toxicity data avail-
able. However, for pollutants formed in the environment, or unintentionally pro-
duced and released to the environment, the available data may be scarce.

Hazard characterisation
Hazard characterisation is the quantitative evaluation of the adverse effects ob-
served, usually by dose-response assessment, the evaluation of mechanisms of
action, and species differences in response. If available, environmental epidemi-
ology studies may provide the most relevant dose-response estimates for envi-
ronmental exposures, established under “real life” conditions. However, with
few exceptions, there are no empirical human data concerning relationships
between dose and effect or response at low exposure levels. High exposure
situations, such as the chemical accident in Bhopal (described in Chapter 9) or
poisonings, such as the mercury poisoning of the general populations in Minamata
and Iraq (Box 1, p. 3), and experimental animal data are often the only data
available. Therefore, extrapolations from high to low doses and from animals to
humans are necessary, which make the estimates highly uncertain. Mathematical
models are often used to predict the effects at low-dose levels. Still, regulatory
authorities need those estimates in order to establish, for example, guideline val-
ues for drinking-water quality and threshold limit values for work-room air.
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Exposure assessment
Exposure assessment identifies and defines the exposure that occurs, or is
anticipated to occur, in human populations. Quantitative measures of exposure
are essential to improve validity and to reduce uncertainty in risk assessment and
management. However, all types of exposure data have to be considered in the
processes if there is a lack of quantitative data. Ideally, exposure data should
include evaluation of sources of pollutants (pollutant type, amount released, geo-
graphic location), pollutant concentrations in air, water, soil and food, exposure
routes, intensity, duration and frequency, and resulting doses (absorbed doses,
target doses, concentrations of biomarkers). The exposure level and the number
of persons exposed should be estimated for different groups of the general
population, in particular susceptible groups and highly exposed groups. Further-
more, the relative contributions of all important sources and exposure pathways
to the associated target dose should be determined. If all those data were avail-
able, risk assessment and management would be a relatively easy task. However,
this is never the case. Instead, exposure assessment often have to be modelled
based on environmental concentrations of a pollutant in a specific environmental
media (for example the concentration of a drinking-water pollutant) and
assumptions about the average intake of that medium in a population (for example
a default value for daily intake of water. In risk assessment, conservative
assumptions about exposure are typically used in order not to underestimate the
risk (Table 4). This will of course lead to an overestimation of the risk for a
number of people, and in some cases to an underestimation of the risk. More
detailed exposure information would in most cases lead to a more effective risk
assessment.

Table 4. Examples of default values, which can be used in exposure assessment.

Drinking-water Adults 1-2 litres/day
Children < 1 year About 1 litre/day

Air inhaled Adults 10-20 m³/day
Soil intake Children 100 mg/day
Food Adults 25 g/kg body weight and day
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Risk characterisation
Risk characterisation is the summary of the en-
tire risk assessment process. The summary in-
cludes an estimation of the probability of an ad-
verse effect in a human population based on the
hazard identification, the dose-response and the
exposure information. For example, how many
cases of leukaemia are caused by a defined expo-
sure to benzene in a specific population? The
uncertainty of the risk estimate and the severity
of the effect should be taken into account.

Risk management

The risk estimate and a summary of the relevant
biological information, the assumptions used and
their limitations, as well as a discussion of the
variability and uncertainty in the risk assessment,
are used in risk management decisions. Risk
management involves three basic types of
decisions:

• Determination of “unacceptable” risks
• Selection of the most cost-effective method

for prevention or risk reduction
• Evaluation of the success of exposure and

risk reduction efforts (exposure and risk
control)

Risk managers often have to decide which health
effects are unacceptable, based on crude data.
For example, regulatory action may have to be
taken based on exposure data long before
epidemiologists have quantified the health
impacts. As new information becomes available,
risk management decisions should be re-
evaluated. In the absence of good exposure

Determination of a threshold
value or NOEL, and its use in
calculating an acceptable
daily intake, ADI

A threshold value, or the so-
called No-Observed-Effect-
Level (NOEL), can be deter-
mined in experimental animal
studies. Groups of animals are
given different doses of the sub-
stance to be tested, for exam-
ple, a food additive. A number
of para-meters are measured,
according to the toxicological
testing guidelines for food ad-
ditives, in order to detect any
adverse effect to which the sub-
stance administered could have
given rise. The highest dose
tested without effects in the ani-
mal experiments (NOEL) is di-
vided by an (arbitrary) uncer-
tainty factor. The uncertainty
factor approach has often been
used to calculate acceptable (or
tolerable) daily intakes (ADIs
or TDIs):

ADI = NOEL/Uncertainty factor

Although arbitrary, the uncer-
tainty factor is intended to com-
pensate for the uncertainty and
variability inherent in the
NOEL value. Often an
uncertainty factor of 100 is
used, allowing for a 10-fold
difference in sensitivity between
animals and humans, and a 10-
fold difference in human
variability.

BOX 11
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information, policy makers may make erroneous assumptions about risks, which
may result in overly costly control measures. For political reasons, despite an
increasing knowledge about potentially harmful exposures, preventive action is
often slow to materialise. This is especially true in developing countries, where
environmental and occupational exposures can exceed national and international
guidelines considerably without any preventive action being taken.

Risk managers should understand the quality of the data (validity and uncer-
tainty) before determining its appropriateness in decision making. The basic issues
that should be considered are, according to Burke et al (1992):

• Sampling issues
Are valid methods used?
Is there an adequate number of samples?
Is the level of detection appropriate for the risk being investigated?
Are the laboratory methods for quality assurance and quality control
adequately documented?

• Population issues
Can highly exposed subpopulations be identified?
Is the exposure of sensitive subpopulations measured?
Is the variability of exposure in the population measured?
Do the methods provide a representative sample of the population?

• Exposure data issues
Are the data relevant geographically?
Are the data correct temporally (i.e. current, seasonally appropriate)?
Are the relevant pathways of exposure measured?
Do the data measure trends in exposure that can be used to evaluate the
effectiveness of risk-management efforts?

The severity and costs of the effects on health, the feasibility of reducing the risk,
the cost of taking action (including considerations of benefits and alternatives)
and the social attitudes towards the risk need to be considered in risk management.



49

Status and trend evaluation

Evaluation of the current status and the historical trends in environmental expo-
sures is an important component of epidemiology, risk assessment and risk
management. Evaluation requires collection of exposure information for a rela-
tively long period of time so that temporal and spatial trends in the data can be
identified and understood. Historical exposure data can be invaluable for identi-
fying new or emerging problems, recognising the relative importance of emis-
sion sources and exposure pathways, assessing the effectiveness of pollution
controls, distinguishing epidemiological research opportunities and predicting
future changes in exposures and effects (Sexton et al, 1992).

Important aspects of status and trend studies are:

• Consistency over time, both in sampling and analytical methods, including
differences in detection limits of the analytical methods used over time

• Appropriate frequency of sampling to detect possible changes and to cover
variations due to time of day, seasonal variation and age-dependant changes

• Representativity of the samples

In facilitating exposure trend analysis, the creation of biological specimen banks
has proven very useful. Archived samples may enable trend analysis of new
environmental pollutants as they emerge and are recognised as problems, and
evaluation of exposure reduction efforts. One example of a trend study is the
analyses of pesticides (p, p´ - DDT and p, p´ - DDE) and polychlorinated biphenyls
(PCBs) in archived Swedish human milk samples (Figure 14, p. 50). The positive
effect of the prohibition of DDT in Sweden in 1970 is noticed in the decrease of
the concentrations in milk. One advantage of analyses of banked samples is that
development in analytical techniques, such as increased sensitivity of the methods
and decreased analytical detection limits, does not have to be corrected for in the
trend analysis. On the other hand it should be realised that reduction and/or
degradation of the agent in the sample may take place during storage. For example,
reduction of an agent in a sample may take place due to evaporation or binding
of the agent to the storage material. Degradation may take place due to high
temperature or instability of the agent. Therefore, banking of samples requires
specific considerations regarding sampling materials and storage conditions.
Furthermore, ethical considerations need to be addressed (Chapter 8, p. 123).
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Figure 14. Concentrations of some organochlorine contaminants
in human milk 1972-1992 (data from Lundén and Norén, 1998).
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After reading this chapter you will:
• Be aware of the philosophy of quality assurance and quality

control
• Be familiar with key concepts used in analytical quality

control
• Be able to recognise sources of errors in analytical quality

control and their consequences

Definitions and scope of quality assurance
and control

Quality assurance (QA) programmes are critical components of all exposure
assessment studies. Quality assurance should be integrated in all stages be-
fore, during and after collection of data. Quality assurance refers to all proce-
dures used to ensure data reliability. It covers the utilisation of scientifically
and technically sound practices for the study design, the collection, transport
and storage of samples, the laboratory analysis, as well as the recording, re-
porting and interpretation of results (WHO, 1984). It also refers to training
and management designed to improve the reliability of the data produced. Au-
diting procedures should be used to control the quality of all steps taken during
a study, including the recording and reporting of data. Although non-quantita-
tive, such procedures will generally make the operator aware of possible er-
rors. In order to ensure reliable exposure data, quality assurance programmes
should always be implemented together with the exposure assessment study.

Quality control (QC) refers more specifically to the overall system of technical
activities aiming to measure and control the quality of the study results. The
internal quality control (IQC) is a set of procedures used by the staff for con-
tinuously assessing results as they are produced in order to decide whether
they are reliable enough to be released. The external quality control (EQC) is
a system for objective checking by an external agency of the work performed.
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Pre-analytical quality control

Pre-analytical quality control refers to all steps to be taken to ensure correct
sampling, that is to get representative samples and to avoid contamination of
samples. Strategies for sample collection, transport and storage should be de-
cided on prior to study start. A sampling protocol should be prepared. Careful
training of all personnel involved in the study, as well as information to partici-
pating subjects, is also needed.

A suitable number of all equipment and containers used for sampling and stor-
age of samples should be tested for possible contamination (for example, blood
collecting tubes should be proved to be lead-free in a blood lead study). Instru-
ments and equipment for sampling should be routinely calibrated and checked
for deviations (for example, a personal air sampler should be checked to keep a
constant flow rate throughout the sampling period).

Samples should be handled and stored at a temperature that keeps the sample
intact prior to analysis. All samples should be properly labelled and registered.

Analytical quality control

The analytical quality control refers to all activities aiming at measuring and
control the quality of the analytical results. It should include both internal and
external quality control. The internal QC includes analyses of samples with known
concentrations of the substance to be measured. Commercially available refer-
ence materials may be suitable for this, but usually only a few concentrations are
available, especially in the low concentration range. The purpose of the internal
QC is to calibrate the analytical equipment and to check the analytical
performance. An external quality control programme should preferably evaluate
the accuracy and precision of the analytical methods used. If this is not possible,
the results obtained with the routine method may be compared with those of a
reference method, or another method using different analytical principles, pref-
erably at another laboratory. Inter-laboratory comparisons of analytical results
from analyses of the same sample are also useful.



