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A RESEARCH PROGRAM FOR THE ASSESSMENT OP HEALTH
RISKS CAUSED BY AIR POLLUTANTS

DISCLAIMER - In addition to material already at the
disposal to this author, the proposed research program has
been based mainly on information obtained from the National
Swedish Environmental Protection Agency as well as from
members of the Scientific Advisory Committee to this
program. The tight time schedule has not permitted an in-
depth analysis to be conducted of all research carried out
in Sweden (or elsewhere) relevant to this area, and there
has been no opportunity to circulate this proposal for the
purpose of soliciting comments from a broader segment of
the scientific community. It is, therefore, possible that
certain projects areas that deserve mentioning have not
been reviewed, omissions for which this author expresses
his regrets. The opinions expressed by the author in this
document do not necessarily reflect those held by the
Swedish National Environmental Protection Agency.

1 - PROGRAM GOAL

The proposed program endeavors to elicit a targeted input
from the scientific community to elaborate new methods for
hazard and risk characterization, as well as to provide
novel information with respect to adverse health effects of
air pollutants derived from combustion processes and from
different kinds of industrial activities. This information
should provide insight with respect to the basic
mechanisms underlying various pathological changes induced
by individual substances and by complex emissions, support
the elucidation of the potential role of air pollutants in
the causation of human disease, as well as to furnish an
improved data base for the prediction of levels of risk for
exposed populations. To be able to achieve this goal,
certain basic issues must also be addressed; it is, for
instance, not possible to discriminate the effects of air
pollutants on human health from other effects in a
population without adequately defining interference from
background factors associated with life-style, etc. The
lack of precision that usually characterizes current risk
estimations - in particular in the field of genotoxic and
carcinogenic etfects - to a high degree reflects inadequa-
cies in the underlying theoretical background. Further,
support must be given for the development of new methodolo-



gies, as well as for adaptation of previously known
techniques to new situations. The great importance of the
use of appropriate exposure assessment methodology must be
stressed. The conduction of modern risk assessment requires
the participation of different types of expertise, where
no one discipline can claim monopoly in providing the most
adequate answer to a very complex topic.

To facilitate for Swedish scientists to obtain access to
adequate facilities for conducting research in the field of
inhalation toxicology, active support may be needed.

Given the limitations of available resources, and taking
into account other on-going research programs in Sweden as
well as in other countries, these efforts should mainly -
but not exclusively - focus on a few well defined areas and
be directed towards non-occupational exposures. Only
candidate projects with a potential for yielding results of
high scientific quality will be considered eligible for
funding.

For the purpose of defining appropriate goals for the
present program, this author has chosen first to describe
the risk assessment process as a whole, thereby identifying
the types of information that are needed to perform quanti-
tative risk assessments as well as give a brief presenta-
tion of the different fields involved. Existing significant
data gaps have then been identified wihtin each sector in
order to use this as a basis for the final selection of
priority areas for further efforts.



2 -OVERVIEW OF SELECTED KEY FtEBEAHCH AREAS

AREA COMMENTS

Character i zat ion
air pollutants

of compo-

Investigation of taxi
cological effects of
special importance

Exposure assessment

I'harmacok i net ics

Biological markers for
exposure to air

Chemical characterization, in particular of volatile and semi -volat i le
nents of air pollutants as well as of shifts in emission patterns due to
in composition of basic fuels; biologically relevant variations in compouitiun
of various emissions with high POM content. Characterization of indoor air
pollutants in homes arid public buildings.

In-depth investigations of primary reactions induced by ozone, N 0 x , and SOJJ.

Mechanisms for' initiation of tissue damage by air pollutants. Investigation
of co-carcinogenic and promotive action; quantification of such effects relatocJ
to occupational exposure to airborne carcinogenic agents in order to obtain more
reliable risk estimates for non-occupational exposures. Characterization of
different metabolizing systems in the tissues of the respiratory tract as well
as in macrophages.

Systematic compilation of available Swedish exposure data. Individual-related
monitoring data for priority pollutants. Development ot adequate indicator
substances for various types of emissions. International co~opi.*rat ion for
development, selection, and validation of atmospheric dispersion models.
Application and validation of multimedia models covering indirect exposure and
demographic information. Swedish data for human activity assessment.

Investigation of clearance of particle» from lung. Deposition of particles in
the human lung of patients with respiratory disease. Uiological availability for
particle-bound agents. Dosimt^try of hygroscopic aerosols.

Development of muthodo log ieu for thi» determination ot target dose? tor risk
estimation of priority pollutants by the use of i£.c|. DNA and protein adductti.
Analysis of adducts to trace anil and characterize previously unknown sources of
exposure. Use of twins and heavily exposed sub-populations. Development of
routine methods for the detection of memory T-cells specific for air-borne
allergens as wo 11 as for IgE mediated allergies to low -molecular substances.
Development of sensitive indicators of initial tissue damage of the respiratory
tract by means of biochemical, h istochemica) , or iminuno log i ax 1 techniques.
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AREA

Extrapolation front
high—to—low doses:
carcinogenic action

Extrapolation from
high-to-low doses:
non-stochastic effects

Functional and physio—
pathological changes
of the respiratory tract

Toxicological effects
induced by specific air
pollutants

Epi dem i o 1ogy

New strategies for
risk estimations

COMMENT Li

Development of biologically justified extrapolation models for carcinogen'. and
gonotoxic agents. Uevelopimsnt of models bageri on expected life-span shortening
in man. Investigation of dose-rexpanse relation%»hips for cancer promotion as
well as for epi genet ac carcinogens. More accurate dotermina t i on of risk potency
factors for key air-uorne carcinogens ni camp It** emissions from combustion of
organic material as well as for certain metals and metalloids.

Improvement of current methodologies for establishing ADI-rulated values. Hose-
effect and dose-response relationships for immunotox ico loij ical effect» including
allergic sens»tization.

Depression of the close threshold for allergic sunui t i ;iit ion by unt»pecific irri-
tation by ambient air pollutants. Investigation of the allorgenic potential of
SOg. Investigation of sensitive sub-populations at. well as of highly exposed
populations in Central and fastern Lurope.

Effects from chronic and intermittent exposure to N0x

effects caused by this component. The pharmacuki netics and
Pass i b le syuteauc

toxicology of NO.

Ep idem i o log ic investigations of populations t>xposi?d to high levels of air
poilutants. The utilization of the Cancer-Environment Registry, and of related
Swedish data bases for in-depth analysis of thu intluenci? of environmental
factors on cancer incidence. Expanded use of t ht? Swedish twin registry for thw
study of possible correlations between disease and ambient air pollution. Epido-
miological approaches for improved utilization of disease* registries, including
the development the "pseudo-municipality" concept and improvement of parameter»
describing urbanization.

Development and validation of the rad-equivalence concept for carcinogenic and
genotoxic risk estimation. Biological characterization of complex emi as i ont.
using test systems that are relevant for risk estimation.



3 - BACKGROUND
3.1 The role of risk assessment
3.2 Terminology used
3.3 The risk assessment process

3.1 Tm« Sol* of Risk Asses

In the field of management of air pollution as well as in
other sectors of chemicals control, the regulatory policy
of a modern nation must ultimately be founded on society's
objective needs to determine actual levels of risk, rather
than being primarily based on a perception of risk.
The quantification of risk by the process of risk assess-
ment is a purely scientific undertaking that should be
clearly separated from risk management, i.e. society's
response when dealing with risks of various kinds.

In the field of air pollutants, improved methods for xisk
assessment must be developed for the present situation, as
well as for estimating risks associated with levels of air
pollutants projected for the future. Further, tUt program
should aim at broadening the scientific basis for quanti-
tative risk assessment of air-born toxic materials,
thereby providing an input for policy considerations by
Swedish regulatory authorities concerned with the protec-
tion of human health.

Outside the field of Pharmaceuticals, Sweden as well as
most other European nations lags behind the U.S. in the
development and implementation of integrated quantitative
risk assessment strategies to assess the risk caused by
exposure to chemicals. However, such risk assessments
pertaining to a limited number of carcinogenic agents have
been conducted by the Department of Radiation Biology,
University of Stockholm. Facing a complex situation where
the allocation of limited resources to alleviate environ-
mental pollution demands a selection of the most pressing
problems for remedial action, considerable effort has, in
addition, been allocated to environmental impact studies
for industrial installations. In this context, a number of
hazard assessments providing e.g. recommendations for
maximum contamination levels in different media for
specific pollutants have been carried out in recent years
by the National Institute of Environmental Hygiene,
Stockholm, and there seems to be an increased demand for
more sophisticated techniques, in particular, with respect
to improved exposure assessment.

3.2 Terminology Used

In view of the ambiguity of various basic concepts which



appear in the literature concerned with risk assessment,
the terminology defined by the Task Force on Health Risk
Assessment of the U.S. Department of Health and Human
Services is adopted here (Determining Risks to Health;
Federal Policy and Practice. Task Force on Health Risk
Assessment, USDHHS. Auburn Hou^e Publishing Co., Dover, MA.
1986). It also conforms to the definitions of "hazard" and
"risk" given within the OECD Chemicals Programme.

The broad integrated process of risk assessment, involving
identification, characterization, as well as guantification
of the level of risk is described by the following
constituent elements:

• Hazard identification: The qualitative indication
that a substance/condition may adversely affect
human health

• Hazard assessment (characterization) : The qualita-
tive and quantitative evaluation of the nature of
adverse effects, including their expression as func-
tions of exposure (dose).

• Exposure assessment (characterization): The qualita-
tive and quantitative evaluation of the degree of
human exposure likely to occur.

• Risk estimation: The integration of hazard assessment
and exposure assessment to give a quantification of
risk.

Thus, "hazard" signifies the potential of a specific agent
for causing harm and represents an inherent property of the
agent per se, e.g. that of toxicity. "Risk" represents the
quantitative statement of the probability of occurrence of
a defined adverse effect, i.e. it is compounded by the
elements of toxicity and exposure. In this context, the
term "Risk estimation" is used in preference to "Risk
evaluation", since the latter concept has sometimes been
used to include subjective values and considerations. Some
authors use Risk assessment to describe the broad process
of identifying, characterizing, quantifying, and evaluating
the risk, as well as the cost and benefit factors that are
associated with a certain activity or situation. Risk
management comprises an range of actions taken to minimize,
reduce, or otherwise control specific risks posed by a
certain situation. It contains elements of policy and
lies, therefore, outside the mandate of this program.

3.3 The Risk Assessment Process

As already indicated, risk assessment of pollutants
integrates the constituent elements of hazard identifi-
cation, hazard assessment, and exposure assessment to



provide a quantified level of risk (See Fig.l).

Hazard identification - As a first step in risk assessment
of air pollutants, chemical substances present in emis-
sions to ambient air must be characterized both with
respect to their physico-chemical as well as their toxico-
logical properties.

Important physico-chemical properties which must be known
for the purpose of comprehensive risk assessment of a
certain substance include melting and boiling points,
vapor pressure, volatility, vapor particle size and
density, particle distribution, solubility characteristics
(octanol/water partition coefficient), chemical reactivity
including photolysis rate and hydrolysis rate, atmospheric
reaction rates with e.g. ozone, oxygen, or hydroxyl
radicals, etc. In addition, blood-to-air and fat-to-blood
partition coefficients are important input data for
obtaining tissue doses for various compartments in physio-
logically based pharmacokinetic modeling for gases and
vapors.

Pig. 1 - Elements of risk assessment

DATA INPUT
FROM RESEARCH

RISK ASSESSMENT

Laboratory and field
observations of adverse
health effects caused
by certain exposures

Monitoring and/or mathe-
matical modeling of expo-
sure. Characterization of
exposed populations. Use
of "surrogate data"

Information on dose-
effect (response)
relationships. Methods
for dose extrapolation

Hazard assessment data +
data from exposure assess-
ment + uncertainty analysis

Hazard identification
What adverse effects are
caused by the agent?

Exposure assessment
What exposure levels
(doses) are currently
expected, or projected
under specified conditions

Hazard assessment What
is the likelihood of
an adverse effect at a
given exposure (dose)?

Risk estimation
What are the estimated
incidences of adverse
effects in a given popu-
lation? How accurate is
my estimate?



The information on toxicological properties of a substance
(mixture) that goes into hazard identification is aimed at
providing a qualitative description of the nature and
severity of the adverse effects caused by the compound
(mixture) in question upon acute as well as chronic
exposure. A simple index of relative toxicity, like the
LD - in an experimental animal, is also generally available.
Toxicological hazard identification - that e.g. provides
the main basis for the Swedish system for labeling and
classification of chemical products - merely gives
indication of a potential of a chemical substances
(mixture) to cause damage.

The correct interpretation of pathological data from animal
studies constitutes a central issue; are the observed
lesions treatment-related, or can they be ascribed to
extraneous circumstances? Further, do available epidemio-
logical data offer sufficient evidence of a cause-effect
relationship? A major part of the data base in human
inhalation toxicology has been derived from studies of
occupationally exposed populations. This means that special
considerations ("healthy worker effects", mixed exposures,
a different cross-sectional life-style pattern than the
population at large, etc.) has to be taken when interpre-
ting such data.

Sometimes even risk assessors with a biological background
thend to forget, that not all of the observed changes in
e.g. certain physiological/biochemical parameters that have
been observed upon a certain exposure can, by themselves,
be considered as adverse effects. Examples of such toxico-
logical endpoints are small decreases of plasma cholin-
esterase as a result of exposure to organophosphorous
pesticides, a small to moderate induction of the mixed
function oxygenase system of liver by lipophilic
xenobiotics, eye irritation induced by e.g. ammonia, etc.
On the other hand, the borderline between changes that are
merely indicators of exposure and an effect that may prove
deleterious to the organism is often difficult to
establish, e.g. for certain cases of mild organ hyperplasia
without accompanying changes in organ weight.

Exposure assessment includes the estimation of time-expo-
sure profiles, starting with the release of a substance
(mixture) from a particular source up to the point of
direct contact with the living organism. It also includes
the qualitative and quantitative characterization of
the population exposed. Up to the interface consisting of
the epithelial layers that cover the mammalian body at the
port of entry, these parameters are derived by applying
methods from the areas of physics, chemistry, and
demography.

Using source characterization as one starting point for
exposure assessment, the quantities, characteristics, and
release patterns of pollutants entering the environment
from the source are first determined, defining the points
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and mechanisms of release. The quantification of releases
during transport or at storage and transfer points are
often the most difficult to establish. Further, diffuse
emissions, from e.g. motor vehicles, are harder to
quantify than point-source emissions.

A considerable effort has gone into chemical analysis of
various complex emissions from combustion of organic matter
or from fossil fuels, including bio-assay directed fractio-
nations. Since it is often impossible to monitor all
individual compounds present in a complex air emissions
(more than 3800 in tobacco smoke for example), one or more
indicator chemicals - assumed to be representative of the
total spectrum of compounds present in the mixture - are
selected. Such an indicator(s) may be the most toxic
component(s) or, alternatively, constitute a chemical(s),
the concentration of which is proportional to the major
toxic components present, and which is also convenient to
use for monitoring purposes. When data for a specific
component is lacking, "surrogate data" pertaining to a
similar substance may represent an acceptable alternative.

Hazard assessment provides a quantitative characterization
of the relation between the exposure to an agent and the
incidence and/or severity of a specific toxicological end-
point. Thus, hazard assessment provides a measure of the
capacity to cause damage at a certain level of exposure,
but gives no clue as to the likelihood that such injury
will indeed occur under real-life conditions where
exposures may vary, or not occur at all. Mainly two types
of data have to be considered: (1) quantal responses
(stochastic effects), in which there is a relationship
between the incidence of responding individuals in a
population; (2) dose-graded responses, in which the
severity of a toxic or physiological response of an
individual is related to the dose.