103

Analytical quality control samples

Analytical quality control samples should consist of the same medium as the one
under study and the concentrations should be in the same range as in the collected
samples. It has been shown that a satisfactory analytical result for one
concentration in one type of medium does not guarantee satisfactory results for
another concentration in another type of medium. However, very few QC sam-
ples with useful concentrations are commercially available and therefore such
samples may need to be produced for a given project.  Ideally a relatively large
homogeneous quantity of material should be made available, so that the same
batch can be used throughout the study period. A sufficient number of samples
should be analysed by several laboratories to obtain the best possible reference
values. These reference values are later used for comparison with the analytical
results from other laboratories on samples of the same material. By the use of a
set of QC samples, covering a range of concentrations, analytical performance
can be evaluated by linear regression analysis of obtained analytical results ver-
sus reference (or expected) values (Figures 22 and 23, p. 110 and 112). This
approach was taken in the UNEP/WHO HEAL study on lead and cadmium
(Vahter et al, 1991). Quality control samples for lead and cadmium in blood,
faeces, air filters, dust and diets were prepared since no suitable reference sam-
ples were commercially available (Lind et al, 1988; Jorhem and Slorach, 1988).
The QC samples were used as EQC samples in the participating laboratories in
China, Japan, Sweden, and former Yugoslavia. The results of the analytical per-
formance improved during the analytical training phase, and during the monitor-
ing phase of the study all laboratories met the analytical quality criteria.
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The primary uses of reference materials are to
check the calibration, to document traceability
and for performance control. It is necessary to
differentiate between reference materials, the
contents of which are known and well-defined,
and intercomparison materials, for which the con-
tent is not known in advance. A certificate stat-
ing the value and a confidence interval accompa-
nies certified reference materials. Ideally, the ref-
erence material should be as close as possible in
chemical composition to that of the sample and
should also contain the analyte at about the same
concentration as is present in the sample. In many
cases, suitable reference materials do not exist,
but even if an exact match cannot be obtained,
the use of the closest available is better than us-
ing none. A survey of organisations and
laboratories manufacturing, supplying or using
reference materials for environmental measure-
ments has been published by UNEP (1992). A
survey of commercially available reference
materials has been prepared by IAEA in co-op-
eration with UNEP (IAEA, 1995; 1996). A search
for analytical (certified) reference materials on
the Internet may be useful, to find organisations
and producers of suitable materials. There is also
a large searchable database for certified reference
materials, COMAR (http://www.bam.de/comar),
with more than 200 producers of reference
materials throughout the world. Examples of
suppliers of reference materials are given in Box
14.

Reference materials

Some sources of reference ma-
terials with general
coverage:

• BCR, Community Bureau
of Reference (CEC);
Contacts Address: 303 Rue
de la Loi, 200 B-1049,
Bruxelles, Belgium.
Fax: +32 2 235 8072

• IAEA, International Atomic
Energy Agency; Contacts
Address: Department of
Technical Cooperation,
International Atomic
Energy Agency,
Wagramerstrasse 5, P.O.
Box 100 A-1400 Vienna,
Austria. Phone: 43 1 2060
(plus 5-digit extension)
Fax: +43 1 20607

• NIES, National Institute for
Environmental Studies,
16-2, Onogava, Tsukuba,
Ibaraki, Japan

• NIST, National Institute of
Standards and Technology.
Mail stop 2310, Gaithers-
burg, MD 20899 2310,USA.
Fax: 301 926 0416

These and other suppliers can
be found on the Internet.

BOX 14
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There are several external quality assessment
schemes (EQAS) commercially available (Box
15). These schemes cover a broad range of
analytes (trace elements and organic compounds)
and matrices (blood, serum, urine), and have
developed different procedures for the evaluation
of laboratory performance. An evaluation of
twelve EQAS in occupational and environmental
laboratory medicine in nine European countries
has been published (Taylor et al, 1996). More
information can be found on the Internet.

Record-keeping and data
validation

Detailed records, with dates, should be kept on
the introduction of new batches of supplies, such
as filters, reagents, sample containers, plastic-
ware and pipettes. Likewise, changes in instru-
mentation or personnel should be recorded. Af-
terwards, when analysing the reasons for changed
analytical performance, this kind of thorough
record-keeping is of utmost importance.

Sometimes changes in the analytical performance
are not abrupt but take place gradually (“drift”).
Such drifts are difficult to perceive from a single
central result, but may become evident with time
if the results of control samples are graphically
displayed. In a control chart, values of whatever
is being measured are plotted in time sequence.
The chart graphically displays the fluctuations

Commercial external quality
assessment schemes

BOX 15

Some examples of EQAS
extending their services
world-wide

• Danish External Quality
Assessment Scheme
(DEQAS), Danish National
Institute of Occupational
Health, Copenhagen,
Denmark

• FIOH external quality
assurance scheme for
organic solvent metabolites,
Finnish Institute of Occupa-
tional Health (FIOH),
Biomonitoring Laboratory,
Helsinki, Finland

• German external quality
assessment scheme in
occupational and
envorinmental medicine,
German Society for Occupa-
tional and Environmental
Medicine, Erlangen,
Germany

• Guildford Trace Element
Quality Assessment
Scheme, Robens Institute of
Industrial and Environmen-
tal Health, University of
Surrey, Guildford, UK

• Interlaboratory Comparison
Program for Trace Elements
in Biological Fluids, Toxi-
cology Centre, Quebec,
Canada

of the measured values. A variety of control charts are in use, for example, the
CUSUM chart and the Shewhart chart (Figure 20, p. 107).
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Data validation usually consists of two parts:

• Data entry procedures
• Acceptance procedures

There is always a risk of introducing errors while transcribing data into computer
files. These are so-called clerical or human errors that may not only involve
numerical errors but also formatting errors, identification errors, etc., which can
lead to a serious bias in the analysis of data. Data should therefore be checked
either visually or by use of computerised procedures flagging potentially erroneous
data.

Acceptance procedures are designed to compare the reported data against speci-
fied criteria in order to judge the reasonableness of the reported values. Accep-
tance procedures identify various types of anomalies in the data including im-
possible values, individual and multiple outliers, and entire subsets of incorrect
data.

Quality control information should always be published together with the expo-
sure data in order to make possible evaluation of the validity and reliability of
the corresponding exposure data, and to ensure comparability of data. Also, re-
evaluation of data can be performed at a future point.
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Measured value

Measured value

Measured value

Measured value
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Target

Target
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Upper action
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Lower action limit

Figure 20. Example of the Shewhart chart. A) Data in control about the target
value. B) Data offset from the target value. C) Drifting data. D) Data with a steep
change (Prichard, 1995).
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Sources of variation in analytical results

Concentrations of xenobiotics measured in exposure assessment studies involving
the general population are often very low. Advanced analytical techniques as
well as sensitive methods for detection of systematic errors in the analytical
results are required in order to make possible detection of the small deviations
from baseline exposure that may cause health effects.

A quantitative measurement is always an approximation of a true value. Many
factors contribute to this deviation. The analytical equipment may not be perfect,
the analytical method may not be specific or sensitive enough, and biases may
not be identified and corrected for. An exposure assessment study should there-
fore always report the uncertainty of the exposure estimates.

When the concentration of a pollutant is determined repeatedly in the same
laboratory, a certain scatter of the measured quantities is always seen. Analyses
of the same sample by different laboratories usually show even greater variation.
In both cases, the variations incorporate a component of analytical variation as
well as changes that may take place during sample collection, preparation and
storage (UNEP/WHO, 1986).

Collection of samples

A major problem in sampling is contamination. The highly sensitive analytical
methods used today permit analyses of small sample sizes, and the amounts of
pollutants are often very low in each sample. The risk of contamination is par-
ticularly high for substances that are ubiquitous in the environment or substances
that are present in materials and tools that can come into contact with the sam-
ple.

Handling and storage of samples

The samples must be handled and stored in such a way that the level of the
substance to be analysed remains stable. The processes that are most likely to
decrease sample stability are precipitation, chemical deterioration, surface ab-
sorption and evaporation of the analyte. Another factor that might be important
is changes in the matrix, leading to changes in the recovery of the analyte.
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Gross errors

These include sample mix-up, calculation errors, and sample/standard dilution
errors. Gross errors, particularly if they lead to exceptionally high or low results
(so-called outliers), are difficult to deal with and the procedure should include
ways and means for detecting and accepting or rejecting them.

Analytical variation

Analytical variation may be divided into two major categories: accuracy which
refers to the agreement between the amount of analyte measured and the amount
actually present, and precision which refers to the uniformity of results of repli-
cate analyses, irrespective of the true concentration of the analyte, under a given
set of conditions (Figure 21). The precision or reliability of an analysis may vary
depending on many factors, for example the skill and experience of the analyst,
the purity of the chemicals, the quality of measuring devices and the time inter-
val between replicate analyses.

Figure 21. Graphical illustration of
accuracy and precision.

High precision
Poor accuracy

Poor precision
Poor accuracy

High precision
High accuracy

Poor precision
High accuracy
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A B

C D

Figure 22. Illustration of the ideal case and various types of bias (for
explanation see text;  UNEP/WHO, 1986). The dotted line illustrates the
ideal line y=x.
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Accuracy or validity of an analysis is primarily determined by the specificity of
the method and the analytical recovery. In addition, errors in calibration de-
crease accuracy. Low accuracy of an analysis indicates a bias.

Figure 22.A illustrates the ideal case where the reported values correspond ex-
actly to the expected (or reference) values. However, all analytical procedures
are subject to a variety of analytical inaccuracies or biases. Figure 22.B shows
the effects of a proportional bias in which the reported values are higher than the
expected values. The bias is called proportional because the amount of bias
increases in direct proportion to the concentration of analyte in the specimen.
Figure 22.C illustrates the effect of a constant bias, in which each of the reported
values are higher than the expected values by a constant amount, at all
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concentrations of the analyte. The biases shown in Figures 22.B and C are posi-
tive biases, because the reported values are greater than the expected values.
Negative biases may also occur, and the reported values may fall along a curve
rather than a straight line. Figures 22.B and C illustrate the two major classes of
biases that affect the accuracy of analyses. Many analytical procedures are sub-
ject to either constant or proportional biases, or to both. Figure 22.D illustrates
how combined constant and proportional biases may affect the correlation of
reported and expected values. It is worth noting that when combined biases are
present, there is frequently one concentration at which the reported value corre-
sponds exactly to the expected value. This phenomenon is commonly observed
and must be considered when interpreting quality control data. It is therefore
recommended that reference samples cover the range of expected measurement
values.

The effects of random variation on analyses are illustrated in Figure 23 (p. 112).
It shows how a laboratory’s results maybe fitted to an operational line with
certain limits of variability. Figure 23.A illustrates a variability that increases in
proportion to the mean analyte concentration, while Figure 23.B illustrates a
variability that is constant at all concentrations of the analyte.

Knowledge of the kinds of bias and random variability that affect an analytical
system is helpful in identifying their causes. For example, proportional limits of
variability are commonly caused by imprecision in volumetric dispensing of the
sample. An automatic pipette is a mechanical device and as such there may be a
certain amount of play in the operation of its parts, which may increase as the
parts become worn. Variation in the amount of samples measured by such a
pipette will introduce variation in the analytical results proportional to the analyte
concentration of the specimen. This will cause proportional variability, as shown
in Figure 23.A. Similarly, constant limits of variability are commonly observed
in analytical procedures that are influenced by the turbidity of the specimen.
Sample turbidity is usually independent of analyte concentration, but may vary
between specimens, causing results to be distributed between constant limits
(Figure 23.B). Thus, knowledge of how various sources of analytical bias and
variability affect the accuracy and precision of the operational line can be most
helpful in identifying and in correcting analytical problems as they arise.
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Analytical method selection

A chemical compound can usually be analysed by a variety of different methods.
Some methods emphasise the quality of analysis, while others are directed mainly
towards practicality and low cost. However, even the best method may give
incorrect results if improperly used. Methods are customarily classified according
to their main use in the analytical field into definitive, reference and routine
methods.

The best approximation of the true value obtained by analysis is the definitive
value, that is the result obtained by the definitive method. The definitive method
is generally not considered practicable for daily laboratory use. It is generally
used to back up reference methods. The purpose of a reference method is to serve
as a basis for the determination of the accuracy of routine methods. Routine
methods are those used regularly in the laboratory. They are usually not as precise
and accurate as reference or definitive methods. Their use is justified, however,
because the definitive and reference methods are too cumbersome and expensive.
For every routine method used, precision and bias relating to the method should
be known. It should be pointed out, however, that additional bias might be
introduced as a result of the application of the method.
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Figure 23. Illustration of random analytical variability (for explanation see
text; UNEP/WHO, 1986).



113

Quantitative estimation of analytical precision

Statistical analysis of environmental samples collected simultaneously in space
and time can be used to estimate the precision of a measurement method. Such
samples are often referred to as duplicates and are collected in pairs. The differ-
ence in the measurement parameter (e.g. concentration) between a duplicate pair
is indicative of the precision of the collection and analysis methodology. Descrip-
tive statistics generated from a set of differences between duplicate samples can
be used to characterise the average degree of precision, as well as the variability
in precision.

Consider a hypothetical study of respirable suspended particulate matter (RSPM)
in outdoor air where 20 duplicate pairs of 24-hr average measurements were
made. Assume the 24-hr average concentration among the 40 measurements was
50 µg/m3. Further assume that the distribution of differences between the 20
pairs of duplicate samples was normally distributed with a mean and standard
deviation of 5 and 1 µg/m3, respectively. On average, then, a single measurement
can be expected to be within 5 µg/m3 of the actual concentration. A single meas-
urement can be expected to be within approximately 3 to 7 µg/m3 of the true
concentration 95 % of the time, i.e. within +/-2 standard deviations of the average
difference.

For a probability distribution, the coefficient of variation (CV) is defined as the
ratio of the standard deviation to the point estimate of the mean (1/5). In this
way, the coefficient of variation error describes the degree of dispersion of a
dataset relative to a measure of its central tendency. The coefficient of variation
provides a quantitative estimate of the relative degree of variability among the
observations in a dataset. Using data from the hypothetical example described
above, the coeffi-cient of variation among the pairs of duplicate samples is 1/
5=0.2. Thus, on average, a single measurement can be expected to be within 20
% of the actual concentration.

BOX 16
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Intentionally blank
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Introduction to field examples

Exposure assessment studies are conducted for various reasons. In this chapter
six examples of various exposure assessment studies are described. The field
examples are chosen to show the broad variety of situations that calls for
exposure assessment studies to be performed. The first study describes exposure
assessment of air pollution in Delhi, India, with the purpose of linking
exposure with health effects (respiratory morbidity). The second study is an
example of a cross-sectional total exposure assessment study of lead in children
of Mexico City. The study was performed in order to identify major sources
and pathways for lead exposure and to evaluate the contribution of these
sources to the total lead exposure. In the third field example of pesticide
exposure assessment in Costa Rica, epidemiological studies were performed
to describe and quantify the pesticide related health problem. The fourth field
example describes a method of retrospective exposure assessment in an
industrial setting. The exposure assessment was carried out in order to
investigate the exposure response relationship between exposure and health
effects (lung cancer). The fifth example is a description of a chemical accident
- the Blopal disaster and how exposure assessment and health effects studies
were performed retrospectively. The last example describes a large national
exposure assessment study performed in Germany with the purpose of
providing a database for reference values.
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Air pollution and respiratory morbidity
in Delhi, India.

by Sameer Akbar, This study was conducted as part of the author’s
field work for his Ph.D. as a BEIT Fellow for Scientific Research at
the Centre for Environmental Technology, Imperial College of Sci-
ence Technology and Medicine, London.

 Background and objectives

Delhi is known to record one of the highest concentrations of suspended particulate
matter (SPM) amongst the world’s megacities. Though concentrations of other
air pollutants (SO2 and NO2) have also been increasing steadily, only SPM
isknown to consistently violate the WHO standards (Box 2, p. 5). Recent re-
search in developed countries has associated respirable suspended particulate
matter (RSPM) with increases in daily mortality and morbidity in cities with
average ambient RSPM concentrations in the range 20 µg/m3 - 60 µg/m3, with
no apparent indication of a threshold. Measurements in Delhi have shown that
the average monthly RSPM levels range between 50 µg/m3 and 420 µg/m3.

The exact meaning of results from research conducted in developed countries for
a developing country city like Delhi is clouded by various factors, including
differences in relationships between ambient levels and personal exposure, indi-
vidual time-activity patterns, the physical environment (land use), overcrowding
in houses, poor ventilation, and type of domestic fuel used. However, estimates
of environmental health risks in developing countries still rely on extrapolation
of dose-response evidence from developed countries.
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This example reports on the field work stages of a cross-sectional study that was
conducted in the winter of 1994-95 (November - March) in Delhi with the objec-
tive of classifying exposure patterns, and assessing associations between respi-
ratory health effects and particulate air pollution. The following sections explain
the study design and methodology, highlighting the problems encountered during
data collection. The concluding section dwells on some study design issues which
have a bearing on exposure assessment for environmental epidemiology in
developing countries.

Study design

A sample of 3000 respondents was drawn from middle-class housing colonies in
three geographical areas of Delhi which differed in land use pattern - residential,
commercial-residential, and industrial-residential. In addition to land use pattern,
these areas also differed significantly in long-term (1989 - 1993) average SPM
concentrations measured at the National Ambient Air Quality Monitoring Station
(NAAQMS) located in the area. The residential area had the lowest long-term
mean ambient SPM concentration (321 µg/m3), followed by the commercial-
residential (346 µg/m3), while the industrial-residential (437 µg/m3) area reported
the highest concentration.

The sample was restricted to respondents who were 25 to 45 years old, and were
not employed in occupations which carried a risk of occupational exposure.
Although 33 % is the commonly quoted prevalence rate in Delhi for “respiratory
ailments”, a conservative estimate of 20 % for office workers and 10 % for
housewives was used to calculate the sample sizes for different sub-groups.

It is acknowledged that the urban poor are at higher risk of exposure to air
pollutants. However, this study focused on the urban middle class because of
potential confounding by additional risk factors (e.g. occupational exposure and
biomass based domestic fuels) in the lower socio-economic groups, hence re-
quiring a more refined study design and a larger sample size. By focusing on 25
to 45 year olds, it was expected to capture two groups of respondents who differ
in time-activity pattern - housewives and office workers, and at the same time
look for cause-effect in a sub-group whose health status is not likely to be
compromised by age.
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Epidemiological survey

Middle-class housing in Delhi usually consists of either apartment blocks or
privately owned houses. As opposed to private housing, apartment blocks usu-
ally have the inherent advantage of a planned layout, stratification by socio-
economic status, and uniformity in housing structure.

Sampling
A door-to-door questionnaire survey was conducted in selected housing colonies
in order to collect the relevant information. All interviewers were provided with
a sampling protocol in terms of the number of respondents to be interviewed per
day, and a systematic random sampling frame. However, certain practical reasons
made it difficult to follow a rigid sampling frame.

Firstly, since a majority of door-to-door surveys in urban middle-class housing
are carried out by marketing companies, the interviewers were often met with an
initial refusal to participate. On the other hand, air pollution being a “topical”
issue, there was sometimes a risk of selection bias because of respondents’
enthusiasm. Interviewers were instructed to retry if the respondent initially re-
fused to participate, but to stick to their sampling frame in areas where the
participation rates were good.

Secondly, both male and female respondents were found to have a preference for
women interviewers. Two specific reasons could partly explain this phenom-
enon: (i) for socio-cultural reasons, women respondents, especially housewives
from conservative households, do not usually talk to male strangers; (ii) despite
carrying identification, because of safety concerns male interviewers were often
turned away from behind closed doors.

Finally, accessibility of respondents became difficult as interviewers went up the
social ladder. Unfortunately, this was found to be correlated with disparity in
social class between interviewer and respondent. It is acknowledged in survey
research that interviewers should belong to the same social background as the
potential respondents. This theory was successfully tested by sending an
interviewer from a compatible social background into such housing colonies,
and getting a better participation rate.
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Questionnaire
The questionnaire elicited information on background, health effects, economic
damage, time-activity patterns and personal habits (p. 136).

The background and personal habits sections of the questionnaire were aimed at
capturing key socio-economic and socio-cultural factors, some of which could
also qualify as risk factors for respiratory morbidity. Incorrect or conflicting
responses (between household members) to personal questions often provided
moments of comic relief to interviewers: Husbands would often try to lie in front
of wives or mothers in order to hide their habit of smoking/chewing tobacco or
pan/beetle leaves! Or family members (interviewed separately) would reveal
different figures for family income!

Most of the health effects questions were tailored after the British Medical Re-
search Council questionnaire and were aimed at assessing the winter prevalence
of symptoms. Data on two week recall of respiratory symptoms were collected
so as to assess temporal associations between respiratory morbidity and ambient
(particulate) air pollution. Time-activity data were also collected for different
micro-environments, which could later be used in conjunction with RSPM
measurements to classify personal exposure.

The economic damage section was aimed at assessing the possible economic
implications of variation in particulate concentrations. In addition, a section on
willingness to pay (based on a hypothetical scenario) was also included in the
questionnaire to estimate the monetary value of respiratory morbidity.