In order to identify the most sensitive toxic end-point(s),
the lowest dose required to induce an observable adverse
effect (Lowest Observed Adverse Effect Level, LOAEL) as
well as the highest dose that does not induce the effect in
question (No Observed Adverse Effect Level, NOAEL) are
important parameters for non-genotoxic and non-carcinogenic
effects. The shape of the dose-effect (response) curve is
also a critical parameter. For stochastic effects, lacking
a defined dose-threshold, the main problem often consists
in arriving at the maximum likelihood estimate (MLE) of
risk or upper confidence levels of risk at the lower part
of the dose-response curve that is normally not accessible
to experimental verification. There is considerable over-
lapping between the data base supporting hazard identi-
fication and that used for hazard assessment; besides
identifying key toxicological end points, a long-term
rodent study often provides information on dose-effect
(dose-response) relationships.
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Pharir.acokinetic modeling may be perceived as the second
part of exposure assessment and is concerned with the fate
of chemicals after it has been inhaled, or taken up by
other routes. This chain of events is dealt with by biolo-
gically oriented research, and consists for air pollutants
in defining the relation between concentrations in inhaled
air to the amounts actually taken up and transformed by
the organism and, ultimately, its relation to the dose
delivered at the sensitive target (target dose). The
calculation of relevant exposures (doses) upon inhalation
often presents a formidable challenge.

Risk estimation constitutes the final process of defining
the incidences of adverse health effects under the
conditions of exposure and, consequently, constitutes the
integration of hazard and exposure assessments. Fig. 2
demonstrates how the various data inputs are combined in
the risk estimation process.

The aim of some risk assessments is to obtain an estimate
of the risk for the most-exposed-individual (24 hrs/day at
maximum exposure). However, in most cases a more realistic
description of risk is required, implying that the risk
situation is not adequately defined by only providing a
measure of exposure (dose) for an airborne pollutant
together with the appropriate dose-response relationship

Fig. 2 - Data input for risk estimation
(modified after Törnqvist in Boström
et al., 1990).

Hazard assessment
Epidemiology y
- Disease s

- Biological
indicators

Exposure assessment
EMISSION . . > IMMISSION
chemical analysis monitoring
"surrogate data"

*Check
N

V
\

_y Risk at
current
exposures

Hazard assessment
Experimental
data; mechanisms,
dos-response
(effect)-relationships
etc.

*) Extrapolation between animal species

for the key toxic end-points in man. We are also interested
to obtain a more detailed characterization of the exposed
human populations; nature and size of exposed sub-popula-
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tions (children, workers, hospital patients, etc.),
magnitude of exposure with respect to these exposed sub-
populations, as well as a quantitative description of
relevant activity patterns for the sub-populations in
question (no. of hours spent at home, commuting to work,
outdoor/indoor work, etc.)* The importance of defining the
size of the exposed target population cannot be. over-
emphasized. Assuming a yearly mortality risk of 10 to a
specific agent, this corresponds to one fatality per 100
years in an exposed local population of 100 people. The
same risk applied to the entire Swedish population of 8
million amounts to 800 persons. Given a balanced choice
between the two alternatives for risk reduction, common
sense dictates that resources should be allocated towards
saving the 800 lives rather than the 0.01 life.

In case risk estimates are based on animal models etc., it
is important to Equally important is to assess the
biological credibility of epidemiological information.

Risk estimation may be based on a set of three different
options:

- realistic assumptions
- conservative assumptions
- worst cases assumptions

On which assumption emphasis should be laid may differ
according to circumstances, but it is often advantageous to
have estimates based on all three options. Which of the
the above mentioned assumptions that has been used for risk
estimation should under all circumstances be stated. Since
opinions differ as to what constitutes "conservative" and
"worst case" situations, clear definitions of these
concepts should also be given.

Uncertainty analysis - The risk assessment process leading
up to the final risk estimation is always fraught with a
considerable degree of uncertainty. The data sets obtained
from the various steps are each associated with a varying
degree of uncertainty, which are then aggregated in the
final estimate. Several approaches are available to deal
with this problem, and the procedure described below for
over-all risk estimation is based on a combination of
methods and involves three steps (adopted from Lawless,
1988):

- Identification and qualitative analysis of sources of
uncertainty associated with each step of the risk
assessment procedure. Best judgment values of
realistic ranges of individual factors and parameters
are given.

- A sensitivity analysis is made of selected key
factors to define their potential impacts on the
final risk estimation.
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- Aggregation of uncertainties from the various steps
of the assessment procedure is carried out using a
form of the propagation (cascading) of errors method.

The uncertainties involved in extrapolation from animal-to-
humans as well as from healthy individuals to most
sensitive sub-populations have found its expression in the
use of different safety factors when deriving Acceptable
Daily Intakes (ADI), or equivalent standard values (e.g.
references doses, RfD).

In case risk assessment has been based on animal models,
the risk estimates derived should, whenever possible, be
appraised against the background of available epidemiolo-
gical data. Although the resolving power of e.g. a cohort
study is usually low, negative observations derived from a
valid investigation of this kind may provide plausible
upper limits of risk. Equally important is to check the
biological or mechanistic credibility of epidemiologically
derived information; statistical correlations between
exposure and effects in an epidemiological study that seem
to be in conflict with established data may sometimes be
explained by a flawed design or confounding factors.

4 - HAZARD IDENTIFICATION

4.1 Characterization of pollutants in outdoor air
4.2 Characterization of pollutants in indoor air
4.3 Study of toxicological end-points of special

interest for air pollutants
4.3.1 Mechanism of induction of tissue damage in the

respiratory tract
4.3.2 Role of initiators, co-carcinogens and

promoters in the induction of cancers of
the respiratory tract

4.3.3 Adverse effects on reproduction and
neurotoxic effects

4.3.4 Testing of air pollutants for carcino-
genicity

4.4 Availability of facilities for research in the area
of inhalation toxicology

4.1 Characterization of Pollutants in outdoor Air

As has been the case in some other countries, in Sweden
emissions from a number of different industrial facilities,
from the burning of oil for heating, and from motor-
vehicles have been characterized and emission volumes of
certain toxic components as well as of gross pollutants
estimated. The main focus of these efforts have been:
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- Estimation of emissions from combustion of fossil
fuels and monitoring of ambient air concentrations
of CO, S0_, NO , and particulates.

- Heavy metals from smelters, metallurgical plants,
and from other industrial facilities.

- Emissions of chlorinated dibenzo-p-dioxins and of
chlorinated dibenzofurans mainly from municipal waste
incineration, some types of smelters, as well as from
paper pulp bleaching.

- Chemical and biological characterization of compo-
nents present in particulates, particularly of PAHs.

- Relation between chemical composition of fuels,
different engine load patterns, etc. and emission
characteristics

For the major air pollutants, SO , NO , and ozone a number
of monitoring efforts have been undertaken on different
levels and for different purposes, but although data for
representative environments have been compiled, a nation-
wide data base for such information is lacking in Sweden.

In urban areas the emissions of nitrogen oxides occurs
mainly in the form of NO (90-95%), where motor vehicles
contributes about half of this amount. By oxidation NO is
converted to NO-, and exposure to NO is often equated with
values obtained for NO . However, it should be noted, that
the average daily concentrations of NO in. a town like
Gothenburg during the winter (about 100 ug/m' ) is about 2-3
times that of NO . At street level during rush hours, a
level of 200 ug/m3 may be exceeded for NO in the center of
severax Swedish cities. The total emissions of these oxides
have approximately tripled since 1950 (Boström et al.,
1990).

In contrast to the trend for NO , the emissions of SO- have
sharply decreased, mainly as 3 result of environmental
regulatory policies. Thus, the average daily S02 concentra-
tions in Stockholm during winter is currently about 20
ug/m as contrasted with a value of 90 ug/m in the year
1970/71. By internati mal comparison, the ambient levels of
SO- in Swedish cities must therefore be considered low. The
same can be said for particulates. 50-60% of the SO load
and 70% of the particulates in the ambient air over the
industrialized south and western Sweden have been
attributed to long-range transport from sources outside the
country (Boström et al., 1990).

On a sunny summer's day, the natural background exposure to
ozone at sea level in the US is 60-100 ug/m (USEPA,
1989b). The mean levels in towns like Stockholm and Gothen-
burg are, generally, in the same interval and the extreme
concentrations found in-photochemical smog in some areas of
the world (600-800 ug/m ) are evidently not encountered in
our country. The main reason for the low levels found in
urbanized centers in Sweden seems to be the consumption of
ozone by reaction with NO combined with low solar irradia-
tion intensities (Boström et al., 1990).
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Limited monitoring of the following oxygenates has been
carried out in the city of Stockholm: formaldehyde,
acetaldehyde, propionic aldehyde, butyric aldehyde,
isobutyric aldehyde, acrolein, acetone, methylethyl ketone,
methylvinyl ketone, methanol, ethanol, and 2-propanol. Of
these compounds, the aldehydes formaldehyde, acetaldehyde
as well as acrolein are probably of greatest toxicological
interest with ambient concentrations in the interval 0.5-12
ppb (Möller and Jonsson, 1985).

Detailed long-term deposition patterns for heavy metals
over Sweden have been provided by an extensive program
based on analysis of moss samples, a unique national
effort. Nation-wide surveys were carried out in 1968-69,
1975, 1980, 1985, and 1990. During the first survey the
project only included 150 sampling stations, a number which
later was extended to cover almost 1000 sampling sites
where sampling is carried out by the National Forest
Servics and the National Program for Environmental Moni-
toring (PMK) organized by the National Environmental
Protection Agency. Similar studies have been performed in
Norway, and in 1980 a co-operative program was established
between Denmark and Sweden, which was subsequently extended
to involve all of the Nordic countries in 1985. From these
studies it is evident that the regional deposition rate of
several heavy metals, including cadmium, decreased towards
the north from a maximum in southwestern Scandinavia, the
high regional fall-out from the copper smelter at Rönnskär
being an exception. A small area in the mountains in the
north west, close to the copper smelter at Sulitjelma on
the Norwegian side, has also been found to exhibit elevated
precipitation levels of heavy metals. In general, the
results from these studies demonstrate a substantially
decreased fall-out for most heavy metals over the last
decades (Tyler, 1970; Ruhling and Tyler, 1973; Ruhling and
Tyler, 1984; Nordic Council of Ministers, 1987).

Swedish analytical chemistry has gained an international
reputation for first class scientific quality. Within the
specific area of air pollutants, a significant contribution
has e.g. oeen made by the Department of Analytical
Chemistry, Arrhenius Laboratory, University of Stockholm,
with respect to the multicomponent analysis of gas-phase
organic pollutants in ambient air with particular emphasis
on polar species (Jonsson et al., 1985) as well as in the
development of techniques for sampling and fractionation of
gas phase and particulate-phase of emissions from
combustion engines (Alsberg et al., 1985; Stenberg, 1985).
A useful cryogradient sampling system for chemical analysis
of polycyclic aromatic compounds has also been developed in
this laboratory by Westerholm (Westerholm, 1988).

The monitoring of chlorinated dibenzo-p-dioxins and related
compounds requires a high level of sophistication as what
concerns analytical resources and competence. Christopher
Rappe and his associates at the Department of Environmental
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Chemistry, University of Umeå have made several important
contributions in this field that has received international
recognition (See e.g. Rappe et al., 1984). Although such
substances have considerable theoretical as well as prac-
tical interest in some areas, available data do not seem to
support the notion that emissions to air of such substances
constitute a main problem with respect to human health in
this country.

Characterization of air borne complex emissions has been
carried out by chemical analysis, as well as by an
extensive effort directed towards bio-assay directed
fractionations of complex emissions - mainly of emissions
from motor vehicles - using in vitro mutagenicity tests and
alveolar macrophages. Considerable efforts have also been
directed towards development of chemical analysis of
volatiles and semivolatiles (oxygenates, alkenes, etc.;
Jonsson et al., 1985). The main reason for selecting
ethene and propene has been their metabolic conversion to
the corresponding carcinogenic epoxides in the human body,
and the ensuing potential cancer risk (see below). Another
priority area has been the identification of components of
particulates (Alsberg et al., 1985, 1985b, 1987, 1989;
Löfroth et al., 1985). Similar work seems to also to have
been conducted in other laboratories outside Sweden
(Moriske et al., 1986; Schuetzle, 1983, Work conducted at
the Biomedical Science Department, GM Research Labora-
tories) . The extensive studies supported by the Swedish
Environmental Protection Agency on the influence of various
factors on the composition of emissions from combustion
engines ( Westerholm, 1988; Westerholm et al., 1988, 1988b,
1989, 1990; Victorin et al., 1988) seems to represent
another area where there may have been duplication of
efforts, e.g. under the USEPA Mobile Source Pollutant
Regulatory Activities Program (See Section 9.2).

Research priorities - Although an extensive data are
already available, further efforts to characterize and
measure individual components of ambient air pollutants are
justified, in particular of volatile and semi-volatile
components of air pollutants as well as of shifts in
emission patterns due to possible future changes in the
composition of basic fuels.

An accurate characterization should be made of the diffe-
rences in composition between the particulates and
volatiles found in urban ambient air and emitted complex
pollutants for which epidemiological data on lung cancer
risk in humans are available, e.g. for coke oven emissions
and the emissions from bituminous coals used in the Xuan
Wei County, Yunnan (Mumford et al., 1987).

4.2 Characterization of Pollutants in Indoor Air

The levels of selected major air pollutants derived from
combustion of fossil fuels, like NO and particulates are
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usually lower indoors than outdoors. However, for homes
using gas stoves this is not true for NO (Noy et al.,
1984) as well as for several other types or pollutants. It
is well known, that in homes containing fiberboard-based
construction details, the formaldehyde concentrations may
reach values that are orders of magnitude higher than
ambient air values. In a kitchen equipped with a gas stove
the -concentration of NOx may well reach a value of 2,000
ug/m , while the ambient air quality standard of 75 ug/m
set by the Swedish National Environmental Protection
Agency is readily exceeded in adjacent rooms. Further, the
role of tobacco smoke as represented by passive smoking
should be appreciated when estimating over all exposure to
air pollutants. One Swedish investigation has shown, that
the exposure of residents to benzene in homes with garages
in the basement may be much higher than exposure caused by
the presence of this human carcinogen in ambient air
(Jonsson and Berg, 1978).

Using personal samplers and specially designed spirometers
to measure the same chemicals in exhaled breath, a study of
personal exposures of 600 residents of seven U.S. cities
has been conducted. Indoor exposure for a number of
substances were considerably higher than corresponding
outdoor exposures. This was found to apply to aromatic
hydrocarbons like xylenes, ethylbenzene, 1,4-dichloro-
benzene, styrene and benzene; some chlorinated solvents
like 1,1,1-trichloroethane, trichloroethylene, and perchlo-
roethylene. Sometimes, the difference was a factor of 10-
20, and the breath concentration of the sampled individuals
often exceeded outdoor ambient urban air values (USEPA,
1987).

The volatiles that were monitored in the U.S. study,
mentioned above, would seem to have little relevance for
the ambient air situation. It nevertheless focuses the
attention to the fact, that indoor air may involve exposure
patterns that are qualitatively as well as quantitatively
distinct. The epidemiological study of Åberg (1988), that
is discussed under Section 7.1 below, has given support to
the notion, that the sharp increase in allergic rhinitis
and asthma seen during the last decades may have been due
to deteriorating indoor air quality due, inter alia, to
energy conservation measures. To this comes the high radon
levels found in a large number of Swedish homes, an issue
that is covered covered by other research programmes. In
Sweden, indoor air quality may be of at least as great
concern with respect to human health as are the present
levels of air pollutants in outdoor air.

Research priorities - The presence of potentially hazardous
substances in indoor air is incompletely known both with
respect to their identity, concentrations, as well as main
sources. However, available information clearly indicates,
that these types of exposures give reason for concern. In a
comprehensive general strategy to clarify the human health
risks posed by air pollutants, the high indoor air concen-
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trations of certain toxic compounds deserve attention that
is more in line with their relative contribution to the
overall inhalation exposure.

4.3 Study of toxicological end-points of special
interest with respect to air pollutants

4.3.1 Mechanise of induction of tissue damage in the respi-
ratory tract - Responses of the lung to toxic materials
that may give rise to overt tissue damage can roughly be
divided into the following categories:

- Damage to the cells lining the airways, resulting in
necrosis, increased permeability, and edema.

- Fibrosis.
- Induction of lung tumors.