The questionnaire was pre-tested on a random sample of 150 respondents in the
summer of 1994, and the responses were used to further refine the questionnaire.
Four interviewers were trained and made to conduct mock interviews in the week
prior to starting the field work.
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Exposure classification

The questionnaire survey was accompanied by RSPM monitoring in a sub-sam-
ple of the households, in commonly used travel modes (i.e. buses, cars, and
three-wheelers), and in the ambient environment.

The objectives of conducting a limited amount of monitoring were: (a) to assess
if RSPM concentrations (indoors and ambient) differed significantly in the three
areas; (b) to estimate the significance of RSPM concentrations in different mi-
cro-environments as a risk factor for exposure; and (c) to use the measurements
as a means of exposure classification of respondents based on their time-activity
patterns and their mode of travel.

Ambient
Outdoor or ambient measurements of RSPM were made at NAAQM stations,
which are located on top of double storey buildings situated within Delhi Elec-
tric Supply Undertaking sub-station complexes. However, siting the monitoring
stations in the compound of an electric sub-station did not guarantee uninter-
rupted power supply.

Outdoor SPM measurements were made gravimetrically using a High Volume
Sampler. The samplers were operated at a flow rate of 1.1 to 1.7 m3/min in three
8-hourly sessions to get 24-hourly average values. Three CasellaTM AFC 124
pumps with a cyclone head and a Whatman GFA filter (2.5 cm diameter) were
used for RSPM sampling. The pumps were operated at a constant flow rate of
1.9 litres/minute and were calibrated and checked with a rotameter before and
after each monitoring session.

Indoor
The CasellaTM pumps were installed at a height of 6 to 8 feet, as close to the
human breathing zone as possible. All the indoor monitoring sessions were for
continuous eight hour periods. Care was taken to keep the cyclone head free
from any obstruction, and away from any prominent source. Since the time pe-
riod of the study was over the winter months, houses normally kept their doors
and windows closed. The only known indoor source of particles in certain homes
was the presence of cigarette smokers. However, the geographical location of
houses and the siting of monitors indoors was dependent on the respondents’
willingness to participate in the microenvironmental monitoring exercise.
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A major deterrent to having a monitor installed inside homes was the safety
consideration. In some cases respondents had the monitors installed indoors, but
panicked when neighbours suggested the possibility of the monitor being an
explosive device!

Travel
For travel measurements the pumps were worn on the waist belt by individuals
while travelling, and the cyclone was worn on the lapel or upper part of the
chest. Except in the case of cars when the driver wore the sampler, it was worn
by a passenger in the bus and three-wheeler. The routes travelled were varied in
order to cover the major roads to and from the three study areas.

A rigid monitoring protocol was designed so as to evenly distribute the monitor-
ing schedule over the study period. In all, 41 measurements were made in travel
microenvironments, 81 measurements were made in indoor microenvironments -
21 with smokers and 60 without smokers, and 44 measurements were made in
the ambient environment.

What can be learnt from this example?

An important lesson learnt from the field work is the uncertainty in estimating
exposure based solely on ambient air quality data (as is usually done in popula-
tion-based air pollution epidemiology studies). The difficulty arises primarily
because of two reasons - (a) the mixed land use in and around housing colonies,
and (b) variation in individual time-activity patterns and travel modes (e.g. buses,
cars, two-wheelers etc.) - both of which are important determinants of personal
exposure.

Land use violations (e.g. one room industrial units operating in residential areas)
can result in residents of adjacent housing colonies having widely different
exposure patterns. The contrast between the residential and industrial-residen-
tial area in terms of land use is large. In addition, socio-economic and socio-
cultural factors which have a bearing on the nature of questionnaire responses
tend to be closely linked to land use pattern, with people lower down the socio-
economic/cultural ladder residing in mixed land use areas. These intra-urban
differentials in socio-demographic factors present significant study design diffi-
culties in a city like Delhi.
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This study was a small first attempt, conducted in the face of limited resources.
However, it serves to provide important lessons, and highlights the need for a
bigger study in order to classify exposure of population sub-groups in a develop-
ing country megacity like Delhi. An intensive microenvironmental monitoring
protocol coupled with a well-designed epidemiological study could provide the
much needed information on varied exposure patterns among population sub-
groups across the socio-economic spectrum.
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Background and objectives

Setting
Mexico is the sixth largest lead-producing country in the world, and 40 % of its
production is used locally in different industrial processes that cause lead con-
tamination of the environment. Sources of airborne lead in the Valley of Mexico
City include lead smelters, battery manufacturing plants, battery repair shops,
paint factories and leaded petrol.

It is estimated that about 1500 tons of lead are deposited annually in Mexico
City from combustion of leaded petrol (Contreras, 1990). Recognition of this
problem has driven the Mexican government to decrease the use of tetraethyl
lead in petrol. At present, two types of petrol are used in Mexico, one that con-
tains 0.13-0.26 g/l and one that contains 0.003 g/l (the ”unleaded type”). Vehi-
cles can use the unleaded type only if they are equipped with a catalytic con-
verter and if the model is manufactured in 1985 or later. However, among the 3
million vehicles in Mexico City, 80 % were manufactured before 1980 and some
before 1970 (Sanchez, 1990). Therefore, despite the introduction of unleaded
petrol, consumption of leaded petrol is still high in Mexico City.

Environmental lead pollution and its potential adverse health effects were ob-
served in Mexico as early as 1682 (Cooper, 1980). Lead contamination is a
leading public health problem in Mexico. Several epidemiological studies have

A cross-sectional total exposure
assessment study of lead in children of
Mexico City

This field example is mainly based on investigations published by
Isabelle Romieu and co-workers (Romieu et al, 1994; 1995).
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reported blood lead levels and risk factors for the population of Mexico City (for
references see Romieu et al, 1995). However, information was scarce about the
concentration of lead in the environment and the contribution of various sources
to the total lead exposure in the population of Mexico City.

Health effects
Lead exposure can result in a wide range of biological effects depending upon
the level and duration of exposure (WHO, 1995). Lead adversely affects several
organs and organ systems (blood-forming organs, the peripheral and central
nervous system (CNS), the kidneys, and the gastrointestinal tract). The effects
range from inhibition of enzymes to death.

For metabolic, behavioural and neurological reasons, children are more vulner-
able to the effects of lead than adults. Lead passes over the placenta and there are
some epidemiological data indicating effects such as pre-term delivery and re-
duced foetal growth and maturation. Lead has been shown to be associated with
impaired neurobehavioural functioning in children. Both prospective and cross-
sectional epidemiological studies have been conducted to assess to what extent
environmental lead exposure affects CNS-based psychological functions (NRC,
1993). There is no definitive evidence of a threshold, but below the blood lead
concentration (PbB) range of 100-150 µg/l, the effects of confounding variables
and limits in the precision in analytical and psychometric measurements increase
the uncertainty attached to any estimate of effect. However, there is some evidence
of an association below this range. Most evidence relates to decrements in
intelligence quotient (IQ).

Environmental data and sources of exposure
Lead is a multimedia pollutant and is present in air, food, drinking-water, soil
and dust. The main routes of human exposure to lead are inhalation and inges-
tion. The dermal absorption is usually low. An investigation of available envi-
ronmental data and possible sources of lead exposure was carried out prior to
study start.

In Mexico City, there is continuous monitoring of air pollution, including
atmospheric lead. In the northern part of Mexico City, near an industrial park,
the traffic and industrial emissions are particularly high. Atmospheric lead used
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to greatly exceed the national air quality standard for lead in Mexico (1.5 mg/m3

as a 3 month average). However, since 1990, particulate lead content has decreased
substantially, possibly due to an increased use of unleaded petrol and to the
closure of several lead-manufacturing industries. In the southern part of the city,
a residential area, the atmospheric lead tended to stay below the air quality
standard.

Lead in drinking-water may come from contamination at the source, but it can
also result from water treatment or from lead in piping, joints, and containers for
storage etc. Lead dissolves into the water, especially if the water is acidic. Leaded
pipes are common in Mexico, but the water is alkaline. Water samples collected
from randomly selected households, using lead-free containers, showed lead
concentrations close to 0.1 µg/l (below the WHO guideline for drinking-water of
0.01 mg/l; WHO, 1996a), despite the first flush from the tap being collected, to
sample water that was standing overnight (worst case approach).

Lead-based paint and pigments that contain lead chromates are frequently used
in Mexico. Lead in paint may be released into the environment (soil, dust, water)
by deterioration of surfaces and by contact with acid rain and drainage water. In
addition, dissociation of lead chromates by gastric acid may contribute to lead
uptake in children who ingest contaminated soil and dust. Lead pigments are
also used in children’s toys and pencils. Different types of coloured pencils have
been analysed for lead. Most coloured pencils have a high lead content with a
high variation in lead content depending on the pencil’s origin. Values between 1
and 68,000 ppm were reported. This source of lead exposure can contribute to
the total exposure of children, who tend to bite pencils and therefore ingest paint
chips.

Leaded glaze is commonly used in Mexico to cover ceramics that are used to
cook, store, and serve foods and beverages. This traditional pottery is hardened
at low temperatures, and therefore the lead remains in the glaze and can be
released into foods and beverages, especially acidic ones like tomatoes and fruit
juices, because the solubility of lead increases at low pH. Experiments have
shown that most of the lead released from the ceramics comes from the glaze.
The place of origin of the pottery and time of usage of the pottery has also been
shown to be important factors for lead content. Values ranging from 89 to 8000
µg/dl of food and beverages have been reported (Hernandez et al, 1991).
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Lead-soldered side-seam cans are still available in Mexico. As with food pre-
pared and kept in traditional pottery, acidic foods processed in cans with lead
solder are more likely to be contaminated. The lead content in different types of
canned foods has been measured. In 1993, in a random sample of 300 cans with
different types of solder, about 30 % had a lead content exceeding 0.30 mg/kg,
the recommended guideline (FAO/WHO, 1984b). Among these cans, 61 % were
lead-soldered.

Food may also be contaminated before processing. High lead content may for
example be found in leafy vegetables due to air fallout of lead. Other potential
sources of lead exposure are cigarettes, cosmetics, and traditional medicine.
Analyses of lead content in cigarettes sold in Mexico showed that cigarette smoking
may contribute to lead exposure. Lead-containing cosmetics used by women
may contribute to lead exposure of their children. Traditional medicines such as
azarcon (used as a treatment for diarrhoea) have a high lead content and have
been related to lead intoxication in Mexican children (Baer and Ackerman, 1988).

Objectives
The objective of the study was to identify major sources and pathways for lead
exposure in Mexico and to evaluate the contribution of these sources to the total
lead exposure in the population of children residing in Mexico City.

Exposure assessment

A cross-sectional study was conducted to determine the contribution of various
environmental media to the blood lead levels in children younger than 5 years of
age. A random sample of 250 households in each of two areas of Mexico City
was selected, and a total of 200 children participated in the study. One of the
study areas was a residential area and the other was located within the industrial
part of Mexico City. The major sources of lead exposure were expected to differ
between these two areas.