In this context, ozone, peroxyacetylnitrate, and the oxides
of nitrogen are examples of agents that may cause direct
cellular damage, primarily by oxidative reactions, although
the mechanisms are largely unknown. Nitrogen dioxide
diffuses readily from the airways to blood, and epithelial
as well as endothelial cells are affected (De Nicola et
al., 1981). It has been assumed, that endothelial cell
damage represents an early indication of pulmonary damage.
Sulphur dioxide is not an oxidizing agent, but forms
hydrogen sulfite in eguilibrium with sulfite in aqueous
solutions. The reaction of hydrogen sulfite with disul-
fides to form sulfonates may be important in cleaving
protein disulfide bridges, thereby inducing important
structural and functional alterations of key proteins.
Peter Moldeus and co-workers at the Department of
Toxicology, Karolinska Institute, have set up a lung
perfusion system that allows exposures to be carried out
under rigorously controlled conditions. Measurement of lung
compliance, pulmonary artery circulation as well as
blood/gas analysis may be performed. The system is
convenient for the study of effects of gaseous air
pollutants like NO , SO , ozone, etc. on lung function and
tissue constituents. Harros-Ringdahl's group at the
Department of Radiation Biology, University of Stockholm,
has developed methods for the study of lipid peroxidation
and other radical reactions that could prove useful in this
context.

Research priorities - The primary reactions on cellular
level induced by inhaled NO , S0_, and ozone are largely
unknown. Their further stuay could give a better under-
standing of the basic processes underlying various types of
lung injury, and factors that could modify such lesions.

4.3.2 Role of initiators, co-carcinogens and promoters in
the induction of cancers of the respiratory tract - In
Sweden basic research on cancer initiation is receiving



19

extensive support frcs the research councils, the Cancer
Foundation, as well as from other sources. Several of these
projects are of importance for the general understanding of
the induction of cancer. However, only in special cases
could such work become sponsored within the framework of
this program.

The important role of unspecific promotion in the causation
of lung cancer in man is of more immediate concern with
respect to air pollutants. One classical example is
provided by the drastic decrease in the probability of lung
cancer induction seen after ceasing to smoke tobacco.
Promo tive action has also been implicated in the
synergistic effects of smoking and the action of asbestos,
arsenic and radon. The similarity in carcinogenic potency
of POM (Particulate Organic Matter) derived from coke oven
emissions, roofing tar, and diesel exhausts - in spite of
the large differences in chemical composition (Table 2)
could also be interpreted in terms of the expression of
initiations modulated by a predominantly promotive action.
In the rodent lung, adsorption to particles has been found
to strongly enhance the action of several carcinogenic
compounds or mixtures of substances (Henry et al., 1975;
Sellakumar et al., 1976; Saffiotti et ai., 1968; Mauderly
et al., 1986; Stöber 1986). In view of the nature of the
exposure conditions for exposed cohorts of workers (mines,
smelters, etc.) involving complex interactions between
initiators and high concentrations of promoting agents, the
applicability of the risk estimates - e.g. for agents like
arsenic, chromium, and nickel - obtained from such observa-
tions and extrapolated to low-dose exposure of the general
public is, therefore, questionable.

Promotion is a functionally defined process that evidently
incorporates several different mechanisms. Although there
are strong indications that altered oncogene activity
(Beer and Pitot, 1989) is involved accompanied by several
secondary genetic events, the dose-response curve for
non-genotoxic promoters has been found to have a threshold
in animal experiments (for a review, consult Yamazaki,
1988; Ewing et al., 1988).

Well-established in-vivo models include skin initiation-
promotion assays (reviewed by Bannasch et al., 1986), liver
initiation-promotion protocols of different types (reviewed
by Goldsworthy et al., 1986), and bladder initiation/pro-
motion protocols (Bannasch et al., 1986). In addition,
there are several in vitro tests which more or less speci-
fically relate to various aspects of tumor promotion.

TCDD is the most potent tumor promoter that has been
tested. Large resources have been invested in programs to
determine chlorinated dioxins and related compounds in
various types of materials, efforts that have greatly
boosted the capacity to analyze for this type of
compounds.
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In Sweden, liver initiation-promotion studies with TCO0 and
a series of pesticides (chlorobenzilate, DDT, pyrethroids,
and endosulfan) have been conducted by Ahlborg's group at
the Institute of Environmental Medicine, Karolinska
Institute (Flodström, 1989). A similar protocol has also
been used by Lennart Eriksson at the Karolinska Institute
at Huddinge University Hospital. Flodströn (1989) made
the interesting observation, that whereas liver tumor
promotion by phenobarbital was unaffected, or decreased by
vitamin A deficiency, tne latter factor had a strong
enhancing effect on TCDD-induced promotion.

Methodology - There are several indications, that activa-
tion of the ras-oncogenes present in a high fraction of
human pulmonary adenomas originating from Clara and Type II
cells (Bos, 1989; Rodenhuis et al., 1983), are early events
associated with initiation (Brown et al., 1990; Sukumar et
al., 1990; You et al., 1989). An interesting system for the
study of promotive action in the lung involves the estab-
lishment of a transgenic mouse strain containing an
activated c-Ha-ras oncogene in the lung. The work is led by
Rune Toftgård, NOVUM, Biotechnology Center, Karolinska
Institute, Huddinge.

Research priorities - The role of particulates in promo-
tion, as well possible promotive effects of air pollutants
like SO- and NO , is not sufficiently known. The use of
transgenic mouse strains containing activated oncogenes may
offer excellent opportunities to study such effects, and
this line of research that has direct relevance for this
program. For many promoters consistent, results are obtained
from various in vivo systems, and basic mechanisms of
promotion can also be studied by using e.g. the rodent
liver initiation-promotion assay. The role of promotion in
the induction of lung cancer by agents like arsenic,
chromium, nickel, asbestos, and radon should be further
investigated in order to obtain a more adequate basis for
risk estimation.

4.3.3 Adverse effects on reproduction and induction of
neurotoxicity - Observations from the outcome of occupa-
tional inhalation exposures of pregnant women to high
concentrations of agents like lead (Abel, 1984) and
anesthetic gases (Infante and Tsongas, 1985) as well as
adverse effects upon the fetus induced by smoking (Landes-
man-Dwyer and Emanuel, 1979), have raised the issue whether
ambient air pollutants may induce toxicological effects
like malformations or fetotoxic effects like reduction of
fetal weight. However, available data do not seem to
support the notion that such effects can be induced at
current levels of pollutants in urban air. The positive
indications obtained in certain epidemiological studies may
be adequately explained by bias in selection of control
populations that has masked the presence of other
underlying causes like smoking and intake of alcohol.
Similar considerations apply to the induction of neuro-
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toxicity.

4.3.4 - Testing of air pollutants for carcinogenicity -
Full scale carcinogenicity tests have been conducted only
for a limited number of components - mostly PAHs - of
ambient air pollutants (for review, consult IARC, 1987;
USEPA, 1980, 198^!; Clements Associates, 1988).

This type of very resource demanding animal studies have
been carried out to a very limited extent in Sweden, e.g.
for arsenic. Although no carcinogenic action for various
forms of this element has been demonstration in test
animals, Pershagen et al. (1984) obtained some evidence
that arsenic could be able to induce tumors in animals if
retention time in the lung is be increased. Thus, arsenic
trioxide produced low incidences of carcinomas, adenomas,
papillomas and adenomatoid lesions of the respiratory tract
in hamsters after its intratracheal instillation.

Research priorities - It would, of course, be highly desi-
rable to be able to conduct full scale cancer testing for
selected components of air pollutants as well as for
complex mixtures of interest. Given the high costs
involved, as well as the limited facilities available in
Sweden for conducting such studies in agreement with
current international guidelines and GLP requirements, this
type of investigations can hardly be supported within the
present program. An alternative would be to explore the
possibilities of determining relative potencies for some
key air-born carcinogens using short-term in vivo initia-
tion-promotion assays like the mouse skin tumor initia-
tion-promotion protocols, or comparable assays.

4.4 Availability of facilities for research in the area
of inhalation toxicology

Swedish scientists who wish to carry out research in the
field of inhalation toxicology are faced with several
restrictions. More extensive facilities for inhalation
exposure in experimental animals, including dogs, are only
available in the toxicological laboratories of the Astra
Pharmaceutical Co. A fairly well-equipped laboratory is
available at the Department for Pharmacology and Toxicology
at the University of Trondheim, Norway (Professor Odd
Nielsen), but no facility in Scandinavia can be compared
with e.g. the Frauenhofer Institut fur Aerosolforschung in
Hannover, Germany. The limited availability of expertise in
the field of veterinary pathology constitutes another
obstacle.

The support for developing facilities for inhalation
toxicology in Sweden is beyond the financial means provided
by this program, but assistance could be provided to
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facilitate co-operation with well-equipped institutions.

5 - EXPOSURE ASSESSMENT
5.1 Monitoring
5.2 Prediction of environmental transport and

fate - air distribution models
5.3 Indirect exposure

5.1 Monitoring

The estimation of risk depends on the availability of
reliable exposure estimates. By international standards,
the Swedish resources for chemical analysis and monitoring
are well developed and characterized by a high technical
quality. However, experience from the work of the Swedish
Cancer Committee (1984) as well as other circumstances
dictate that estimates of collective doses for key air born
carcinogens for our country are very uncertain, and in
isome cases bordering to non-existent. The availability of
duta for major pollutants - like S0_, NO , and oxidants is
more satisfactory, but a comprehensive aata base for such
pollutants covering the whole country needs to be
developed. As described under Section 4.1 an extensive
data base exists with respect to the environmental
contamination of the Swedish environment by heavy metals.

Projects aiming at developing and improving methods for
personal monitoring of exposures, e.g. the HEAL project
("Human Exposure Assessment Locations") initiated by WHO
and UNEP, deserves encouragement. In comparison to statio-
nary sampling devices, personal monitoring gives a better
estimate of exposure. During the winter of 1988,
measurements of individually related exposure to NO was
carried out in Stockholm using personal diffusion samplers
(Berglund et al., 1989). Unfortunately, this type of
measurements are only applicable to a limited selection of
compounds.

Research priorities - Extensive monitoring of major
components of pollutants in ambient air have been conducted
in Sweden. However, this information is scattered and not
always easy to retrieve. Consequently, there is a need to
establish a nation-wide data base for such monitoring data.
Procurement of individually related representative exposure
data for major air pollutants would appreciably improve the
precision of risk assessment of exposed populations.

5.2 Prediction of environmental transport and fate - air
distribution models

The transport and transformation of pollutants entering
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the environment are affected by a number of meteorological
and physico-chemical processes which can vary with the
nature of the pollutants, how they are released, as well as
by the local geographical and meteorological conditions. A
number of models of varying degree of complexity have been
developed for air quality modeling. They can be broadly
divided into two categories: Statistical models and disper-
sion models. Statistical models are based on actual
monitoring data for a specific site. In some cases such
data are available. However, as exemplified by legally
required environmental impact assessments for projected
industrial installations, this is often not a feasible
option.

Dispersion models simulate physical processes of transport
and dilution of airborne pollutants, and have a more
general applicability directed towards describing time-
averaged conditions. Principal data requirements are source
emission rates and a meteorological input consisting of
wind speed, wind direction, and atmospheric stability.
Simple air dispersion models may be used to determine
maximum air concentrations for screening purposes, whereas
more elaborate models are needed for more complicated
situations, e.g. for interaction of multiple sources and
geographically complex terrains. Special models for
prediction of concentrations of air pollutants in urban
environments (Bringfelt et al., 1974), including street
level concentrations (Johnson, 1973), have been developed.
When intermedia transfer of contaminants should be taken
into account, intermedia and multimedia models must be
employed.

In practice, it has been shown that it is very difficult to
predict the composition of ambient air at locations distant
from multiple emission points through direct measurement of
source emissions, simply because an accurate inventory of
all sources is often lacking. Gaussian plume models have
been said to usually overestimate ground level atmospheric
concentrations of emissions downwind from point sources,
but are usually within a factor of 10 of the measured
values (Little and Miller, 1979). The performance of
simulation models will depend on the capability of the
algorithms to reproduce the important physical and chemical
processes, the quality of the emission data as well as the
quality of appropriateness of the meteorological data. Best
correspondence between predicted and measured values are
obtained for low-level, continuous, non-buoyant emissions,
in simple terrains, stable and homogeneous meteorological
conditions and local, short-term, concentrations of inert
pollutants (Lawless, 1988). An evaluation of atmospheric
dispersion models has also been carried out by the Interna-
tional Atomic Energy Agency, published in the IAEA Safety
Series, (IAEA, 1982).

A major complicating factor when making an attempt to
identify the contribution of individual emission sources to
the total ambient exposure, is the chemical transformation
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of primary pollutants to other compounds that may either be
less toxic or more toxic than the original substance.
Examples of the latter situation is the formation of ozone
from the photolysis of nitrogen dioxide in presence of
oxygen, peroxyacetylnitrate from photolysis of a mixture of
hydrocarbons, oxygen and NOx, nitroarenes from PAHs and
oxides of nitrogen, etc. Although some attempts have been
made to develop models that also include transformation
reactions (Builtjes et al., 1987), further development is,
clearly, needed. Also, conventional source modeling does
not allow for condensation of organic compounds upon
particulate matter as would occur in the ambient air.
Finally, a total quantitation of all relevant emission
sources for a particular pollutant, or mixture of pollu-
tants, is often lacking.

As an alternative modeling methodology, so called receptor
source apportionment models to identify sources of
airborne pollutants have been developed (Daisey, 1985).
These models estimate the source contributions to levels of
pollutants at a sampling site through variations in the
concentrations and composition of the ambient aerosol. For
the various types of sources appropriate indicator
chemicals are chosen; vanadium for oil burning, lead and
bromine (or CO) for motor vehicle emissions, etc.
Benzo(a)pyrene has previously been extensively used as
indicator substance for exposure to POM derived from
various sources, but is less well suited for this purpose
because of its chemical instability (Holmberg and Ahlborg,
1983) .

A large part of the uncertainty associated with risk
assessment is likely to be related to the projections of
individual and population exposure levels, parameters that
are included in the currently used HEM models recommended
by the USEPA. Considering the ultimate exposure of humans,
the time-average of the concentration of a pollutant total
dose may not be the only factor deciding the level of
response; high dose-rates during short time periods may,
sometimes, be an important factor in the elicitation of
damage. The need for a more careful assessment of human
activity assessment, including commuter models adopted to
Swedish conditions, should be noted.

Air quality modeling is primarily conducted by the Swedish
Meteorological and Hydrological Institute. As to the state-
of-the-art of air quality modeling in Sweden, neither this
author nor the members of the scientific Advisory Committee
possess the required expertise to analyze this aspect. To
the knowledge of this author, neither atmospheric distri-
bution models integrating population distributions (e.g.
the USEPA HEM models), nor site-specific multimedia models
liked the Unified Transport Model (UTM; Travis, 1985) or
the Graphical Exposure Modeling Systems (GEMS; Lawless,
1988) seem to have been used in connection with risk
assessment of chemicals in Sweden. Efforts have been made
by Lars Landner (1987) to introduce screening models to
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assess the potential environmental distribution of released
chemical substances in connection with risk estimation.

Research priorities - The determination of lifetimes of key
atmospheric pollutants as well as of their transformation
products constitutes a critical area in focus of a consi-
derable international research effort. However, the input
from the Swedish scientific community in this area appears
to have been limited. An international effort ought to be
initiated for the evaluation, development and validation of
different atmospheric dispersion models that also include
more complex situations, e.g. for varying pollutant half-
lifes, plume impaction due to multiple sources, geographi-
cally complex terrains, etc.

5.3 Indirect exposure

For many air pollutants like heavy metals, POM as well as
certain chlorinated substances (hexachlorobenzene, poly-
chlorinated dibenzo-p-dioxins, octachlorostyrene) derived
from combustion of organic matter (e.g. from municipal
incinerators), inhalation only accounts for a minor
fraction of the total uptake. For such agents intake via
food by far represents the major contribution to the total
body burden. Since the consequences of atmospheric
emissions must be evaluated with respect to total impact,
the importance of quantifying indirect exposure must be
underlined. The on-going analytical program for monitoring
non-pesticide residues in foods conducted by the National
Swedish Food Administration, therefore, fulfills an
important objective. However, the scope of this activity
is, unfortunately, very limited. Measurements of levels of
various xenobiotics in biota and their accumulation in food
chains constitute another essential link to promote this
goal. However, these activities are heavily supported
within the framework of other programs and sponsoring of
this type of research falls outside the mandate of this
program.

For the purpose of risk assessment, calculation of
atmospheric deposition has been integrated with evaluation
of uptake in crops as well as bioaccumulation in the
"Terrestrial Food Chain Model" developed by the USEPA.