All households selected were visited to obtain a sample size of 100 children in
each area. The mothers of the children selected were invited to participate in the
study, which included the completion of a questionnaire, environmental sam-
pling of their household, and collection of blood samples from each child.
Participants were informed of the study objectives and asked to sign an informed
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consent form. After all samples were collected, dietary counselling and advice on
minimising lead exposure was provided to all participants. Environmental samples
of floor, window, and street dust, paint, soil, water, and glazed ceramics were
obtained from the participating households, as well as dirt from the hands of the
children. Environmental sampling procedures for soil, dust, paint, and water
were carried out in accordance with the technique proposed by the Environmental
Sciences and Technology Laboratory, Georgia Technical Research Institute
(GTRI, 1992). Training of the field personnel and standardisation of procedures
were provided by a senior scientist from the GTRI. All procedures were carried
out using vinyl gloves in order to avoid contamination of samples. External qual-
ity control was provided by the Centers for Disease Control (CDC),
(Atlanta, Georgia, USA).

Results

Blood lead levels in children (N=200) ranged from 10 to 310 µg/l with a mean of
99 µg/l (SD 58 µg/l). Blood lead concentrations exceeding 100 µg/l were found
in 44 % of children aged 18 months or older. Age was significantly related to
children’s blood lead levels. Blood lead levels were slightly higher in the indus-
trial study area. However, the major predictors of blood lead levels were the lead
content of the glazed ceramics used to prepare food, exposure to airborne lead
due to vehicular emission, and the lead content of the dirt from the children’s
hands.

What can be learnt from this example?

In order to decrease lead exposure by control measures, the significant sources
of lead exposure have to be determined. Although important measures had been
taken in Mexico to reduce lead exposure of the general population (e.g. the
introduction of unleaded petrol), the investigators found that lead exposure is
still an important problem in Mexico. The findings pointed out that leaded petrol
still played an important role in the population’s exposure to lead, but that lead-
glazed ceramics also played a major role for the total exposure. Thus, it is
necessary to inform the public of the risks of lead-glazed ceramics and to regu-
late their use.
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The strategy of this study: 1/ to gather all available environmental data on lead
in all exposure media, 2/ to do complementary environmental monitoring when
adequate data were missing, 3/ to collect environmental samples from each
household included in the study, and 4/ to measure the total lead exposure by
biological monitoring in the study population, was adequate to identify the
significant sources of lead exposure in children.
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Background and objectives

Pesticide poisoning in developing countries is an important public health prob-
lem. A report from the WHO indicates that globally three million severe poisonings
occur annually. Counting mild poisonings, as many as 25 million poisonings
might occur in developing countries (Jeyaratnam, 1990).

In Costa Rica, a developing country with an agricultural export-based economy,
the per capita annual consumption of pesticides was 4 kg during the 1980s. This
was eight times the 0.5 kg estimated world average per capita consumption and
some of the most used substances were, according to the WHO’s hazard
classification, highly and extremely toxic. From field observations in agricul-
tural areas of the country it was obvious that workers did not use protective
equipment and that safety procedures during pesticide use were overall inad-
equate.

In order to more specifically describe and quantify the pesticide related health
problems in Costa Rica, an extensive research programme commenced in the
middle of the 1980s. This included descriptive epidemiological studies as well as
cohort and cross-sectional studies and also aimed at a more detailed exposure
assessment (Wesseling et al, 1993; Wesseling et al, 1996; van Wendel de Joode
et al, 1996). Registers with data on exposure or health outcomes are rare in
developing countries. However, in Costa Rica it is possible to follow up subjects
with verified poisonings or other health effects in the cancer or mortality registries.

Assessment of pesticide exposure in
epidemiological studies in Costa Rica

by Carl-Gustaf Elinder and Catharina Wesseling,
Karolinska Institutet, Stockholm.
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Exposure assessment and results

In the first population based study exposure categories were, for practical rea-
sons, very crude: those not working at all (non-labour population), non-agricul-
tural workers, and agricultural workers.

Data from three national registers were used: 1) occupational accidents and disease
reports in wage earning workers, 2) hospitalisations and 3) deaths. During 1986,
1800 occupational accidents and diseases caused by pesticides were reported;
between 1980 and 1986 a total of  3330 persons were hospitalised and 429 died.
Cholinesterase inhibitors caused 21 % of the reported occupational accidents,
63 % of the hospitalisations and 36 % of the deaths. Paraquat caused 21 % of the
occupational accidents, 24 % of the hospitalisations and 60 % of the deaths.
Overall, 25% of the hospitalisations and 11% of the deaths were due to occupa-
tional poisonings.

Age and gender specific incidence rates were calculated for the “exposure cat-
egories”. Hospitalisations and deaths were 13 and 11 times more frequent among
agricultural workers than among the rest of the population. The annual rate for
hospitalised pesticide intoxications in Costa Rican agricultural workers was 115
per 100 000, of which about one tenth were fatal. It was estimated that the yearly
incidence of symptomatic occupational pesticide poisonings among agricultural
workers was 4.5 %. High risk groups for occupational poisonings included
workers aged 15-29, female agricultural workers and workers in banana plantation
areas.

Two results of this study were considered to be of particular importance. Firstly,
pesticide related injuries among wage earning workers were more than six times
higher in the banana plantation areas than in the rest of the country. Secondly,
contrary to prevailing opinions, paraquat was identified as one of the most prob-
lematic pesticides with regards to occupational poisonings. It was also noted
that many paraquat injuries occurred on banana plantations. Several studies have
dealt with these two issues in recent years by assessing both exposure and health
effects.

Next, exposure among banana workers were assessed. Banana production is a
major component of the export industry in Costa Rica. Pesticide use has been
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substantial on banana plantations for decades and many work tasks include dif-
ferent types of exposures. Efforts were made to characterise pesticide exposures
of plantation workers through the analysis of import and pesticide use data as
well as observations at the work place. Detailed data were collected regarding
types of pesticides, frequency of use, amounts applied and use practices in rela-
tion to job-titles (Chaverri and Blanco, 1995; Vaquerano, 1995; van Wendel de
Joode et al, 1996). After that, accurate numbers of workers per job-title, per area
and per time unit were determined in order to produce reliable population data
for the calculation of job specific incidence rates (Wesseling et al, 2001). Herbicide
and nematocide applicators, cleaners of the water basins at the packing plants,
flaggers guiding the crop dusting airplanes and storehouse workers were the five
job-titles with the highest risks for pesticide related illness. Several quantitative
exposure studies were also carried out on banana plantations. One study quanti-
fied exposure and dose in 11 paraquat sprayers and identified determinants of
exposure by means of measurements, observations and interviews (van Wendel
de Joode et al, 1996). Skin exposure was measured by skin pads, respiratory
exposure by personal air sampling and absorbed dose by urine sampling. It was
found that protective clothing did not effectively protect against dermal expo-
sure. Both dermal and respiratory exposure were significantly related to dose
and both should be considered possible routes for systemic absorption of paraquat.
During the field work hazardous situations which in theory could result in severe
systemic poisonings were observed frequently. Seven of the eleven spray operators
had experienced one or more health complaints during the last twelve months
that they associated with paraquat (skin burns, eye irritations, nail damage, nose
bleeds, burning sensation in nose cavity and non-specific systemic symptoms).
The occurrence of adverse health effects could not be excluded at the measured
levels of exposure and, considering also the frequent high risk situations, it was
concluded that paraquat is not safe for occupational use.

Another study assessed the exposure of packing plant workers who also had
been identified as a high risk group. Skin and eye lesions occur frequently among
the mostly female workers who select and wash the bananas at the water basins
of the packing plant and some of whom spray fungicides on the bananas with a
hose before they are placed in the boxes. Residues of the fungicides thiabenda-
zole and imazalil were measured in skin pads (averages of 4.7 and 6.0 mg/day,
respectively, of total dermal exposure) and in the water of the basins at the packing
plant (Vaquerano, 1995). It is likely that the observed high incidence of topical
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lesions (allergic and irritant contact dermatitis and severe chemical burns) in
these workers is associated with skin contact with the spray mist, as well as with
the contaminated water of the basins (Wesseling et al, 2001).

More specific health effects from pesticides in banana workers have been exam-
ined in cross-sectional, cohort and case studies. The exposure circumstances of
a series of fatal non-intentional paraquat poisonings were analysed in the context
of developing country labour conditions, with emphasis on the potential danger
of dermal absorption and the amount of paraquat needed to produce a fatal
outcome in case of oral intake. The medical records and autopsy protocols of 15
fatal non-intentional poisoning cases among agricultural workers were reviewed
and relatives were interviewed. The results of this study suggest that paraquat
may cause fatal poisonings by ingestion of small amounts, by dermal absorption
of diluted paraquat, and possibly by inhalation (Wesseling et al, 1997).

The cancer risk among banana workers was examined in a cohort study of em-
ployment status during the time DBCP, a particularly toxic pesticide, was used.
Employment status  was based on the payroll reported to Social Security be-
tween 1972-1979. Exposure indicators were duration of employment (number of
months), and first year of employment. The results, revealed an increased mortality
in certain types of cancers in the exposed group as compared to the general
population of Costa Rica (Wesseling et al, 1996). No exposures to specific
pesticides could be identified. Currently a cohort study of workers with con-
firmed DBCP exposure and low sperm-counts is being carried out.

In addition, neurotoxic effects among workers previously poisoned with cholineste-
rase-inhibiting pesticides have been examined in a cross-sectional study based
on patients who have been given medical treatment. Exposure category was based
on the type of cholinesterase inhibitor (organophosphates versus carbamates). A
cumulative exposure index that assesses life time pesticide exposure and which
was based on interview data from the study subjects was established. The interview
data provided information about duration and frequency of exposures (number
of years and number of days per year) for different job-titles. Observations and
historical data provided information about the types of pesticides and fraction of
the day exposed per job-title. Observations and measurements of exposure under
current labour conditions have now to be  considered as baselines for retrospective
quantitative exposure estimates by judgement of differences by an occupational
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hygienist (Wesseling, 1997). Severity of the poisoning was used as a measure of
degree of exposure: we tried to use symptoms and signs recorded by physicians
in the medical records, categories of hospitalised versus non-hospitalised, number
of doses of atropine, days of sick-leave: all these data turned out to be too deficient
to be usable as exposure indicators. Finally the number and types of cholinergic
symptoms (during the poisoning episode) referred by the worker at the time of
testing (checklist with yes-no answers) were used as a measure of intensity of
exposure, but the information source is more subjective and therefore maybe less
reliable (Wesseling, 1997).

What can be learnt from this example?