Research priorities - Indirect exposure assessment of
persistent chemicals emitted to the atmosphere remains an
important task for future research. However, most of this
area is covered by other programs. Models, where atmos-
pheric deposition is integrated with evaluation of uptake
in crops as well as bioaccumulation in the food chains are
potentially useful, and further development of this type of
models as well as their validation seems warranted.
Further, such work does not seem to be covered by other
current research programs in Sweden. The analytical program
for monitoring non-pesticide residues in foods conducted by
the National Swedish Food Administration should be appre-
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ciably strengthened.

6 - HAZARD ASSESSMENT: DOSE-RESPONSE (EFFECT)
RELATIONSHIPS

6.1 Pharmacokineti.es - Pulmonary deposition, uptake
and clearance models

6.2 Bioavailability and biotransformation of toxic
components present in inhaled particulates

6.3 Biological markers for exposure to air
pollutants
6.3.1 Use of protein and DNA adduets for

genotoxic agents. Estimation of target
doses

6.3.2 Cytological techniques
6.3.3 Use of the TCDD-receptor
6.3.4 Accumulation of heavy metals and

metalloids in tissues
6.3.5 Immunological detection of exposure to

air pollutants
6.3.6 Biochemical and histological indica-

tors for cumulative tissue damage
6.3.7 Pulmonary function tests

6.4 Extrapolation from high to low doses - cancer
6.5 Determination of carcinogenic potencies for

key air-born carcinogens
6.6 Extrapolation from high to low doses - non-

neoplastic effects
6.7 Interspecies extrapolation

6.1 Pharmacokinetics

Pharmacokinetics is concerned with the fate of a chemical
after they have been inhaled, or taken up by other routes.
The following parameters are important when estimating
uptake from the respiratory tract on the basis of pharmaco-
kinetic models:

- Differences in respiratory anatomy and physiology
between animal species.

- Concentration of pollutant in inhaled air.
- Particle size distribution (aerosols).
- Parameters associated with degree of absorption

(partition coefficients, bioavailability for
substances adsorbed on particles, etc.).

- Ventilatory parameters (respiration rates and tidal
volumes).

- Blood flow dynamics.
- Duration of exposure

When utilizing data from experimental animals there is, in
addition, the problem of determining the appropriate human
equivalent dose given known or assumed anatomical,
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pharmacodynamic (differences in receptor sensitivity), as
well as pharmacokinetic (differences in target dose)
species differences. The flow-chart presented below (Fig.
3) provides an outline of the main individual steps
involved in calculation of human equivalent concentrations
(doses) from animal inhalation studies.

Pulmonary deposition, uptake and clearance models
Different animal species will not receive the same doses in
comparable regions ot the respiratory tract when exposed to
the same levels of particles or gas in the inhaled air, and
the derivation of human equivalent doses on the basis of
animal experiments may be more uncertain than e.g. for the
oral route. Such estimations are particularly difficult for
aerosols. Regional deposition pattern is determined by
anatomical-physiological features specific to various
mammalian species, as well by the physico-chemical charac-
teristics of the inhaled agent. For particles, deposition

Fig. 3 - Flow-chart for determination of human equivalent
exposures (adapted from USEPA, 1989).
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electrostatic precipitation, while for gases important
mechanisms include convection, diffusion, chemical reaction
and solubility. Retention is governed by the relative rates
of deposition and clearance. Whereas deposition data are
usually obtainable, the determination of clearance rates
are technically difficult to perform and often influenced
by the methodology used (Schlesinger, 1985).

In mammals the respiratory system can be divided into three
regions on the basis of structure and function: nasopha-
ryngeal, tracheobronchial, and pulmonary (alveolar). Upon
inhalation, the retained dose in each of these regions is
governed - in addition to the properties of the inhaled
agent - by anatomical (airway size and branching pattern,
etc.) as well as physiological (e.g. breathing rate, tidal
volumes, clearance mechanisms) features. For particles, the
regionally deposited dose fractions for various size ranges
are available for most experimental animals of interest,
but requires an adequate knowledge of particle characte-
ristics (for a review, consult Barrow, 1989).

Differences in airway size and branching pattern are major
sources of interspecies variability in deposition of
aerosols in the tracheobronchial region; flow may be
turbulent in the large airways of humans, while for an
identical flow velocity it may be laminar in e.g. a rodent.
Relative to man, experimental animals also tend to have
tracheas that are much longer in relation to their
diameter. For typical ambient aerosols, over half of the
total mass is deposited in the extrathoracic region
during normal nasal breathing. With mouth breathing the
deposition pattern changes dramatically, in as much as
thoracic and pulmonary deposition is increased. Thus, an
elementary - but nevertheless common - source of inaccuracy
for estimation of human doses is the general use of default
values for amount of air inhaled per day (usually 13.8
L/min or 20 m /day), irrespective of breathing pattern
(approximate variation with severity of exercise, 12-132
L/rain). Finally, the effective dose will, obviously, also
depend on the bioavailability of the inhaled particulate
matter.

In the gaseous state, the inhaled compound is transferred
into the liquid layer lining the airway wall by diffusion.
Transfer through this layer depends on the gas-diffusion
coefficient, layer thickness, and the gas concentrations at
the boundaries of this layer. Capillary blood flow removes
the dissolved gas on the other side of the liquid and the
separating tissue layers. Thus, species differences in
alveolar ventilation and cardiac output are critical
determinants of the absorbed dose. Alveolar uptake of gases
is governed by air-to-blood partitioning, ventilation/per-
fusion, as well as air and blood concentrations. For
readily soluble gases, uptake is linearly related to
solubility. In general, the tissue-gas partition coeffi-
cient is linearly correlated with its fat-gas and blood-gas
partition coefficients, providing an approach for



29

estimating these parameters. The response to an inhaled
toxic substance is fundamentally a function of the concen-
tration-time curve. For non-linear segments of this
relationship, care must be exercised when extrapolating
intermittent exposure schedules in experimental animals
(e.g. 8 hrs/day, 5 days/week) to a continuous exposure
situation. In addition, the relation between absorption in
the lung and air concentrations per se may be non-linear as
is the case for a poorly soluble gas like butadiene (USEPA,
1985).

Irritant as well as pharmacological effects (e.g.
anesthesia) of an inhaled substance may affect lung
ventilation. In order to interpret inhalation experiments,
it is therefore often important to evaluate respiratory
performance under conditions of actual exposure. Experi-
mental animals may be exposed by whole body exposure, head-
only, nasal, and tracheal cannula exposures. The manner of
administration may notably affect the amount of material
that is actually taken up, and adaptation to delivery
technique by training of experimental animals is often
important in order to reduce abnormal stress in e.g.
breathing through mouth pieces.

In analogy to changes caused by respiratory stress in
experimental animals, deposition of particles in man may be
greatly influenced by respiratory disease. Thus, even a
slight bronchoconstriction may have a pronounced influence
on the deposition pattern. In addition, impaired clearance
has been found in patients with e.g. bronchiectasis
(Svartengren, 1986) .

Various dosimetry models are available for aerosols as well
as for gases (for review, consult USEPA, 1989) . For very
reactive gases that exert a local toxic action in the lung,
an analogous approach to that of insoluble particles may be
used. Models that incorporate extrapulmonary distribution
in multiple compartments as well as metabolic conversion
have also been developed (USEPA, 1989; Fiserova-Bergerova,
1983; Reitz, et al., 1989). In some cases no adequate
inhalation study is available, and surrogate data from
other routes of exposure may have to be relied upon for the
determination of e.g. a tentative NOAEL. However, before
attempting to carry out such an extrapolation, it is
imperative to rule out any portal-of-entry and/or first-
pass effects. For a number of elements, the comprehensive
data base compiled for various radionuclides by the
International Commission on Radiological Protection, ICRP,
provides a valuable support for pharmacokinetic modeling
in man (ICRP, 1973, 1979a, 1979b, 1980a, 1980b, 1981a,
1981b, 1982a, 1982b, 1986, 1988). A separate monograph on
human respiratory tract models is soon forthcoming (ICRP,
1990).

As concerns dosimetry for inhaled aerosols, the calculation
of dose becomes more complicated for liquid or hygroscopic
materials; conventional dosimetry based on insoluble
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particles tends to underestimate the deposited dose for
large hygroscopic particles, and overestimate the dose for
smaller diffusion-dependent hygroscopic particles.

Although some attempts have been made to adjust for pulmo-
nary clearance rates (Pepelko, 1987), there seems to have
been no systematic comparison and quantification of
differential clearance rates across species, and most of
the applied models do not include this parameter (USEPA,
1989). One problem encountered when estimating doses from
particulates, that are only slowly eliminated from the
respiratory system, is the transport and storage of consi-
derable amounts of particles to regional lymph nodes
(especially in dogs; Snipes et al., 1983), where they are
still available for dissolution and absorption. Here
clearance data will result in an underestimate of bioavai-
lability, unless the rates of translocation to lymph nodes
is known. Exposure to very high levels of particles in
inhaled air may result in lung overloading and depression
of clearance, a phenomenon that seems to have been insuffi-
ciently studied. The question of the effects caused by
adsorption of biologically active compounds to particulates
seems to be crucial in obtaining a better insight into the
effects of urban aerosols on the human lung. Evidently,
carrier particles may enhance toxic effects by increased
pulmonary retention and possibly also by altering metabo-
lite patterns.

Since the action of chemicals en living beings is largely
determined by the concentration of the toxic chemical and
by the duration of exposure, the time-integral of the
exposure level may provide a more appropriate dose concept
in several cases. When considering the chain of events
from exposure to a chosen toxicological end-point, the
total cumulative number of chemically changed critical
centers on the molecular level in the target during
exposure (molecular dose) will be the most relevant
exposure parameter in deciding the response. Thus,
estimation of dose at a critical target site could to a
greater extent reflect inter- and intra-species differences
with respect to pharmacokinetic factors - such as detoxi-
fication rates - than is the case with conventional
representations of exposure (Ehrenberg et al., 1974;
Wright, 1983, 1988; Farmer et al., 1987; ECETOC 1989).
This approach assumes, however, that an effective dose at
the target in a particular species is equally effective in
another species. This is not always the case for several
toxicological end points other than genotoxic events (see
Section 6.3.1).

In Sweden, research related to pharmacokinetic modeling
within the area of inhalation toxicology seems to be mainly
confined to a few institutions: The toxicological
laboratory of the Astra Pharmaceutical Co., the
Laboratories of the Defense, as well as the Institute of
Occupational Hygiene. Isolated and perfused rat lung
preparations are utilized for pharmacokinetic and
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mechanistic studies at the Department of Medical Nutrition,
Karolinska Institute at Huddinge University Hospital. The
methodology permits an accurate determination of the dose
delivered by a relevant route, avoiding losses to the
alimentary tract, and is very useful for the study of the
action of a variety of different pneumotoxic agents.
(Törnquist et al., 1985, 1985b; Roth et al., 1989).

Research priorities - The following priority areas within
the field of pharmacokinetics of air pollutants have been
identified: Deposition of particles in the human lung of
patients with respiratory disease; investigation of
clearance of particles from lung in different species as
well as in man under various conditions; and dosimetry of
hygroscopic aerosols.

Although adequate inhalation dosimetry models are available
for a number of purposes, such computations are normally
not carried out by biologists because of their mathematical
complexity. Similar to what is the case for high-to-low-
dose carcinogenicity extrapolation models, the availability
of properly designed PC-programs for this purpose would
conceivably facilitate the use of such models and improve
the general quality of risk assessment for air pollutants.

6.2 Bioavailability and biotransformation of toxic
components present in inhaled particulates

Upon deposition of particulates in the respiratory tract,
active components present in such particles are not
immediately available for uptake. The rate of release and
the subsequent uptake of e.g. polycyclic aromatic hydro-
carbons (PAH) from particulate matter is of crucial impor-
tance in determining the ultimate biological response.

The amount of solvent-extractable organic matter has been
used as a measure of the maximum amount available for
uptake. However, the rate of transfer is not only dependent
on the composition of the particulate, but also on the size
and nature of the particles; thus, B(a)P adsorbed on large
particles (15-30 ji) is cleared from the lung at a rate that
is virtually identical with the clearance rate of the
carbon particles from lung tissue (Creasia et al., 1976;
Medda et al., 1981). This is not the case, however, for the
large fraction of submicron particles (0.15-0.2 n MMAD)
produced by diesel engines when inhaled, where a conside-
rable fraction of the adsorbed POM is available for
pulmonary uptake. More than 90% of the PAH present in coke
oven emissions is associated with particulates, the
majority of which is below 4 |i in diameter (Broddin et al.,
1977). The major fraction of urban air particulates has
also been shown to be within the respirable range (Hatch
and Gross, 1964). As compared to the pure compound, adsorp-
tion to a carrier particle will significantly prolong the
retention and the clearance is, in general, characterized
by a biphasic course; an initial rapid phase followed by a
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slower elimination (Bond et al., 1986).

After uptake by the cells lining the respiratory tract,
metabolic transformations may result in inactivation, or in
secondary generation of biologically active species. The
respiratory tract contains more than a dozen different cell
types contribute to the varying clearance and metabolic
patterns of this region. Of these Clara cells, alveolar
type II cells, and macrophages in the pulmonary region as
well as certain cells of the respiratory and olifactory
epithelium of the nasal cavity are examples of cell types
characterized by a high metabolic activity. However, the
distribution with respect on one hand to mixed-function
oxygenases and enzymes like dehydrogenases and hydrolases
on the other hand, are not not necessarily the same.
Finally, the cell-specific distribution pattern differs
between different animal species (for review, consult Dahl,
1989). The unique oxidative system of the macrophage,
containing an efficient mechanism for the production of
hydrogen peroxide and oxygen radicals (superoxide, and
hydroxyl radicals) should be emphasized (Floyd et al.,
1986). By the action of this system - possibly in conjunc-
tion with other factors released from these cells - phorbol
esters like phorbol myristate acetate, a potent activator
of phagocytic cells, can produce acute lung damage, an
effect that is reversed by superoxide dismutase and
catalase (Roth et al., 1989). Metabolic transformation is
not only of crucial importance in the derivation of
biologically significant dose estimates, but may also be
important in certain immunological processes, e.g. for
antigen presentation by T-cells.

A comprehensive model using isolated and perfused rat lung
preparations for the study of the uptake, metabolism and
DNA-binding of B(a)P adsorbed to urban particulates has
been utilized by Rune Toftgård and associates at the
Department of Medical Nutrition, Karolinska Institute at
Huddinge University Hospital (Törnquist et al., 1985,
1985b, 1988; Törnqvist 1989). Benzo(a)pyrene can here be
regarded as a surrogate for other PAHs. These scientists
have shown, that whereas the rate of production of polar
metabolites was much higher when B(a)P was administered as
microcrystals (at a dose sufficiently low to avoid
metabolic overloading) than when adsorbed to urban air
particulates, DNA-adducts derived from B(a)P were formed
much more readily in the latter case (Törnquist et al.,
1985b). There were wide differences in desorption rate of
this hydrocarbon from different kinds of urban air particu-
lates (Törnquist et al., 1988). This group also presented a
mathematical model to predict availability and metabolism
of benzo(a)pyrene. Per Gerde at the Royal Institute of
Technology has developed mathematical models for estimating
the uptake of PAHs from mineral fibers deposited in the
lung (Gerde and Scholander, 1987; Gerde, 1987).

Research priorities - The study of the biological availa-
bility for particle-bound agents remains an important area
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for future research, where the determination of molecular
target doses in the lung as well as in other tissues could
provide essential complementary information. Further
characterization of the metabolic transformation processes
of xenobiotics occurring in different cell types, as well
as evaluation of their toxicological significance is also
essential in order to obtain an improved basis for pharma-
cokinetic modeling.

6.3 Biological markers for exposure to air
pollutants
6.3.1 Use of protein and DNA adducts for

genotoxic agents. Estimation of target
doses

6.3.2 Cytological technigues
6.3.3 Use of the TCDD-receptor
6.3.4 Accumulation of heavy metals and

metalloids in tissues
6.3.5 Immunological detection of exposure to

air pollutants
6.3.6 Biochemical and histological indica-

tors for cumulative tissue damage
6.3.7 Pulmonary function tests

6.3 Biological markers for exposure to air pollutants

In order to be useful, a biological marker for the indica-
tion of adverse effects of air pollutants should be biolo-
gically relevant with respect to the studied toxic endpoint
and, in addition, the method for its measurement should be
sufficiently sensitive to permit its utilization at ambient
concentration levels. Finally, selectivity will help to
discriminate the action caused by the pollutant from
various kinds of background interference. The application
of these criteria will drastically reduce the number of
potentially useful systems.