Costa Rica is privileged with health registers as compared to other developing
countries, which makes it attractive to carry out epidemiological research not
possible elsewhere in the developing world. However, opportunities to find sources
of information on exposures are present everywhere and health effects can be
assessed in many other ways besides by the use of disease registries. These
opportunities should be looked for in a creative way. However, it is not sufficient
to merely look at the health effects - one also has to assess exposure in one way
or the other, the more detailed the better. The examples from Costa Rica given
here illustrate this, and also that this type of research frequently produces results
that make it evident that specific actions are needed to decrease exposure and
risks (Rodríguez et al, 1995).
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Industrial setting - The Rönnskär case

This case study is mainly based on investigations published by
Lars Järup and co-workers (Järup et al, 1989; Järup and
Pershagen 1991).

Background and objectives

Setting
The Rönnskär copper smelter in the north of Sweden has for a long time been
known as “the dirtiest industry in Sweden”. It was established in 1928 to pro-
cess ore from the Boliden mine. The ore was highly complex and was rich in
arsenic (up to 20 %). The mining company bought two small islands just outside
the coast from the local community. The idea was that the winds would carry the
emissions from the smelter out to sea, thus minimising the environmental air
pollution and the fallout on the surrounding soil.

Exposure
The work environment was heavily polluted with many compounds; it was said
that the workers were exposed to “half the periodic system”. The main pollutants
connected with health problems at the factory were arsenic, sulphur dioxide
(sulphuric acid) and lead. Nickel, bismuth and selenium, as well as other
contaminants, were also present in some instances. The main concern regarding
environmental exposure has been related to arsenic and sulphur dioxide.

Occupational health effects
Since the start of the smelter operation, both acute and chronic health problems
have been registered. Early health effects at the smelter were etching injuries,
perforation of the nasal septum and chemical bronchitis. Acute effects, in a few
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cases leading to death, after heavy exposure to arsenic have been recorded since
the 1930s, the latest casualty occurring as late as in 1985, when a worker was
accidentally buried in a pile of arsenic trioxide. He died within 12 hours of the
acute exposure.

The main chronic health effects were nerve lesions, reproductive defects and
lung diseases. The most important health outcome was lung cancer, and increased
lung cancer risks were reported in several studies from the smelter.

Environmental health effects
Lung cancer was the main health effect due to smelter emissions in the surround-
ing environment. An increased risk of lung cancer was found in non-occupationally
exposed individuals in the local communities around the smelter.

Objectives
The main objective of the epidemiological study described in this field example
was to investigate the exposure-response relationship between occupational
exposure to arsenic and sulphur dioxide and lung cancer risk. The field example
describes the method for retrospective exposure assessment, essential for the
success of the epidemiological analyses. The field example also briefly describes
the environmental exposure assessment for the studies of environmental expo-
sure to arsenic and lung cancer risk that were carried out in the Rönnskär region.

Exposure assessment - occupational

Arsenic and sulphur dioxide
The exposure assessment covered arsenic, sulphur dioxide and to a lesser extent
some other compounds (e.g. asbestos, chromium, lead, nickel and tellurium),
occurring more or less frequently at various workplaces within the smelter. A
report prepared by the chief hygienist at the smelter described the work environ-
ment and how the conditions have changed since the smelter started its operation
in 1930.
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Quantitative data were estimated mainly for arsenic and sulphur dioxide. The
assessment was made from historical documents, such as work safety committee
reports and internal company papers concerning the work environment at the
smelter. Interviews with older workers and managers were also made. The first
air measurements were made in 1945. Regular monitoring of the workroom air
was carried out from the middle of the 1950s. The early air measurements revealed
very high arsenic concentrations at certain work sites, such as the roaster, where
an average of 0.9 mg/m3 was recorded (range 0.04-7.1). A few measurements at
the gas purifier revealed an average arsenic concentration of 25 mg/m3. Before
the commencement of air measurements, statistics from sick leave due to etching
injuries, in conjunction with the other historical data mentioned above, were
used to quantify the amounts of arsenic in the workroom air.

The arsenic content in the Boliden ore was extremely high (up to 20 %) at the
beginning of the operation. The working conditions in the early days were also
very poor as evidenced by the sick leave figures mentioned above. It was not
until after the second world war that radical improvements were made. The arsenic
contents in workroom air were then gradually decreased as the regulatory demands
became more rigorous. Exposure data were estimated for three time periods, the
first period being 1928-1939, the second 1940-1949 and the third 1950 and
onwards, with some variations depending on work-site.

Respirator usage was very limited and virtually non-existent before the second
world war. When respirators were used, a piece of cloth often had to suffice. No
adjustment of the exposure data was therefore made for the use of respirators.

Smoking
For the collection of information on smoking habits, a postal questionnaire was
sent to the next of kin to the cases and referents in a nested case-control study
performed within the Rönnskär cohort (described earlier). Information of smoking
status was obtained for all study subjects. To assess the total amount of inhaled
tobacco for each smoker, pipe tobacco and cigars were ”converted” to cigarettes.
One cigar was thus considered equivalent to 4 cigarettes, and one package a
week of pipe tobacco was regarded to be equal to 7 cigarettes/day.
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Exposure assessment - environmental

Measurements of metal concentrations in suspended dust were made at several
outdoor measuring stations, up to 7 km from the smelter, since the late 1960s.
The ambient air levels of arsenic and lead were mostly below 0.5 µg/m3 as a
monthly average, but a few values exceeded 1 µg/m3. No measurement data
were available for the time periods when the smelter emissions were at their
highest. Analyses of metals in soil and plants show that dust fallout primarily
takes place within 10-20 km from the smelter. With this information and the
prevailing wind directions (north-south), two parishes near the smelter were chosen
as the exposed area in the environmental epidemiological study. The remaining
part of the county to which these parishes belong constituted the reference area.
Both the exposed and reference areas were sparsely populated with scattered
villages, but they also contained some urban districts.

Results

The retrospective exposure data for the different time periods were used together
with detailed information of the work history to compute cumulative exposures
to arsenic and sulphur dioxide for each worker in the cohort. Standardised
mortality ratios (SMRs) were then calculated for several exposure categories
using age-specific mortality rates from the county where the smelter was situated.
A positive dose-response relationship was found between cumulative arsenic
exposure and lung cancer mortality with an overall SMR of 372 (304-450, 95%
confidence interval).

Smoking standardised relative risks ranged from 0.7 to 8.7 in different exposure
groups. A negative confounding by smoking was suggested in the higher expo-
sure categories. The interaction between arsenic and smoking for the risk of
developing lung cancer was intermediate between additive and multiplicative,
and appeared less pronounced among heavy smokers.

There was no evident dose-response relationship between estimated exposure to
sulphur dioxide and lung cancer.

An increased lung cancer risk (RR= 2.0) was also seen among men who had
lived within approximately 20 km from the smelter. The increased risk could not
be explained by smoking habits or occupational background.
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What can be learnt from this example?

In order to reveal exposure-response patterns in epidemiological studies, a thor-
ough and detailed exposure assessment is essential. The procedure described in
this example is, however, very time-consuming and needs the active participa-
tion of an experienced (industrial) hygienist. In this example, the investigators
had access to detailed data on exposures as well as job histories. This may not
always be the case and thus, before an attempt is made to embark on a study of
retrospective exposure assessment, the available data should be thoroughly ex-
amined.

If, however, the necessary data are available, the effort to create a detailed expo-
sure matrix may be worth while. The clear exposure-response pattern that was
revealed in the occupational epidemiological study made it possible to refine the
risk assessment for lung cancer caused by occupational arsenic exposure.
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A major chemical accident
- The Bhopal Disaster

This case study is mainly based on an investigation published by
P. Cullinan and co-workers (Cullinan et al, 1997)

Background

During the night between the 2nd and 3rd of December, 1984, there was a leak of
a poisonous gas from a tank at the Union Carbide’s plant in Bhopal in India. The
accident proved to become the worst accident so far of this kind in history, killing
over 3800 people.

It was a nightmare situation; hundreds of thousands of people living in the close
vicinity of a big chemical industry, where safety precautions were poor, and no
plans had been made in advance for the event of poisonous gas emissions. The
carbamate insecticide carbaryl, or Sevin as the Union Carbide Corporation trade
name is, was produced in the plant. Methyl-isocyanate (MIC), a well known
toxic substance, was an intermediate in the production.

MIC is a low molecular organic isocyanate (MW 57.05). It is volatile (boiling
point +39° C) and colourless, with an unpleasant odour. The vapour density is 2,
i.e. twice as heavy as air, and it reacts violently with, for example, water in an
exothermic reaction. It is a strong irritant. The American Conference of Govern-
mental Industrial Hygienists (ACGIH) threshold limit value (TLV) is 0.02 ppm.

The cause of the gas leak was a chemical reaction leading to increased pressure
in a tank that contained approximately 27 tonnes of stored MIC, and the opening
of a safety valve on the tank. The safety valve remained open for nearly two
hours, and tons of MIC in vapour and liquid form was discharged. The meteoro-
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logical conditions were very unfavourable, aggravating the consequences of the
release; air temperature of around + 10° C, light wind from north to north west
of 1-2 m/s and a temperature inversion. Not only people in the shanty town close
to the plant, but also a great deal of the total population of Bhopal were hit by the
gas. The gas rolled slowly across the road into the shanty towns opposite the
plant. The sleeping residents were not warned of the leak and the houses and huts
did not give any protection. The gas cloud spread further towards the railway
station, the police station and downtown. At the railway station, 1.5 km from the
plant, more than 100 persons were found dead. The area with the largest number
of dead and severely injured was 6-7 square kilometres south to south west of the
plant. Severe but not deadly injuries were found in a region of about 25 square
kilometres in size. Many of the people exposed to the gas died in their sleep or
when they tried to run away from the gas cloud, thus increasing the exposure of
their lungs to the gas by taking deep breaths.

Health effects
The acute clinical picture was transient irritation and redness of the skin, intense
irritation from the eyes, including bleeding, profuse eye lid oedema and superficial
corneal ulceration. Respiratory effects included rhinitis, pharyngitis, coughing,
respiratory distress, such as broncho-constriction, shortness of breath and choking.
Many patients died from choking or circulatory collapse. Pulmonary oedema
developed in many patients in the acute stage. In others pulmonary oedema
developed later, after a free interval, but all the patients developing pulmonary
oedema presented initial symptoms from the respiratory tract. All types of
complications from the respiratory tract were observed, such as pneumothorax,
subcutaneous and mediastinal emphysema, bronchopleural fistulas, secondary
infections etc. Malaise and vomiting were common signs in the initial stage,
probably due to swallowed dimethyl-urea, a product from MIC and water, which
was formed when MIC reacted with the water of the mucous membranes of the
mouth and oropharynx. It has also been discussed if the gas affects the  central
nervous system (CNS), circulation, liver and other organs.