6.3.1 Use of protein and DNA adducts for genotoxic agents -
Swedish scientists have been among the first in the world
to successfully use the determination of the level of
protein and DNA adducts for risk estimation purposes. It is
therefore of considerable importance that this tradition
is maintained, taking advantage of the broad spectrum of
methods that has become available in recent years. However,
it should also be realized, that there are several
limitations to this approach when applied in a more general
manner. The laborious methodological development required
for each new type of specific adduct to be determined
constitutes a limitation that, no doubt, has impeded
universal applicability. Further, the determination of such
adducts for the purpose of risk assessment has been most
useful in the field of genotoxicity including initiation of
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cancer (but not promotion or progression) since the toxico-
logical endpoint can be associated with a specific
molecular change. For most toxic effects this is not
possible, and species specific pharmacodynaaic factors such
as host defense and repair processes will to a certain
degree affect the outcome of an initial insult caused by
the same target dose in different animal species.

Chemical analysis - Protein and DNA adducts may be
determined by several techniques, including gas chromato-
graphy, GC-MS, fluorimetry, immunochemical methods, as
well as [ P]postlabeling (for DNA-adducts only). Gas
Chromatography-Mass Spectrometry has undergone a striking
development during the last decade, and low levels of
specific DNA-adducts may be detected by this approach. It
has been used by Segerbäck (1983, 1985) to determine N-7-
(hydroxyethyl)guanine after exposure of mammals to ethylene
oxide (EO) and by Svensson et al. (1990) to determine N-7-
(2-hydroxypropyl)guanine after exposure to propylene oxide
(PO). For measuring protein adducts this method is even
more sensitive. Using a modified Edman degradation combined
with GC-MS, 0.001-0.01 nmol hydroxyethyl adduct/g
hemoglobin may, for instance, be determined for EO. This
value lies below background levels, and corresponds to a
theoretical exposure to EO of about 0.005 ppm (Törnqvist
and Ehrenberg, 1985; Törnqvist et al., 1986; Duus et al-,
1989). Additional improvements may be achie/ed by a pre-
purification step for adduct-containing peptide chains. The
measurement of hemoglobin adducts has certain advantages
for dose monitoring purposes over determination of DNA-
adducts; the hemoglobin adducts are characterized by higher
stability, and can be detected in extremely low quantities
(ECETOC, 1989). As to the much higher turn-over of DNA
adducts, it could be mentioned that the depurination of the
main EO adduct in DNA has a t, ._ of about 67 h (Sega,
1987). 1 / 2

Iromunological methods - DNA as well as protein adducts have
been detected using polyclonal or monoclonal antibodies.
The methodologies include the use of competitive
radioimmunoassays and solid phase assays, such as enzyme
linked immunosorbent assay (ELISA) or ultrasensitive enzyme
radioimmuno assay (USERIA). Antibodies against a variety of
DNA adducts have been prepared, and the method is highly
sensitive and specific. However, the production of the
appropriate antibody is laborious and time-consuming
(ECETOC, 1989).

f—P]postlabeling techniques are extremely sensitive, but
their application is limited to the detection of DNA
adducts from aromatic or bulky electrophilic agents.
Nucleotides bearing smaller adducts cannot be readily
separated from the natural nucleotides and they are also
sensitive to the action of nuclease PI. For each DNA adduct
it must be demonstrated, that the phosphorylation by the
polynucleotide kinase takes place with reasonable
efficiency and that the adduct is resistant to nuclease PI
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degradation.

"Natural" adducts - In humans a certain background level of
2-hydroxyethyl and other adducts are present in the DNA and
hemoglobin of the general population. Whether these adducts
reflect production of reactive intermediates derived from
the endogenous metabolism (e.g. by formation of ethene by
intestinal bacteria), or from external sources, or both, is
not known. At least in certain cases, such adduct formation
could be associated with exposure to ambient air pollu-
tants. Thus, an elevated level of aromatic adducts in DNA
from humans have been demonstrated by P-postlabeling and
immunological techniques in humans living in highly
polluted areas in Poland (Hemminki, 1990).

Estimation of target doses - As pointed out by Ehrenberg et
al. (1974, 1983), the concept of dose as this is generally
used by toxicologists - i.e. expressed as mg/kg bw, ppm,
etc. - is an intensity parameter (dose rate) that per se
may be less convenient in characterization of certain types
of dose-response relationships - in particular for
genotoxic and carcinogenic effects. Since the action of
chemicals on living beings is largely determined by the
concentration, C, of the toxic chemical and by the duration
of exposure, the time-integral of the exposure level
(D. .) may provide a more appropriate dose concept in
several cases:

' ' target ~J ' '

This dose concept is characterized by the dimensions of
concentration x time, e.g. mg/kg-h, ppm-h, etc. When consi-
dering the chain of events from exposure to a chosen toxi-
cological end-point, the total cumulative number of chemi-
cally changed critical centers on the molecular level in
the target during exposure (molecular dose) will be the
most relevant exposure parameter in deciding the response.
Thus, estimation of dose at a critical target site could to
a greater extent reflect inter- and intra-species diffe-
rences with respect to pharmacokinetic factors - such as
detoxification rates - than is the case with conventional
representations of exposure (Ehrenberg et al., 1974;
Wright, 1983, 1988; Farmer et al., 1987; ECETOC 1989).

Alkylating agents - In one compartment systems, the
integrated equation (1) may be approximated by

Dtarget = c
o/

l a m b d a

provided that the exposure time is long compared to the
mean life span, 1/lambda, and where C is the total
amount of alkylating agent absorbed ana lambda is the
first order rate constant for the disappearance of the
alkylating agent from the tissues. The rate of elimination
of the alkylating agent (RX) is compounded by the reactions
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RX

metabolic conversion, hydrolysis,
excretion of unchanged compound,
reaction with anions, etc.

alkylation of DNA

alkylation of protein

where

and

(3)

DNA
a n d k prot

lambda = k'DNA + k'prot + k-

where k N- and k _. are the pseudo first-order reaction
constants with specific nucleophilic centers in DNA and
protein, respectively. At low degrees of alkylation and a
large excess of nucleophilic agent(s) - valid for condi-
tions under which the bioassays were conducted for PO as
well as EO - it can be shown for one-compartment systems
that

(4) Talkvlated DNA] = Talkvlated prot.1 = C /lambda = D

DNA prot
target

Thus, since the relation between the velocity constants for
reaction with key nucleophilic centers in proteins and DNA
are known for EO and PO, the degree of alkylation of DNA
can be calculated from the degree of alkylation at a
specific site in a suitable protein (Ehrenberg et al.,
1983). A number of studies have demonstrated that relation
(4) holds under in vivo exposure conditions, i.e. that the
adduct levels of hemoglobin and DNA after exposure to EO
and PO are directly proportional to dose for a wide dose
range (for review, see Farmer et al., 1987; ECETOC 1989).
This constitutes the basis of the use of hemoglobin adducts
for monitoring target dose in man after exposure to
alkylating agents like EO and PO (for review, see Ehrenberg
et al., 1983; ECETOC, 1989). The method gives a measure of
the integrated dose over a four-month-period (life span of
the erythrocyte in healthy individuals). The simple
relationships given above (eq. 2-4) hold for one-compart-
ment systems, but there is no reason to assume why not
similarly valid relations could be elaborated for pharmaco-
kinetically more complex systems.

One possible complication that should be kept in mind, lies
in the fact that only a minuscule fraction of the total
number of DNA-adducts is actually involved in carcinoge-
nicity. This fraction may be qualitatively different (with
e.g. a divergent mechanism of repair) from the vast
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majority of the adducts formed. Its formation may be
characterized by a non-linear dose-response relationship
where this deviation remains hidden under a linear dose-
response curve for the bulk of lesions. For hemoglobin
adducts extrapolations such as those described by eq. 4 may
not be valid for certain compounds unless tissue-specific
pharmacokinetic differences have been separately assessed.

Using protein and DNA-adducts as indicators of exposure,
the relation between inhaled air concentration and target
dose in a number of tissues have been determined under
varying conditions for ethylsne oxide (EO), propylene oxide
(PO), as well as for the corresponding olefins ethene and
propene (Ehrenberg et al., 1974; Osterman-Golkar et al.,
1976, 1983, 1984; Segerbäck, 1983, 1985; Osterman-Golkar
and Bergmark, 1988; Duus et al., 1988; Törnqvist 1989;
Duus et al., 1989; Svensson et al., 1990; Högstedt et al.,
1990; Ehrenberg et al., 1990). The derived target doses for
EO and PO as well as for the corresponding olefins have
been used as the basis for deriving risk estimates for
human cancer risk using the rad-equivalence concept (See
Section 9.1). Thus, using a rad-equivalence for ethylene
oxide of 80 based on data from a number of biological
systems (Ehrenberg et al., 1983), the life-time unit risk
for exposure to ethene was estimated at 0.1 per ppm,
corresponding to about 200 cases per year for the Swedish
population at ar average ambient air concentration of
ethene of 10-20 ppb for urban environments (Törnqvist,
1989; Törnqvist and Ehrenberg, 1990).

For PO available information on pharmacokinetic data is
less certain than for EO. Recent studies carried out in the
mouse by Ehrenberg"s group has demonstrated that the degree
of in vivo alkylation of DNA (as guanine-N-7) after intra-
peritoneal administration of PO to mice is comparable in
liver, kidney, spleen, lung and testis (Svensson et al.,
199 0). At equal doses, given by intraperitoneal injection
to mice, PO gives a 7-fold lower adduct level than EO in
hemoglobin as well as in DNA (Segerbäck, 1983; Svensson et
al., 1990). This finding is roughly in agreement with the
relative carcinogenic potencies of the two alkylating
agents. The dissimilarity in yields of alkylated products
from the two related epoxides may be explained by diffe-
rences in the rates for catalyzed decomposition to inactive
products in vivo. The rate of elimination of PO is faster
than for EO by a factor of about 7 in the mouse, and
approximately by a factor of 5 in humans (Högstedt et al.,
1990; Ehrenberg et al., 1990). However, the latter estimate
is characterized by a considerable uncertainty due to
inaccuracies in determination of dose. Experiments in mice,
rats and dogs are in progress at the University of
Stockholm as well as at the Midwest Research Institute,
Kansas City, to determine target doses in various tissues
induced by exposure to PO in order to further clarify the
interspecies variability of tissue target dose (Nilsson et
al., 1990).
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In spite of the close similarity between EO and PO, there
are some indications that the two epoxides may exhibit
qualitative differences as to their genotoxic action.
Sister-chromatid exchanges (SCE) and chromosomal aberra-
tions were scored in cultured lymphocytes from male
cynomolgus monkeys exposed by inhalation to EO at 50 or
100 ppm, and to PO at 100 or 300 ppm for 7 h/day, 5
days/week for 2 years (Lynch et al., 1984). Whereas EO
induced a significant increase in SCEs and chromosome
aberrations, no such effects were detected for PO. One
explanation for this discrepancy could be that a higher
rate of detoxification of PO prevented sufficiently high
levels to build up in the tissues. The fact that PO induced
approximately the same depression of sperm counts and
reduced sperm motility in these monkeys as did EO (Lynch et
al., 1983) speaks against this hypothesis.

In addition to EO and PO, several other compounds form
protein and DNA-adducts directly, or indirectly in vivo, in
a manner that is linearly correlated with the administered
dose, thereby providing a sound basis for monitoring.
Thus, the DNA and protein adducts from trans-4-dimethyl-
aminostilbene in liver, blood proteins, and hemoglobin was
found to be linearly correlated with oral exposure in the
rat except for an intake that was close to the LD * where
metabolic overloading might be expected (Neumann, 1980).
Other examples, where hemoglobin adducts have been found
potentially useful for determination of target dose are 2-
acetylaminofluorene (Pereira et al., 1981), ethyl methane-
sulphonate (Murthy et al., 1984), styrene, and 4-aminobi-
phenyl (Skipper, et al., 1984). For methyl methanesul-
phonate the degree of alkylation of hemoglobin after i.p.
administration to mice was found to be linearly correlated
to dose, while formation of N-7-guanine showed some
deviation from linearity at high doses (Segerbäck et al.,
1978) . With benzo[a]pyrene a direct proportionality was
demonstrated between external dose and hemoglobin as well
as with DNA-adducts (Shugart, 1985; Shugart and Kao, 1985).
However, of these last mentioned compounds, only benzo[a]-
pyrene would seem to be of interest in the context of risk
assessment of air pollutants.

Although CO-hemoglobin and metallothioneins cannot be
regarded as protein adducts in a strict sense, these
protein derivatives can, nevertheless, be utilized for
the purpose of measuring target doses. Thus, CO-hemoglobin
is well suited for the biological monitoring of ambient
concentrations of carbon monoxide (Kurppa, 1984) . In
addition, the concentration of this hemoglobin derivative
also provides a direct measure of target dose; 25 and 50
ppm during a 8 hours' working day normally results in a
concentration of 5 and 8 % CO-hemoglobin, respectively, in
non-smokers. The accumulation of heavy metals, like
cadmium, in metallothioneins can provide estimates of
target dose. An interesting application being developed by
Swedish scientists is the determination of the metal
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content of metallothioneins in the placenta, which could
provide an integrated measurement of dose with respect to
several metals during pregnancy (Nordberg, 1990; see
further under Section 6.3.4).

Research priorities - Development of methods for the
determination of DNA and protein adducts is a prerequisite
for estimation of target doses for genotoxic agents at the
molecular level. The determination of specific protein
and/or DNA adducts offers a great advantage for the
estimation of target doses under a variety of conditions,
and the research efforts in this area should be extended to
cover a broader range of mutagenic electrophils. Agents,
that preferably react at centers characterized by a high
nucleophilic strength, like sulfur, may also be included.
Due to the technical difficulties involved, this should be
carried out for a limited number of priority pollutants. At
the same time, it would be desirable to develop alternative
techniques to be used for validation of the biological
relevance of measured adducts with respect to the end
point used for risk estimation. This requires an input from
the fields of mutation research and related areas.

Other areas that need to be further investigated include:

- The differential rate of repair efficiency between
different types of DNA-adducts, as well as diffe-
rences between rates of repair of the same lesion in
different tissues. This aspect needs to be elucidated
for the various electrophilic carcinogens and
mutagens under study, since it may constitute a
source of error when using DNA-adducts for monito-
ring purposes.

- In man, the origin of the high background of certain
protein and DNA-adducts should be investigated, with
special reference to ambient air levels, but also
with respect to confounding life-style factors like
smoking and diet. The use of highly exposed sub-popu-
lations would here seem advantageous. Other
possibilities include the measurement of DNA-adducts
obtained from cells derived from lung lavage of
healthy volunteers, as well as the use of biopsy and
autopsy material. The use of twins for the study of
alkylation patterns in humans should also prove
helpful in resolving differences due to genetically
determined physiological differences and those caused
by extraneous environmental factors.

6.3.2 Cytological techniques

Cytological methods (chromosome aberrations, SCE, etc.),
mostly involving peripheral leukocytes, have been used as
indicators for high level exposure to genotoxic agents like
benzene, vinylchloride, ethylcne oxide, etc. in the occupa-
tional environment. It appears doubtful, however, if such
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methods* are sufficiently sensitive to be useful as indica-
tors of ambient air pollutants at the levels currently
found in urban areas in Sweden.

6.3.3 Use of the TCDD-receptor - Poland et al. (1976) was
able to characterize a macromolecular binding species
specific for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in
the hepatic cytosol fraction of rodent liver that appears
to be identical with the receptor responsible in vivo for
the induction of arylhydrocarbonhydroxylase activity (AHH).
Thus, the binding affinity of halogenated dibenzo-p-dioxins
and dibenzofurans for this protein corresponds to their
AHH-inducing potency in the chick embryo. It has subse-
quently been found, that a number of polycyclic aromatic
hydrocarbons, including nitroarenes, which induce AHH also
compete for this cytosolic binding protein. Other types of
inducers like steroid hormones and phenobarbital are
inactive (IARC, 1978). The binding to the AHH receptor,
which is also found in a variety of other tissues and cells
including murine epidermis, cannot be equated with carcino-
genicity, as was initially suggested, but the binding seems
to correlate well with capacity to induce chloracne as well
as with induction of thymic atrophy (Poland and Knutson,
1982). The proliferation and differentiation of epidermal
cells are normally regulated by several growth factors and
hormones, including the epidermal growth factor (EGF). TCDD
has been reported to cause decreased EGF binding, and there
seems to be evidence that the down-modulation of EGF
binding by TCDD is meditated by the AHH receptor. Loss of
high affinity EGF receptors and a resultant refractoriness
of cells to this growth factor may play an important
regulatory role in the inductipn of hyperkeratinization by
TCDD (Osborne et al., 1984).

The affinity of the TCDD-receptor as an indicator for
biological activity of various POM fractions obtained from
combustion engine emissions as well as from urban particu-
lates has been studied at the Department of Medical
Nutrition, Karolinska Institute at Huddinge University
Hospital. The strong response found for certain fractions
could to the largest part be attributed to the presence of
nitroarenes (Greibrookk et al., 1985). However, at the
present time it seems difficult to translate these findings
into a a parameter that finds a useful application in the
quantitative risk assessment of air pollutants.

Research priorities - Considerable efforts have been
devoted to the use of the so called TCDD receptor for
characterization of complex emissions from combustion
engines. The study of the AHH receptor has given valuable
insight with respect to the mechanism of action of dioxin-
like compounds. Considering the doubtful specificity of
this assay, as well as the unclear biological significance
of the effect as such for use in risk assessment, the
utility of the assay in this context must be questioned.
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6.3.4 Accumulation of heavy metals and metalloids in
tissues

Due to the slow elimination of some elements from the
organism, the measurement of the levels in certain tissues
may provide a measure of integrated dose over longer
periods of time. In cases where the dose effect relation-
ship is known with sufficient precision with respect to a
specific toxicological end-point (e.g. in the case of
cadmium and kidney damage), the metal accumulation may be
utilized as a biological indicator.

Cadmium derived from various sources progressively accumu-
lates in several tissues of man, particularly in the
kidney, which is the most sensitive target organ for the
toxic action of this metal. In humans with normal low-level
exposure, about 50% of the body burden will be found in the
kidneys, 15% in the liver and 20% in the muscles. Smoking
of tobacco significantly increases the body burden of
cadmium. The half-life of cadmium in these organs is 10-30
years. Chronic cadmium intoxication appear after long-term
low-level exposure. After inhalation, a chronic obstructive
lung disease develops (^00 ug/m ) as well as renal tubular
dysfunction (20-50 ug/m ), sometimes accompanied by mild
anemia and liver function disturbances. The increased
excretion of 0--microglobulin in the urine constitutes an
early indication of kidney damage.

Based on an extensive epidemiological material from several
countries, it has been possible to determine a critical
target dose in the range 100-200 ppm that will result in
kidney disease (Friberg et al., 1986). Except for the
occupational environment and for the vicinity of certain
types of industrial plants (e.g. zinc smelters), air-borne
cadmium can only be considered to be of importance as an
indirect (via crops) health problem (see also under Section
6.3.1).

Risk assessment of arsenic has been impeded by the lack of
appropriate indices of exposure over longer time periods.
Monitoring is usually performed by measuring excretion of
total arsenic with the urine. This parameter varies rapidly
with changes in exposure, and is also heavily influenced by
the amount of seafood in the diet. The element is preferen-
tially accumulated in tissues rich in SH-groups like skin,
nails and hair. Consequently, hair has therefore been
utilized in attempts to determine integrated dose in occu-
pational exposure. The adsorption of arsenic containing
dust to hair has here caused erratic results. Melanin has
been known to accumulate various cations (reviewed by
Larsson and Tjälve, 1978), and in combination with the much
slower turn-over of melanocytes in the nevi, a project has
been initiated by Robert Nilsson and Nils-Gunnar Lindquist
at the National Swedish Chemicals Inspectorate to
correlate the levels of arsenic in such pigmented areas of
the skin with exposure to this element.
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Methvlmercury - The concentration of methylmercury in human
red blood cells shows a good correlation with the daily
intake and can therefore be used to monitor steady-state
exposure. To accommodate for variations in daily intake
over a longer time period, the measurement in hair seems to
offer several advantages (Skerfving, 1974, 1984).

Lead may be conveniently monitored by measuring the metal
levels in blood. The most sensitive physiological parameter
to lead exposure is, however, delta-aminolaevulinic acid
dehydratase in blood, a parameter that is affected already
at existing lead intakes in the majority of individuals in
the population (reviewed by Oskarsson and Camner, 1983).
The role of exposure of the general population to lead by
inhalation does not seem to be of primary concern in Sweden
today, and intake via food constitutes the major route of
intake. However, the quantitative relationship in man
between oral intake and blood levels do not seem to be
sufficiently accurately known.

Research priorities - For many metals well developed
methods for determination of body load have been developed.
The determination of the metal content of metallothioneins
in the placenta, that was mentioned above (6.3.1), may
provide a useful approach for integrated measurement of
dose with respect to sevtral metals during pregnancy, and
further verification of the methodology may be warranted.
For arsenic, improved methods for the determination of
integrated exposure over longer periods of time are needed.
The relation between oral intake and blood levels of lead
is still not known with adequate precision in man.

6.3.5 Immunological detection of exposure to air pollutants

The role of ambient air pollutants in causing, or promo-
ting, hypersensitivity reactions of the respiratory tract
is not clear, but may have far-reaching implications for
public health. Such reactions have a mixed etiology,
including various immunologically based reactions as well
as non-allergic hyperreactivity responses. Since existing
clinical screening methods appear to be inadequate to
clearly distinguish between various types of hypersen-
sitivity, further progress in establishing a cause-and-
effect relationship by epidemiological methods may be
hampered. Consequently, the development and introduction of
immunologically based screening methods seems to be
desirable.

All regions of the lung contain a number of lymphoid tissue
elements, and the pulmonary immune system has an important
function in the clearance of deposited material.
Macrophages trap inhaled particles, and these cells are
either brought up by the mucociliary escalator or enter the
lymphatic fluid. These phagocytes also initiate pulmonary
immunological responses by acting as antigen-presenting
cells for helper T-cells.
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The immediate, or Type I reactions are the most important
allergic responses provoked by inhaled sensitizing agents.
This category of reactions are mediated by IgE antibodies
(produced by B-lymphocytes) which react with the antigen
causing release of various pharmacologic mediators from
mast cells. A well-known example is pollen allergy.
However, most low-molecular-weight haptens provoke other
types of allergic responses. Thus, whereas some
individuals respond by typical Type I reactions, others may
react to the same hapten with a delayed onset. In some
cases, e.g. with trimellitic anhydride, such mixed
responses may even occur in the same individual (Zeiss et
al., 1983). In monkeys inhalation exposure -to vanadium
pentoxide at concentrations of 0.1 - 1 mg/m induced a
delayed asthmatic response without IgE involvement (NTP,
1989). The situation may be further complicated if the
inhaled allergen is a pulmonary irritant. Type III
reactions, mediated by antigen-antibody complexes, causing
activation of the complement system, seems to be the basis
of allergic alveolitis caused e.g. by cotton dust, etc. As
opposed to what is the case for Type I reactions, very high
levels of antigen are required to precipitate type III
reactions. Clinical screening for Type-E antibodies, using
techniques like RAST may be useful in many cases, but it
should be underlined, that false negative responses may be
obtained. This is due partly because of the rapid turn-
over of IgE antibodies in the serum, partly because not all
pulmonary allergic syndromes are mediated by IgE antibodies
(For review of clinical aspects, consult Bylin 1990).

A viable alternative to detection of IgE antibodies is
found in a modified Lymphocyte Transformation Test (LTT;
Lymphocyte Proliferation Assay), the so called NELISA assay
(Memory Lymphocyte Immunostimulation Assay). Delayed, or
Type IV hypersensitivity reactions are basically a T-cell
mediated immune response induced by T-cell recognition of
antigen with the resulting differentiation and prolife-
ration of antigen-reactive lymphocytes. Such reactions
constitute the basis of a majority of contact sensitization
reactions. Lymphocytes from man and experimental animals
sensitized to various agents undergo morphological trans-
formation upon exposure to a sensitizing antigen in culture.
Since sensitized memory T-lymphocytes are necessary for the
development of virtually all types of allergic reactions,
the presence of such cells in a sensitized individual is an
indicator of an allergic reaction. MELISA has proven to be
a very useful tool for the elucidation of the etiology of a
number of drug reactions with an immunological background
in man (Stejskal et al., 1986, 1987; Stejskal, 1989), for
the discrimination between irritative responses and immuno-
logically mediated reactions to isothiazolone-based bacte-
ricidal agents (Stejskal et al., 1990), as well as for
assessing the antigenic potential of radiologic contrast
media (Stejskal, 1990b). The usefulness of the technique
for diagnosis of Type I reaction has been demonstrated in
nurses occupationally exposed to psyllium (ispaghula;
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Stejskal et al., 1990c), as well as in workers occupatio-
nal ly exposed to chloramine T and suffering from asthma
(Stejskal, et. al, 1990d).

One crucial factor in the use of MELISA is the cytological
evaluation of lymphocyte transformation which otherwise is
mostly carried out by measuring the incorporation of radio-
labeled thymidine in the lymphocyte-DNA. Due to incorpo-
ration of thymidine by monocyte-derived macrophages, a
false positive response may be obtained in cultures from
some donors containing only non-stimulated lymphocytes and
macrophages. Morphological evaluation therefore represents
the only way to establish unequivocally whether transformed
lymphocytes (lymphoblasts) are actually present (Stejskal,
1987).

Immunotoxic effects can be induced by a variety of
compounds, but whether the level of air pollutants in urban
areas is sufficiently high to cause such reactions seems
less likely. Results from indicators of immunotoxicity
like modified antibody response, effects on phagocytosis,
on the activity of cytotoxic T-lymphocytes, etc. are often
difficult to interpret. Susceptibility against infection,
or against transplantable tumors in experimental animals,
constitute relevant indicators of the function of the
integrated immunological system, but suffers from the
disadvantage of having a low sensitivity.

Research priorities - There is an obvious need for methodo-
logical improvement of techniques for detection of IgE
mediated allergies to low-molecular antigens. MELISA
suffers from the disadvantage of being technically
demanding. For routine screening, a more rapid recognition
of stimulated memory T-cell clones would be advantageous,
e.g. by the use of monoclonal antibodies. Further, more
clinical experience is needed in order to assess the
general applicability of MELISA. As to the use of other
indicators of immunotoxicity, it remains for future
research to demonstrate their usefulness to detect the
impact of ambient air pollution on human health.

6.3.6 Use of biochemical and histological indicators for
cumulative tissue damage

Bronchoalveolar lavaae has been used as a tool foi.-
assessing the health status of the lung, where changes in
the normal constituents of the wash fluid may serve as
indicators of adverse effects induced by airborne toxic
agents (Henderson, 1989). In addition to inflammatory
responses with a toxic etiology, such reactions may also be
caused by an immune response, evident inter alia from the
presence of antigen-specific antibodies, an increase in the
number of eosinophilic lymphocytes, etc. At one time the
angiotensin-converting enzyme (ACE) which is present in
endothelial cells was suggested as a useful marker for lung
damage, but this has been challenged. A lung-specific form
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of alkaline phosphatase is secreted from type II alveolar
cells and has been suggested for this purpose (Reasor et
al., 1979). In studies of the effects of diesel exhausts in
animal models increases in the number of macrophages and
neutrophilic cells as well as of lysozymal enzymes and
phosphatases in the fluid obtained by lung lavage were
seen (McClellan et al., 1986; Heinrich et al., 1986).
However, the latter changes were, as a rule, only
observed after long-term massive exposures (3-7 mg particu-
lates per m ) , where emphysema was present in the exposed
rodents. It remains to be seen, if this approach offers
sufficient sensitivity to be used in the monitoring of
human populations.

The respiratory tract is the primary target organ of ozone,
where an appreciable portion is deposited in the naso-
pharynx before reaching the pulmonary region. Ozone induces
a number of adverse effects of the respiratory tract inclu-
ding alterations in pulmonary function, bronchial reac-
tivity and inf lamination, and structural changes with
epithelial injury and increase in collagen content of the
pulmonary tissue (USEPA, 1989b). The levels of oxidants,
such as ozone, in some urban areas in the U.S. (0.2-0.4
ppm) and elsewhere are close to those where noticeable
adverse effects to health can be expected to occur.
However, there seems to be a general lack of sensitive, non-
invasive methods for the monitoring of oxidative stress in
the tissues of the respiratory system. As demonstrated by
the formation of 8-hydroxydeoxyguanosine in DNA, activation
of macrophage function seems to result in the increased
production of OH-radicals (Floyd et al., 1986), probably
via a Fenton-like mechanism. Formation of this adduct, as
well as of products of lipid peroxidation could conceivably
be utilized as biochemical markers for oxidative stress of
the respiratory tract. At the Department of Radiation
Biology of the University of Stockholm, sensitive
techniques have been introduced for the measurement of 8-
hydroxydeoxyguanosine in DNA as well as for the detection
of products from lipid peroxidation. Such indicators could
possibly be used in combination with non-invasive
techniques for the detection of early effects of oxidative
stress.

Research priorities - Few, if any, site-specific markers of
lung injury to be monitored with the aid of e.g. broncho-
alveolar lavage have been identified. Formation of 8-
hydroxydeoxyguanosine in DNA as well as of products from
lipid peroxidation could possibly be used to detect early
oxidative damage in the respiratory tract. The initial use
of animal models would seem to be desirable to investigate
the feasibility of this approach. Certain advantages could
possibly be obtained in co-ordinating such efforts with the
on-going project for determination of biochemical and
cytological markers in lung, upper airway, and nasal
passages at e.g. the Loveless Biomedical and Environmental
Research Institute, supported by NIEH, U.S.A.
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6.3.7 Pulmonary function tests

A host of techniques is available for the measurement of
lung function (for a review, consult Mauderly, 1989) that
is of great importance in e.g. surveillance of occupa-
tional health, but also for monitoring of hypersensitivity
reactions. Sequential measurements of lung function provide
information about the stage and progression of lung
disease. However, the recorded changes do not by themselves
reveal the nature of reduced performance, and investigation
of pulmonary function must often be complemented by other
types of investigations. In this context, these methods
would seem to have the greatest use as accessory tools in
epidemiological surveys of exposed populations. The low
levels of pollutants in urban ambient air ought to direct
the efforts within this programme to rely on more
sensitive tests for the detection of tissue damage as well
as changes on the molecular level.

6.4 Extrapolation from high to low doses - cancer

Models for extrapolation of cancer risk. Current models for
high-to-low dose extrapolation of cancer risk are usually
divided in tolerance distribution models and mechanistic
models. Only a few of the more commonly used models will be
mentioned here, and the reader is advised to consult an
appropriate review for a comprehensive treatment of the
subject (von Bahr et al., 1984; Zeise et al., 1987).
Tolerance distribution models assume that each member of a
given population has a threshold, or tolerance level, below
which the individual will not respond to exposure, and
that the variability among individuals can be expressed as
a probability distribution (probit, logit, Mantel-Bryan,
etc.). Out of these models, the Weibull model deserves
mentioning, since it has found a certain use for regulatory
purposes (arsenic). This model appears to be very flexible
and easily fitted to most data sets, especially to data
that exhibit threshold-like appearance (e.g. the ED(j)
bladder tumor data for 2-acetylaminofluorene, 2-AAF;
Littlefield et al., 1979). The main reservation has been
made as to the validity of its biological basis (Zeise et
al., 1987).

In mechanistic models it is assumed that a certain number
of reactions, events, or "hits" (concept derived from
radiation biology) or transition stages, related to a
critical target in the cell (DNA) are necessary to
transform a normal cell to a cancer cell. In the earlier
models, response was mostly considered as a function of
time, and although early appearance of tumors in a parti-
cular study would call for a separate analysis incorpora-
ting time-to-tumor data, most of these models are now used
in their dichotomous dose-response forms.