The treatment given to affected eyes was irrigation, homatropine to prevent
secondary complications, antibiotics and in some cases corticosteroids. Respira-
tory distress symptoms and pulmonary oedema were treated according to symp-
toms with oxygen, bronchodilators, diuretics and corticosteroids. When steroid
treatment was stopped after 2-3 days, pulmonary oedema returned in approxi-
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mately 40 % of the patients. The steroid therapy was started again and pulmo-
nary oedema resolved.

The rescue operation
The organisation of the rescue operation was started as soon as the severity of
the accident became apparent. In the beginning everything was chaotic, with
thousands of patients streaming into the hospitals. A few hours after the accident
the Minister of Health and the Mayor of Bhopal were gathered along with the
superintendent and other doctors of leading positions at the Hamidia Hospital.
Approximately 300 doctors and 800 medical students also arrived there. Medical
teams treated patients in the hospital gardens as it was impossible to get all the
patients inside the hospital.

During the first 24 hours, the Hamidia Hospital took care of about 15 000 pa-
tients and the J.P. Hospital 25 000 patients. In total around 100 000 patients
were given some kind of medical treatment during the first 24 hours. It is diffi-
cult to get exact figures but the approximate numbers of dead and injured may be
as follows:

• 500 persons died before getting any medical treatment at all
• 6000 persons were severely injured, presenting symptoms such as advanced

respiratory distress combined with signs from the CNS and circulatory sys-
tem. Of these 2000 died within the first week. Total mortality was 3828

• 100 000 persons presented severe symptoms from the eyes and the respira-
tory tract but were otherwise unaffected

• 19 000 persons are considered to suffer from permanent injuries

Obviously, the catastrophe also had severe psychological and social effects.

Exposure and health assessment

Recently, and ten years after the catastrophe, a follow up was made of a random
sample of adults still living in the vicinity of the plant (Cullinan et al, 1997). This
revealed that severe lung effects persisted in a large proportion of those individuals
who were exposed in 1984, but survived.
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In the cross-sectional study, which was carried out during a remarkably short
time period, 9 days, 454 adults were examined. Subjects living at different dis-
tances from the gas leak during the disastrous night were identified using four
concentric zones of 2, 4, 6, and 8 km radius, centred on the Union Carbide
factory. An area outside the city with similar socio-economic composition was
also identified and served as a control. From each of these areas a random sam-
ple of houses was selected. In each selected house, one of the adults (18-60 years
of age) present who had been a resident in Bhopal in 1984 was asked to complete
a questionnaire, which was administrated by trained Hindi speaking interviewers.
Subjects were asked about details of the exposure to the gas, current and past
health, in particular symptoms from the respiratory system, smoking, and socio-
economic factors. All the selected persons agreed to participate. Place of residency
at the time of the gas leak was confirmed from official records. Twenty percent
of those interviewed were also invited to undergo spirometry using a rolling seal
spirometer. An experienced doctor instructed the subjects and made it possible to
produce at least two acceptable recordings.

Results

The results were striking. Complains of dyspnoea (difficulty in breathing) and
coughs were very common, 95 % and 71 % respectively among those living in
the zone close to the plant (0-2 km), and this dropped stepwise to 49 % and 17 %
in the control area (>10 km). Likewise forced expiratory flow between 25 % and
75 % of vital capacity (FEF25-75), and other objective measures of respiratory
function, were lower in individuals living close to the plant, and increased
(improved) with increasing distance (Figure 27).
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What can be learnt from this example?

The important study by Cullinan et al (1997) shows that, if carried out appropri-
ately, very important information with significant implications for health promo-
tion, planning and care can be obtained with limited resources in time and funding.

The tragedy in Bhopal has shown how dangerous an irritant gas can be and what
symptoms there will be after a release of this magnitude, when a huge population
is exposed. The population living in the vicinity of potential chemical hazards
must be given information about any hazardous substances, their properties,
alarm signals, how to protect oneself in case of an accident etc. It is striking, and
very tragic, that much of the mortality and morbidity could have been prevented
by the simple covering of the face with a wet cloth, as MIC decomposes in
contact with water. People must be instructed to walk and not to run out of a gas
cloud, to walk perpendicular to the wind and to hold a wet handkerchief or a wet
rag over the mouth and nose. In some cases it is better to stay inside buildings
with closed windows and ventilation turned off.

Figure 27. Prevalence of dyspnoea, cough, and forced
expiratory flow (FEF) in relation to distance to the factory
(data from Cullinan et al, 1997).

Pr
ev

al
en

ce
 (%

)

Distance to factory (km)

0

20

40

60

80

100

120

140

2 4 6 8 10 >10

Dyspnoea

FEF25-75

Cough for
> 3 months



162

A chemical accident can be associated with special problems:

• Rescue operations in the risk area are impossible without special protective
clothing

• Symptoms from the eyes and lungs make escaping more difficult
• The patients must be decontaminated as soon as possible and always before

they can be brought into hospitals
• Roads and also hospitals may be situated in the risk area and may in this way

be useless

The normal resources may be quite insufficient and it can be necessary to open
up temporary satellite hospitals. On the other hand, the injuries from the toxic
gas will often be of the same kind for all victims, but at different stages and of
different magnitudes. The treatment can therefore in many ways be standard-
ised.

Information about the accident must be given very soon and continuously on the
radio, in loud speakers etc. It must include answers to questions like what is
going on, what to do, how long will it last, where to get help, when will help
arrive, how to protect oneself etc.

Organisations taking part in life saving actions, like fire brigade, police, medical
teams and civilian defence, do not always have knowledge of first aid in case of
chemical accidents. Thus, regular training on chemical accidents must be given
at all levels of the rescue team so that they are familiar with the situation in the
case of an accident.

From the disaster we should learn that when toxic substances are produced,
handled, or as was the case in Bhopal as well as in Seveso, produced as a by-
product or contaminant during the process, it is very important to be prepared
for a possible accident.
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Background and objectives

Frequently, knowledge about exposure levels of the population is obtained by
extrapolation from either work place situations or studies of selected population
groups living under specific environmental situations. To obtain a more reliable
and representative picture for Germany, the German Environmental Surveys
(GerES) were carried out by the Institute for Water, Soil and Air Hygiene of the
Federal Environmental Agency with support from the Federal Ministry for the
Environment, Nature Conservation and Reactor Safety.

The German Environmental Survey was conducted for the first time in 1985/86
taking advantage of the availability of a representative population sample of the
German National Health Survey. A second campaign was performed in the former
German Federal Republic (GFR) in 1990/91 which was complemented by a
similar programme in the former German Democratic Rebuplic (GDR) in 1991/
92. One of the main objectives of the GerES was to determine the exposure to
pollutants (predominantly heavy metals), and the resulting body burden of adults
and children with the aim of providing a database for reference values.

The German Environmental Survey
(GerES)

by Bernd Seifert, Kerstin Becker, Christian Krause, and Christine
Schulz. This case study is based on investigations carried out
at the Institute for Water, Soil and Air Hygiene, Berlin.
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Study design

The basis for sampling was the German population as registered at the local
registration offices. A cross-sectional sample was selected using a two-step ran-
dom procedure. In the first step all communities were classified into seven cat-
egories according to size. In 1985, 100 sample points were selected in 55 com-
munities while in 1990/92, 150 sample points were chosen in 121 communities.
In the second step, the subjects were chosen representatively with regard to age
and gender in each sample point.

To avoid seasonal effects the sampling was done over a period of one year. The
route-plans of the field teams were laid out in such way that confounding by
regional effects was excluded.

The final set included 2731 GFR adults (between 25 and 79 years) in 1985/86
and 4287 adults from both GFR and GDR (same age range) in 1990/92. In
addition 736 children between the ages of 6 and 14 years who lived in the
households of the adults took part in the study. Fully completed questionnaires
were available for 73 % of the study participants in 1985/86 and for 63.1 %
(GFR) and 69 % (GDR) of the 1990/92 participants.

Exposure assessment

The study included several of the methodological tools that are currently being
used in human exposure assessment: questionnaires, human biomonitoring, and
sampling and determination of pollutants in the participants’ environment.
Emphasis was put on the home environment but the water supplied by the local
waterworks and the dust deposits outdoors were also analysed. Furthermore,
measurements of volatile organic compounds (VOC) and formaldehyde in in-
door air, personal sampling of VOC and determination of the dietary intake of
various pollutants were carried out.

Questionnaires
Different questionnaires had to be filled in either by the subjects themselves or
with the help of trained interviewers. The questionnaires consisted of about two
hundred questions about social factors, smoking habits, potential sources of
exposure in the domestic and general environment and nutritional behaviour.
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Biological monitoring
The concentration of various pollutants and trace elements were analysed in
blood (lead, cadmium, copper, mercury), morning urine (arsenic, cadmium,
chromium, copper, mercury, nicotine and cotinine), and scalp hair (aluminium,
barium, lead, cadmium, calcium, chromium, copper, magnesium, phosphorous,
strontium, zinc, nicotine, cotinine).

Domestic environmental monitoring
In both surveys a number of parameters characterising the subjects’ domestic
environment was studied: the dust deposit indoors, the concentration of trace
elements in vacuum cleaner bags and in household tap-water (standing and flush
water samples).

In 1985/86 the concentration of VOC in the air of 479 participants´ homes was
determined by passive sampling (subjects of 5 randomly selected households of
each sampling point were asked to participate). In a study of indoor exposure to
formaldehyde, 329 randomly selected subjects took part.

Personal air sampling and diaries
In 1991 a sub-sample of 113 persons took part in a study to assess exposure to
VOC by personal sampling. For one week the subjects wore passive samplers
and simultaneously documented the length of time spent indoors, the room char-
acteristics and any specific exposure such as that caused by renovation activi-
ties.

Dietary intake
In 1991 a sub-sample of 318 persons took part in a 24 hour duplicate diet study
to examine the dietary intake of a number of elements (Al, As, Cd, Hg, Ca, Cr,
Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn), and of nitrate and nitrite.
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Chemical analysis and quality assurance

Training of the field personnel and standardisation of field procedures were
provided by senior scientists of the Institute for Water, Soil and Air Hygiene. All
materials used for sample collection, sample preparation and analysis were proved
not to be a source of the substances to be analysed. Analyses were carried out by
atomic absorption spectrometry (AAS), inductively coupled plasma atomic
emission spectrometry or mass spectrometry (ICP-AES or ICP-MS) and gas
chromatography (GC). For internal quality control, different standard reference
materials were run together with the samples on a daily basis. For blood and
urine, external quality control took place by regular participation in round robin
tests (interlaboratory comparisons of analytical results) organised by the German
Society for Occupational and Environmental Medicine.

Data treatment

The statistical data analysis was performed using descriptive methods as well as
methods of statistical inference. Characteristics of the frequency distributions
(percentiles), geometric means and confidence intervals of the concentrations of
the elements and pollutants in the different media were calculated for the entire
sample as well as for sub-samples stratified by gender, age, personal behaviour
and by other exposure related factors. Statistical tests were carried out to test for
significant differences of the geometric means of the sub-samples. Following the
IUPAC recommendations for scientific representation of reference values, 95 %
confidence intervals for the 0.95 fractiles were calculated for all elements.