There seems to be a general consensus, that unless
available data are sufficiently accurate to exclude models
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involving a linear component in the low-dose region, or
when a genotoxic mechanism might be involved, tolerance
distribution models like Mantel-Bryan's probit model and
multi-hit models should not be used (von Bahr et al.,
1984; USEPA, 1986). The latter type of models may, on the
other hand, be appropriate for promotive agents as well as
for several types of "epigenetic carcinogens". The
definition of "epigenetic" in terms of an absence of
genotoxic potential may, however, be a legitimate cause of
concern in several cases.

The one-bit model for carcinogenesis, proposed by Iversen
and Arley (1950), assumes that a single hit at the critical
target within a cell is sufficient for cell initiation and
transformation. The model can be traced back to the one-hit
model for effects of X-rays in cellular systems proposed by
Crowther in 1924 (Crowther, 1924). It is now seldom used,
because it has only one parameter and does not give a good
fit with respect to the basically sigmoid-shaped dose-
response curves characteristic of more complete data sets.
It can be regarded as a special case of the multi-hit,
multistage, and Weibull models. The multi-hit model assumes
that a target cell must absorb at least a certain number of
"chemical hits" before a carcinogenic change is induced. It
can be fitted to data exhibiting strong superiinearity or
strong sublinearity very well, but is difficult to
interpret in biological terms; the best fit for liver
angiosarcomas induced by vinylchloride involves half a hit;
the sublinear dose-response curve for NTA using the gamma
Tnultihit model yields 28 hits (Zeise et al., 1987).

The multistage mode], first proposed by Armitage and Doll
(19 54), is ?n extension of the one-hit model. It is assumed
that a normal cell must progress through a series of heri-
table changes before it becomes malignant. One generalized
version of this model, developed by Crump et al. (1976),
where at least one of the stages is assumed to be dose-
related, takes the form

(5) P(D) = 1 - exp[-(qQ + qxD + q.,D
2 +...qkD

k)], k>l

Where P(D) is the probability of cancer at dose D, k is the
number of stages (usually set arbitrarily at the number of
dose levels minus one), q. are coefficients to be fit to
the data, and Dk the applied dose raised to the kth power.
The most likely estimate at very low doses becomes increa-
singly unstable with a small change in the response at
experimental doses. Therefore, a further development was
the replacement of the linear term in the polynomial
function by its 95% confidence limit to achieve more stable
estimates of risk above background than are obtained for
the most likely estimates. This so called linearized
multistage model is currently used routinely by the USEPA
(Crump, 1982) , and has therefore become the most widely
used model for estimation of cancer risk. At low doses the
function becomes essentially linear. The multistage model
is very flexible in fitting data sets because it is a
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polynomial function of dose.

The multistage model is favored by USEPA because it
generally gives conservative risk estimates for low
exposures, but the model has several weaknesses (Carlborg,
1981). For formaldehyde a much better fit to the experi-
mental data was found using a five-stage multi-stage model
than by using the USEPA version with the conventional
restrictions. Equation (5) predicts that the probability of
tumor induction will eventually approach unity when the
dose is sufficiently high. Thus, a good fit will not be
obtained for data sets where the dose-response function
rises steeply and then reaches a plateau (strongly concave,
Michaelis-Menten kinetics), e.g. for vinyl chloride. To
cope with such a situation, a regression procedure is used
for computing the maximum likelihood polynomial function
from a data set. Whenever the model does not fit the data
sufficiently well, data at the highest dose are deleted,
and the model is refitted to the rest of the data. This is
continued until an acceptable fit is obtained. The confi-
dence limits are statistically correct only if the model
used to compute the limits is an accurate representation of
the underlying dose-response function. Its use may result
in overly conservative estimates. In fact, the upper confi-
dence limit in the linearized multistage model can result
in a non-zero estimate of risk for data sets that do not
show carcinogenicity (Whittemore, 1980). A more recent
development is the Moolgavkar-Knudson model that is based
on cellular dynamics and transformations and that incor-
porates time-to-tumor data (Moolgavkar and Knudson, 1981).

Ehrenberg and co-workers (von Bahr et al., 1984) have
developed a two-stage model that incorporates an initiation
step, characterized by one-hit kinetics as well as a
function describing promotion, where the probability for
tumor induction, P, is the product of the probability for
initiation (P. .) and the probability for promotion (P ):

(6) P = Pini x Ppro x Px

P is a correction factor. Unspecific promotion would be
expected to follow multi-hit kinetics - as has been
demonstrated for a compound like tetradeconylphorbolacetate
(TPA) - and, consequently, follows a tolerance distribution
based on a log normal, or normal gaussian distribution,
i.e.

<7> p p ro = • <*o
 + "l D )

or

Ppro = • ("o + 0

where <p is the standard normal integrated distribution
function, (3Q a constant and /?. a parameter to be determined
(slope of the probit line). If a background promotion
(P D r o) is present, that has a mechanistically different
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background as compared with the studied promoter, eq. (9)
is obtained:

<9> Ppro = ^ p r o * + ^ " ^ p r o ^ ^ O + "lloSD>

The Ehrenberg model takes the following general (integra-
ted ) forms:

(10) P(D) = (1 - exp(-rD))<£(a+/3D)

(11) P(D) = (1 - exp(-rD-£))0(a+/?D)

where S is the background tumor incidence. This model (in
the form of eq. (11) has given an excellent fit to the liver
tumor data for 2-acetylaminofluorene in the EDQ1 study
(Littlefield et al., 1979), especially for the 24 months
sacrifice, but also gives a good fit with respect to the
bladder tumor data. Out of the 13 different models studied
by von Bahr et al. (1984), the Ehrenberg model was found to
be the only model that showed an adequate fit to data
obtained from a large number of studies for induction of
skin tumor after dermal application of B(a)P. For vinyl-
chloride this model could be applied, as well as one of the
models developed by Cornfield to fit a Michaelis-Menten
type of kinetics. However, the Cornfield model, although
providing a good fit to high doses, will not allow for a
low dose linear term.

von Bahr et al. (1984) have analyzed various sets of
experimental data with respect to choice of extrapolation
models. Only in the case of the "mega-mouse study"
(Littlefield et al., 1979) with 2-acetylaminofluorene (2-
AAF) and a few other examples was it possible to select an
appropriate model with a reasonable degree of confidence.
However, it was clearly shown that, depending on the
situation, both tolerance distribution models as well as
mechanistic models may be justified. Thus, in the case of
2-AAF, a good fit to the data for liver tumors was obtained
with multistage models of the Armitage-Doll type . However,
this was not so for the bladder tumors, where out of 13
options, only the probit model as well as the Ehrenberg
model showed a good fit (the Weibull model was not
included). In the latter case the fit probably reflected a
different type of induction mechanism at this particular
site, possibly related to a promotive action.

The adherence to one single model to cover all situations
without taking due consideration to all relevant biological
data (epigenetic/genotoxic action, promotive mechanisms,
etc.), and sometimes even ignoring available data points in
the high dose part of the dose-response curve when trying
to obtain a fit to the model used (e.g. the successive
exclusion of high dose data points in the application of
the linearized multistage model), has given mathematical
modeling an undeservedly bad reputation among biologists.
Although the data sets derived from conventional carcinoge-
nicity studies in animals are limited, the intelligent use
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of mathematical procedures can, at least in some cases,
lead to the rejection of a certain type of model for that
particular situation, and thereby improve the confidence in
low-level risk extrapolation.

Projected life-time risks are conventionally obtained by
multiplying the extrapolated slope (slope factor, potency
factor) at low doses with the dose times the number of
people exposed for a certain number of years. The question
should be raised, whether this approach will by itself be
sufficient to provide an adequate measure of risk without
taking competing risk factors associated with aging into
account. In practice, it certainly makes a lot of
difference if the majority of tumors is expected to occur
at a relatively early age, compared with a situation where
competing causes of death will, in practice, drastically
reduce the likelihood of that a certain chemically induced
tumor will ever be observed. Further, experience from
radiation biology has clearly demonstrated that the potency
factor varies with the age of the exposed individual. In
other words, the projected incidence together with the
expected life-time shortening in case a tumor arises gives
a more meaningful parameter in human risk assessment than
solely providing a potency factor. Some carcinogens - like
certain efficacious peroxisome proliterators - have a high
carcinogenic potency with respect to the rodent liver, but
tumors appear only towards the end of the life-span of the
animal. More research should go into finding appropriate
ways to incorporate such time-to-tumor data in the tradi-
tional derivation of estimates of unit risk. This would
require a better insight in the difficult problem of
comparing age-related effects in experimental animals and
in man.

In future efforts, due consideration must be given to the
important role of promoters in the etiology of human
cancer. Most of the modeling carried out for low-dose
extrapolation of promotive effects does not consider a
situation, where the population is already subjected to a
high level of promotive stress, to which an additional
promotive insult may result in a dose-response relationship
that lacks a dose threshold. Such additivity presupposes a
common mechanism of action. The number of active promoters
to which a human peculation is exposed is certainly more
varied than for a population of experimental animals. It
may be argued, on the other hand, that it is not clear why
the total promotive stress in man should be appreciably
higher, e.g. with respect to active dietary constituents,
in experiments with experimental animals from which
threshold dose-response curves have been obtained.

Pitfalls in the use of mathematical models for estimation
of cancer risk - The indiscriminate use of mathematical
modeling of risk estimates without c.n appropriate
biological basis may lead to doubtful results. The examples
of trichloroethylene and arsenic are discussed below, to
illustrate the need for an integrated approach that also
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includes expert judgment of biological credibility as well
as a careful evaluation of dosimetry.

Using the linearized multistage model, USEPA determined a
unit risk estimate for trichloroethylene by inhalation
exposure of 1.3E-2 per mg/kg and day on basis of the
induction of mouse liver tumors, . This is to be compared
with a potency estimate for benzene of 2.9E-2 per mg/kg and
day (10% effective dose about 4 mg/kg and day) based on
extensive human data, i.e. the carcinogenic potencies for
the two solvents are, according to these estimates, almost
the same (IRIS, 1988). The carcinogenic action of benzene
has been detected in limited cohorts of workers chroni-
cally exposed to levels in the range of 10-200 ppm (Ott et
al, 1978; Rinsky et al., 1981). If the carcinogenic potency
of trichloroethylene, a widely used dry cleaning solvent,
is indeed similar to that of benzene, an increased cancer
incidence would definitely have been detected in several
studied cohorts in general involving much higher exposures
(Axelsson et al., 1978b, 1984; Tola et al., 1980). Although
in some of the cohorts exposed to trichlcroethylene,
increased incidences of certain types of tumors were found,
there is a lack of consistency between the various epide-
miological studies with respect to tumor site. Thus,
although no definite conclusions can be drawn as to the
lack of carcinogenic action of trichloroethylene, it can
safely be stated, that the unit risk value derived from the
rodent studies represents a considerable overestimation of
human risk. Finally, the application of the linearized
multistage model for the mouse liver tumors is questio-
nable; trichloroethylene has a negligible genotoxic
activity and the liver tumors in mice are evidently induced
by the metabolic production of the peroxisome proliferator,
trichloroacetic acid (Elcombe et al., 1985). The slight
increase in kidney tumors, that were reported in male rats
after high exposures, was accompanied by overt signs of
nephrotoxicity and only apparent around the MTD (NTP
1983, 1988).

In USEPA(s initial evaluation of cancer risk for arsenic based
on a study by Tseng et al. (1S77), who reported increased
prevalence of skin cancers in humans as a consequence of
arsenic exposure from drinking water in Taiwan, and using
standard USEPA procedures, a carcinogenic slope factor of
15 (mg/kg and day)-l was determined (USEPA, 1984b), or a
risk of 0.004 for a lifetime exposure to 10 ug arsenic/L in
the drinking water. This last mentioned concentration is
commonly found in drinking water in many areas of the
world. Based on the compliance monitoring data available
through the Federal Reporting Data System (FRDS), it has
been estimated, that more than 100,000 people in the U.S.
are receiving drinking water from public water supplies
with arsenic levels above 50 ug/L, the current Maximum
Contamination Level Goal (MCGL) in the U.S. (USEPA, 1986b).
Although the normal rate of skin cancer of different types
is difficult to establish (except for melanoma) due to
under-reporting, there are some distinctive features of



52

arsenic-induced skin cancer (e.g. predominantly not
located to exposed areas) that would facilitate diagnosis.
When applying this potency factor to the U.S. population,
the expected increase in skin cancer caused by arsenic
alone would hardly seem credible.

The USEPA Risk Assessment Forum (USEPA, 1986b, 1987c) has,
subsequently, completed a reassessment of the carcinogeni-
city risk associated with ingestion of inorganic arsenic.
Here, the risk estimate was adjusted for survival and for
the larger water consumption of Taiwanese as compared with
U.S. males. Further, instead of using upper bound esti-
mates based on the the linearized multistage model, a maxi-
mum likelihood approach was utilized together with the
Weibull model. Based on the Tseng study a unit risk of
5.0E-05/ug and L was proposed (carcinogenic slope factor of
1.75/mg and kg), which is a magnitude lower than the
previous estimate.

This potency estimate is probably also inflated, in part
because the amount of arsenic ingested by the Taiwanese
population in question has been underestimated. The high
levels of arsenic in the artesian water reflects high
arsenic levels in the bedrock, and with all probability
also indicates the presence of elevated levels in the soils
of the area. In view of the efficient uptake of arsenic in
plants, the agricultural population living in the affected
areas certainly has had a significant additional intake
of arsenic from locally grown food. The USEPA (1987c)
further noted that "arsenic-contaminated water was used for
vegetable growing and fish farming".

Finally, it appears questionable, that arsenic constitutes
a carcinogen for which linearized extrapolation models are
at all applicable. The Risk Assessment Council Review
(USEPA, 1987c), while referring to earlier observations,
makes note of the possibility that arsenic may act through
interference with DNA synthesis, or by inhibition of DNA
repair enzymes. As a consequence it is stated that "the
possibility of a non-linear dose-response relationship at
low doses should be recognized" (p. 39). Today, this alter-
native is strengthened by a substantial body of evidence
that supports the notion, that arsenic may exert a
genotoxic effect by interfering with DNA repair enzymes.

In its letter of September 28, 1989 to the Administrator of
USEPA the EPA Science Advisory Board provides a second
motivation for using a non-linear model:

"..at dose levels below 200 to 250 ug As(3+)/person/day
there is a possible detoxification mechanism that may
substantially reduce cancer risk from the levels EPA
has calculated using [a] linear-quadratic model to fit
the Tseng data. We recommend that EPA (1) develop a
revised risk assessment based on estimates of the
delivered dose of non-toxic arsenic to target tissues,
and (2) consider the potential reduction in cancer
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risk due to detoxification in establishing an MCL for
arsenic."

In an enclosed memorandum the Board specifically states:

"The setting of the MCL should, in our view, be guided
by the characterization and utilization of a non-linear
dos-response relationship for skin cancer associated
with the effective (non-detoxified) dose of inorganic
arsenic."

The USEPA has been aware of the problems associated with
overly conservative risk estimates, and it has repeatedly
been stressed (USEPA, 1986), that the unit cancer risk
estimate only provides a plausible upper limit for a risk
that can very well be much lower. However, in reality,
official USEPA unit risk estimates are used by environ-
mental engineers and decision makers on the local level
more or less as absolute standards. Any other outcome would
be hard to imagine, considering the present state of public
opinion. Thus, in spite of the well-meaning assurance that
the formalized rules in the USEPA Superfund Public Health
Evaluation Manual (USEPA, 1986c) should not be used as "cook-
book" procedures, this is exactly what is happening in the
US. Further, the limitations and presumptions underlying
risk estimates derived in such a contextin the U.S. are
mostly lost as USEPA's evaluations are made use of by
regulatory agencies in nations lacking high level expertise
in the field of risk assessment. In actual real-life
situations inflated cancer risk estimates may, therefore,
result in distorted appropriation of resources needed to
remedy more urgent risk situations.

Research priorities - No single extrapolation model will be
applicable to all experimental data. The main problem
arises from the fact that the number of data points is too
low to permit an adequate discrimination between the
applicability of different models. Further work on the
appropriate use of different types of biologically
justified mathematical models seems to be required, where
additional efforts are conducted in the analysis of the
dose-response curves of different "epigenetic" carcinogens
as well as promoters. In addition, development of models
that incorporate projected life shortening should also be
encouraged. The work carried out under Lars Ehrenberg at
the Department of Radiation Biology, University of
Stockholm, has given an important input to the development
of this area in Sweden, and it seems desirable that this
line of research is continued and applied to the assessment
of air pollutants.