For certain elements (arsenic, cadmium, lead, mercury) in blood, urine and house
dust, multiple regression analysis was carried out to identify relevant sources of
exposure.

Data were logarithmically transformed to approximate a normal distribution
suitable for statistical inference. Concentrations lower than the quantification
limit were set to half of the quantification limit. To match the study population
with the general population, e.g. in terms of gender and age distribution, a weight-
ing procedure was applied. The adjustment refers to the 1991 Micro Census in
Germany.
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Results

Comparison of the data of the GerES in GFR of 1985/86 and 1990/91 permits
detection of temporal changes in the body burden of the population on a
representative basis. Due to the implementation of measures to reduce hazard-
ous pollutants, the mean lead and cadmium levels in blood and hair had de-
creased between 1985/86 and 1990/91. Similarly the mean concentrations of
arsenic in urine, pentachlorophenol (PCP) and lindane in house dust, and lead
and cadmium in tap water went down.

The comparison of the results of the surveys in  1990/91 in GFR and 1991/92 in
GDR allows regional differences to be detected. A comparison of trace elements
in blood and urine of the adults in both parts of Germany showed that in GDR
the mercury concentration in blood and urine, as well as the cadmium, chromium
and copper levels in urine, were significantly higher (p<0.001) than in GFR. The
blood lead level was identical in both samples (geometric mean 45 µg/l).

A comparison of the body burden of children showed somewhat different results.
In GDR the mercury concentration in blood and urine and the cadmium
concentration in urine were significantly higher (p<0.001) than in GFR. In GFR
the blood lead level as well as the arsenic concentration in urine were slightly
higher (p<0.05) than in GDR.

In 1990/92 the geometric means of the metal concentrations in the blood of the
German adult population amounted to 45 µg/l for lead, 0.36 µg/l for cadmium,
0.95 mg/l for copper, and 0.51 µg/l for mercury. These levels are similar to the
results of other European studies. For children the metal concentrations in blood
amounted to 32 µg/l for lead, 0.14 µg/l for cadmium, 0.98 µg/l for copper, and
0.33 µg/l for mercury.

The concentrations in urine of the adult population (expressed in µg/g creati-
nine) were 4.6 for arsenic, 0.21 for cadmium, 0.12 for chromium, 6.9 for copper,
0.4 for mercury and for children 4.3 for arsenic, 0.06 for cadmium, 0.14 for
chromium, 9.5 for copper, and 0.4 for mercury.
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The results of the determination of nicotine and cotinine in urine and scalp hair
showed that these substances are useful biomarkers to determine different levels
of active and passive smoking. In general the levels of nicotine and cotinine in
urine were higher in GFR than in GDR.

The concentration of PCP in house dust was higher in GFR whereas the lindane
concentration in house dust was higher in GDR (PCP: 0.37 mg/kg vs. 0.16     mg/
kg; lindane: 0.82 mg/kg vs. 0.15 mg/kg). These results can be explained by
different usage patterns of products containing these substances.

Elevated lead concentrations in tap water were found in some homes, the limit
value of 40 µg/l having been exceeded in 2.2 % of all samples (after overnight
stagnation). One of the reasons for the limit-exceeding values may be found in
the presence of lead pipe systems for drinking-water distribution which are still
used in about 5 % of the households of the German population (10 % in GDR
and 3.4 % in GFR).

The daily intake of arsenic, lead, cadmium and mercury corresponds to a large
extent to the data determined by duplicate studies in other European countries.
The provisional tolerable weekly intake (PTWI) as defined by the FAO/WHO
was used to compare the daily dietary intake with guideline values. The mean
intake of lead was 32 µg/day and corresponds to 12 % of the PTWI. For cad-
mium and mercury the mean intake corresponds to 9.4 % (7 µg/day) and 13 % (7
µg/day), respectively.

The results of personal sampling showed that of the various types of environ-
ment the workplace has the highest impact on exposure to VOC. Other impor-
tant factors that need to be considered are renovation activities, use of paints and
lacquers as well as frequent reading of newspapers and journals. Smoking
contributes significantly to human exposure. In the case of benzene, the
multivariate model contained five variables: two related to smoking and three
related to vehicle traffic/residential area. The two smoking variables alone ex-
plained 20 % out of a total variance of 40 % that could be explained.
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What can be learnt from this example?

The results of the GerES have provided, inter alia, a most useful set of reference
data to characterise population exposure which are extremely valuable in the
evaluation of the results of smaller studies addressing specific problems. The
data of the GerES were used for a number of risk assessments, for example in
the case of copper in drinking-water and liver cirrhosis in early childhood, and
the presence of mercury in amalgam fillings.

The GerES allow the success of abatement measures to be quantified, as could
be shown in a number of cases: The reduction of lead concentration in petrol and
of industrial cadmium emissions resulted in a decrease in lead and cadmium,
respectively, in the blood of the general population and the ban on PCP led to a
decrease in PCP in house dust.
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Index

A
absorption barriers 16
acceptable daily intake, ADI 47
accuracy 109
acetaldehyde 4
adducts 86
adsorption coefficient 20
air quality standards 73
allergens 78
alpha-2-microglobulin 88
aluminium 165
analysis of variance 120
anecdotal studies 55
arsenic 38, 151, 165
asbestos 4
atomic absorption spectrometry, AAS 166
azarcon 142

B
barium 165
benzene 4
beta-2-microglobulin 87
bias

constant bias 111
negative bias 111
positive bias 111
proportional bias 110
selection bias 60, 66

bioavailability 76
biological agents 13
biological half-time 27, 39
biological monitoring 6, 40, 51, 85
biomarkers 13, 46, 51, 85
bismuth 151
box plot 118
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C
cadmium 8, 30, 39, 165
caesium 76
calcium 165
carbaryl 157
carbon disulphide 4
carbon monoxide 2
carboxyhaemoglobin levels 79
cardiovascular disease 4
case-control study 41
ceruloplasmin 90
chlorination 75
cholesterol 90
cholinesterase inhibitors 146, 148
chromium 152, 165
cobalt 91
coefficient of variation 113
cohort studies 38
comprehensive studies 55
confidence interval 121
confounder 29
control charts 105
copper 88, 165
cotinine 79, 165
creatinine 88, 89
cross-sectional studies 42
cumulative exposure 16, 40

D
DDT 49
definitive method 112
descriptive statistics 116, 117
direct methods 51
dose 16, 21

absorbed dose 21
biologically effective dose 21
dose-effect relationship 23
dose-response relationship 23
target organ dose 21

duplicate samples 113
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E
ecological studies 42
effect modifier 29
emission sources 18
environmental

environment-health chain 18
environmental concentration 16
Environmental Health Critera, EHC 171

enzyme polymorphism 86
errors 60
ethics committee 123
ethylene oxide 32
exposure 15

current exposure 36, 42
exposure concentration 16
exposure distributions 32
exposure duration 25
exposure factors 16
exposure media 21
exposure pathway 20
exposure route 20
exposure settings 27
exposure-effect relationship 23
exposure-response relationship 23
endogenous exposure 86
frequency of exposure 25
historical exposure 36, 49
long-term exposure 16
modelled exposure 12
prenatal exposure 4
retrospective exposure 36, 39, 41, 152
short-term exposure 16
surrogate exposure variable 57
total exposure assessment 52

extrapolation 12, 63, 95

F
fluoride 29
formaldehyde 80, 164
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G
gas chromatography, GC 166
glomerular filtration rate 87
guidelines and standards 5

H
half-time 27, 39, 90, 91
halogenated dioxins 91
hazard identification 45
hazard characterisation 45
heavy metals 163
high-risk groups 32, 53
histogram 119

I
imazalil 147
informed consent 123
in vivo neutron activation 85
indirect methods 51
indoor sources 11
inter-laboratory comparisons 102
interval data 115

J
job-exposure matrix 40

L
lead 7, 9,  20, 31, 139, 151, 165
level of confidence 56
life-style factors 29
lindane 167
linear regression analysis 103, 120
London cholera study 98
London fog episode 3
low density lipid 90
lung cancer 99, 152
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M
magnesium 165
mass spectrometry 166
median 119
mercury 4, 165
metals 4
methyl-isocyanate 157
methylmercury 4
microenvironment 27
Minamata Disease 3
mis-classification 39, 41, 60, 121
modelled data 12
mortality rate 42
multimedia element 9

N
neurological symptoms 4
nickel 82, 151
nicotine 79, 165
nitrate 165
nitrite 165
nitrogen dioxide 11
nitrogen oxides 7
No-Observed-Effect-Level, NOEL 46
nominal data 115
non-parametric methods 116
nutritional status 30

O
occupational standard 5
oesophagus cancer 82
ordinal data 115
organic solvents 6
organochlorine contaminants 94
osteofluorosis 29
outliers 109
ozone 73
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P
parametric methods 116
paraquat 148
peak exposure 26
pentachlorophenol, PCP 167
percentiles 119
personal monitors 4
pesticides 6, 145
petrol 9
pharmacokinetic parameters 91
phosphorous 165
physical activity 32
physical agents 13
physiologically based pharmacokinetic, PBPK 95
pica 84
pilot study 59
polychlorinated biphenyls, PCB 20, 31, 76
power calculations 55
precision 109, 113
primary urine 87
probability sample study 55
prospective study 38
psychomotor retardation 4

Q
quality assurance, QA 101
quality control, QC 101

R
radon 4
Ramazzini, Bernardino 2
random variation 111
range
119
reference method 112
regression analysis 120
representative sample 55
retrospective study 38
risk characterisation 47
risk communication 44
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S
sampler 133

active sampler 79
high-volume sampler 133

passive sampler 80, 165
personal sampler 79, 165

sample size 55
sample variance (s2) 119
selenium 151
semi-individual 43
sensitivity analysis 121
sevin 157
Shewhart chart 105
Snow, John 2
socio-economic factors 30
soot 4
specific gravity 88, 89
specimen bank 49, 86, 125
standard deviation, SD 119
steady state 91
strontium 165
sulphur dioxide 3, 151
surrogate 37, 39, 57, 73, 80
survey 55
susceptibel groups 32
suspended particulate matter, SPM 129

T
tellurium 152
thermoluminescent detector 85
thiabendazole 147
time 25

time-activity data 27, 69, 97
time-activity diaries 51
time-activity pattern 27, 65, 69
time-series studies 43
time-weighted integrated exposure model 97

topical lesions 148
toxicokinetics 22
transferrin 90
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transformation of pollutants 18
transport of pollutants 18
tubular proteinuria 38

V
variations

day-to-day 28
seasonal 49

volatile organic compounds, VOC 164

X
x-ray fluorescence 86

Z
zinc 88, 165
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