6.5 Determination of carcinogenic potencies for key air-
born carcinogens

The derivation of a potency factor (slope factor, risk
factor) constitutes the basis for quantitation of cancer
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risk. For most ambient air pollutants carcinogenicity data
are lacking, and for those that have been shown to be
animal carcinogens, the potency factors are not accurately
known. Below, a few examples of compounds are given for
which the carcinogenic potency needs to be assessed with
greater precision.

The carcinogenic risk associated with the volatile, and
semi-volatile phase from automobile emissions - Although
only the particulate phase of diesel exhausts was found to
be able to induce tumors in the study carried out at the
Frauenhofer Institut fiir Aerosolforschung (Heinrich et al.,
1986), this could probably be seen as a reflection of the
lack of resolving power of the assay rather than to be
taken as evidence of lack of of carcinogenic potential of
the gas phase constituents. It has not been possible to
produce tumors in experimental animals by inhalation
exposure to ethene (Hamm et al., 1984) or by propene (Quest
et al., 1984). However, this is probably due to the
inherent restrictions of a conventional bio-assay posed
by the limited number of animals used. The concentration of
ethene in emissions from combustion engines is about
100,000 times higher than that of benzo(a)pyrene, and as
pointed out above, ethene and propene could still make a
significant contribution to the over-all cancer risk in
urban atmospheres. Upper limits for such risks have been
derived by Ehrenberg's group (Törnqvist and Ehrenberg,
1990). Examples of other volatiles, or semivolatiles, that
deserve further investigation are nitroarenes and fluor-
anthene.

Research priorities - Except for ethene and propene, few
attempts have been made to quantitate cancer risks due to
other volatiles present in ambient air. These efforts
should be extended. Since the estimates derived for ethene
and propene only represent approximations obtained by using
the rad-equivalence approach, further efforts to validate
these values would seem desirable.

Carcinogenic potency estimates derived from inhalation
exposure of rodents to POM - As described above, cancer
potency estimates have been obtained by exposing experi-
mental animals to extremely high levels of various POMs. In
the case of diesel particles, tumors (adenocarcinomas and
squamous cell carcinomas) were obtained only at levels that
induced severe pathological changes of the lung. The
squamous cell tumors were similar to those induced in rats
exposed to very high levels of titanium dioxide (Lee et
al., 1985) - a non-genotoxic compound. Promotive stress,
undoubtedly must play a considerable role in the induction
of these tumors. The carcinogenic potency of mixtures of
POMs constitute an important general issue that is dealth
with under Section 9.2. More accurate potency data
preferably based on epeidemiological investigations - are
required for such complex emissions, e.g. for coke oven
emissions or from the emissions from burning of bituminous
coals used in the Xuan Wei County, Yunnan (Mumford et al.,
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1987).

Research priorities - More accurate potency data are
required for complex emissions rich in POM. The concept of
testing potentially carcinogenic POMs as such is basically
sound, but the role of extreme promotive stress that
probably operates at exposure levels required to induce
tumors in a limited number of experimental animals, needs
to be assessed in order to improve the accuracy of high-to-
low-dose extrapolations.

Arsenic - The possibility that a threshold model might be
more appropriate for arsenic is strengthened by a substan-
tial body of evidence that supports the notion, that
arsenic may exert a genotoxic effect by interfering with
DNA repair enzymes. Of considerable toxicological signifi-
cance is also the fact that methylation efficiency of
arsenic decreases above a certain dose. Under low-level
exposures to arsenic, there seems to exist a balance
between the amount entering the body and the amount being
excreted. With increasing arsenic intake the capacity of
the human body to handle arsenic is reduced, and metabolic
overloading may result in a progressive increase of the
tissue levels of inorganic arsenic at intakes exceeding
about 200 ug/day (Valentine et al., 1979; Buchet et al.,
1981, 1982).

While arsenic compounds have not been shown to cause point
mutations, it has a co-mutagenic effect in bacteria and in
mammalian cells with different types of agents like UV,
methyl methanesulphonate (MMS) as well as with N-methyl-N-
nitrosourea (Rossman, 1981; Lee et. al., 1985, 1986; Li
and Rossman, 1989).

The finding of Rossman (1975), that arsenite produces pre-
ferential killing of repair deficient bacterial strains
after UV-irradiation confirmed an early observation of Jung
(1971), that arsenate will decrease the efficiency of the
dark repair enzyme systems in human skin biopsies after UV-
irradiation. It has therefore been proposed that inorganic
arsenic compounds may exert a genotoxic effect by inter-
fering with normal cellular DNA repair, and perhaps also
with DNA replication. Rossman and co-workers have shown
that in MNU-treated cells, DNA strand breaks are not
repaired in presence of non-toxic concentrations of
arsenite, indicating that arsenic interferes with the later
repair steps, such as the DNA ligases (Li and Rossman,
1989a). In another publication these investigators have
obtained evidence in mammalian cells, that DNA ligases II
and to a lesser extent also DNA ligase I, constitute
targets of arsenic interference with normal DNA repair (Li
and Rossman, 1989b). This is consistent with the fact that
both DNA ligases I and II contain SH-groups essential for
activity. It is true, that the concentrations at which DNA
ligase II was found to be inhibited were high - although
evidently not cytotoxic. However, the effective concentra-
tion of arsenite in the medium (and consequently, the
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intracellular concentration) have, clearly, been much lower
than the nominal test concentrations used due to binding of
arsenic by the culture medium. It is noteworthy, that
defects in DNA ligase has been found in cells from patients
with Bloom's syndrome (Willis and Lindahl, 1987; Chan and
Becker 1988). This recessive hereditary disease is
characterized by a greatly increased spontaneous incidence
of cancer.

Research priorities - Rossman's hypothesis concerning the
effect of arsenic on repair should be confirmed in humans,
e.g. by studying the repair function in heavily exposed
sub-populations.

TCDD and related compounds - The quantification of carcino-
genic risk of PCDDs and related compounds has been the
subject of much controversy, and opinions on how to assess
the carcinogenic potency of these substances have differed
widely. This lack of consensus to a large extent reflects
basic differences in opinion as to the mechanism of action
of PCDDs. Whereas the Canadian as well as European admini-
strations have treated these as promoters, USEPA has
preferred to calculate risk on basis of a presumed initia-
ting action.

Using the linearized multistage model, USEPA determined on
basis of available rodent bioassays a 0.006 pg/kg and day
dose to represent an upper-bound confidence limit for a
risk of one in a million (USEPA, 1985c). This estimate was
widely criticized, and has subsequently been reconsidered
and revised by the Agency (USEPA, 1988a, 1988b). In doing so,
the use of the linearized multistage model has been
retained, while the risk specific dose has been adjusted
upwards to a value 0.1 pg/kg and day.

In Table 1 risk specific doses (corresponding to l.OE-06
risk) and reference doses calculated by different
regulatory organizations, scientific organizations, and
by individual scientists are given.

USEPA and the State of California are virtually alone among
regulatory agencies in using a linear model for risk extra-
polation. USEPA acknowledges, that the use of the linea-
rized multistage model would not be appropriate if a PCDD,
like 2,3,7,8-TCDD acts as a promoter. Further, that promo-
tion, or indirect effects, can be regarded as plausible
mechanisms of action. On the other hand, the position of
this Agency is that it is difficult on basis of available
evidence to rule out the possibility that 2,3,7,8-TCDD
possesses some degree of initiating capacity at low doses.
This would be true for any agent that induces tumors in an
experimental animal, and the use of an overly conservative
risk estimate is, basically, an administrative decision.

Table 1 - Dose causing a projected risk of one in a
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million obtained by various approaches

origin dose (pg/kg and day) approach

USEPA, 1985

USEPA, 1988

California

New York State

FDA

Moolgavkar, Knud-
sen, Venzon

West Germany

Netherlands

Sweden, Norway,
Denmark, Finland

Canada

0.006

0.1

0.007

2.0

0.06

0.6

1.0

4.0

5.0

10.0

no threshold
(SA extrapol.)
no threshold
(SA extrapol.)

no threshold
(SA extrapol.)

threshold
(UF = 200)

no threshold
(BW extrapol.)

2-stage model

threshold
(UF = 1000)

threshold
(UF = 250)

threshold '
(UF = 200)

threshold
(UF = 100)

SA = surface area; BW = body weight; UF = uncertainty factor
*) (The Nordic Dioxin Expert Group, 1988)

6.6 Extrapolation from high to low doses -
effects

non-neoplastic

For toxicological end-points other than mutations and
cancer, the dose-effect, or dose-response relationship is
generally characterized by an identifiable threshold below
which no effects can be observed. This is the case for the
majority of toxicological end-points and, consequently,
this type of risk extrapolations will be most commonly
encountered. On the molecular level, several events must
occur at the same target before a toxic lesion will appear.
Such effects, naturally, pose less of a problem in high-to-
low-dose extrapolations. Due to interindividual diffe-
rences, the variation in sensitivity in a population for a
majority of toxicological effects follows a log-normal
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distribution,
relationship
equation,

and the dose-response (effect-response)
is then adequately described by the probit

(12) P(D) = 0(a + blogD)

by the gamma multihit model, or by another appropriate
distribution model. However, according to the results
obtained by USEPA, not all data describing such inter-
individual differences fit a known probability distribution
(Hattis et al., 1987; USEPA, 1989). Due to the
heterogeneity of human populations it can e.g. be expected
that some distributions have several modes.

In practice, risk evaluations are often based on controlled
animal experiments, where instead of a representative value
for the sensitivity of the population, like an ED

50»
 t n e

highest dose that will not cause an effect, tne nNo-
Observed-Adverse-Effeet-Level" (NOAEL) is sought. The human
equivalent dose (NOAEL™ ) is then derived (Section 6.7),
and an uncertainty factor (UF) to compensate for
differences in interspecies variability as well as for
differences in sensitivity between individuals is intro-
duced to give an ADI (RfD).

This simplified approach is used in risk assessment by
organizations like WHO as well as by government regulatory
agencies all over the world. The main justification for the
continued use of the arbitrarily fixed uncertainty factor
10 to compensate for different sensitivity between
individuals, and an additional factor 10 for extrapolating
from an experimental animal to man, lies largely in the
fact that they have been used for a long time with no
obvious negative consequences for human health. For several
such reference values that have been based on epidemiolo-
gical observations, this approach has no doubt been
justified. It deserves to be mentioned in this context,
however, that although similar considerations are used for
the derivation of occupational health standards, a
significant part of the current occupational TLVs represent
a mixture of scientific risk assessment and administra-
tive/ political considerations. For most pesticides and
similar compounds, ADIs have been based completely on data
obtained from animal experiments. Further, since actual
intakes, e.g. from pesticide residues, in most cases are
well below the applicable ADIs, the scientific basis for
the conventional method of deriving an ADI, may in reality,
be somewhat shaky. There are two general problems
associated with ADI-related values:

- Statistical uncertainty due to number of animals
used in the critical study, etc. for deriving a NOAEL
is not accounted for.

- The slope of the dose-response (effect) curve is
usually ignored.
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- Pharmcokinetic variables are often not taken into
account.

- Extrapolation from animal to man is mostly based on
dose expressed as dose per unit body weight (See
Section 6.7).

The quantification of dose-response with respect to immuno-
logical effects poses special problems. The characteriza-
tion of such relationships for pulmonary (and other) sensi-
tizers remains largely an unresolved issue, and constitutes
one of the most enigmatic problems in the risk assessment
of air pollutants.

Research priorities - One way to improve the quality of
risk assessment of effects with a dose threshold would be
to obtain a better data base for assessing variations in
individual sensitivity to various types of toxic effects,
in this context represented by physiological determinants
for variations in response to inhaled toxic agents. Novel
approaches would seem desirable to improve current methods
used for regulatory purposes in quantifying risk with
respect to non-stochastic toxicological end-points, where
in addition to ADI-related values, other parameters are
incorporated that describes the distribution as well as the
slope of the dose-response function in a statistically
adequate manner. Special efforts should be made to
characterize the dos-response relationships for immunotoxic
effects.

6.7 Interspecies extrapolation

Derivation of the human equivalent dose - On basis of the
rodent studies conducted with EO, OSHA as well as USEPA
have both derived cancer risk estimates for humans based on
the Bushy Run study (Snellings et al., 1984), the outcome
of which differ by a factor of about 8. The reason for this
discrepancy lies mainly in the fact that whereas OSHA
assumes dose equivalence on a dose per body weight basis,
USEPA uses surface area correction factors for animal-to-
man extrapolations that give considerably higher risk esti-
mates (USEPA, 1985b).

The rationale underlying the use of the body surface based
extrapolation by USEPA is the well-known empirical observa-
tion, that metabolic rate shows a better correlation with
surface area than with body weight (Adolf, 1949), and the
assumption that a similar relationship also holds for
various toxic effects (Freireich et al., 1966). The use of
surface area correction increases the 95% upper-limit unit
risk for PO by a factor of about 7 for female rats and 13
for mice. However, it is well known, that the surface based
extrapolation model does not hold for some chemical
substances (Krasovskii, 1976). Unfortunately, adequate
data are rarely available for the majority of potential
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carcinogens for more reliable estimates.

For the simple epoxides P0 and E0 the species differences
in tissue dose in different species - as estimated by
alkylation of nucleophilic centers in target organs per
unit exposure - are much smaller than for a compound like
B(a)P which has to be metabolized to the proximate carci-
nogen. The rate of enzymatic elimination of the epoxide
from the tissues would here appear to be the key parameter
in animal-to-man extrapolation. The experimental support
for postulating approximately similar target doses in man
and experimental animals is supported for EO (Ehrenberg et
al., 1974; Osterman-Golkar et al., 1976; Calleman et al.,
1978; Osterman-Golkar et al., 1983, Osterman-Golkar and
Bergmark, 1988), and there are indications that this is
also so for PO (Högstedt et al., 1990; Ehrenberg et al.,
1990). Derivation of the human equivalence dose for P0
from experiments in animals based on dose expressed per
unit mass is, therefore, probably more appropriate
(Nilsson et al., 1990).

The examples cited above serve to illustrate the importance
of applying methods for risk estimation on a case-by-case
basis, rather than imposing rigid bureaucratic rules to
what is a purely scientific undertaking.

7 - HAZARD ASSESSMENT: TOXICOLOGICAL EFFECTS

7.1 Functional and physio-pathological changes of
the respiratory tract

7.2 Toxicological effects related to components of air
pollutants
7.2.1 Heavy metals
7.2.2 NO , S0_, and ozone

7.1 Functional and physio-pathological changes of
the respiratory tract

The acute smog episode over London in December 1952,
resulting in an excess mortality of about 4,000 persons,
mainly among sick and elderly people, sharply focused the
attention to the potential of urban atmospheres to damage
human health. Subsequently, considerable efforts have been
devoted to investigate the correlation between long-term
exposure to ambient air pollutants and various kinds of
toxic effects on the respiratory tract. From the point of
view of total costs to society, cancer of the lung - where
ambient air pollutants evidently account for only a minor
fraction (Swedish Cancer Committee, 1984) - may here not be
of greatest significance with respect to human health.
Allergies, hypersensitivity reactions, as well as respira-
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tory infections impose an ever increasing burden on the
costs of public health, and a role of poor air quality has
often been implicated. Effects on reproduction and on
neurophysiological parameters have also been suggested, but
on basis of current knowledge it seems hardly likely, that
ambient air pollutants in the concentrations found in
Swedish urban atmospheres are high enough to induce such
effects.

The area of hypersensitivity or hyperreactivity reactions
of the respiratory system as well as the underlying
mechanisms have recently been reviewed by Bylin (1990), and
the reader is referred to this monograph for detailed
information. Here, only some selected pertinent aspects
will be related.

Respiratory diseases which are characterized by hyperreac-
tivity and/or have an allergic basis are rhinitis, asthma,
chronic bronchitis and emphysema. About 10% of the Swedish
population suffers form rhinitis and about 3-5% of the
grown up population has asthma. In 1983 it has been
estimated, that asthma was causing a total of 476,000 days1

of sickness in a total population of about eight million.
For about 500 persons per year, asthma is cited as the
immediate cause of death. Further, there seems to be a
positive trend for an increase of asthma as well as of
unspecific bronchial hyperreactivity in the population.
This has been found to be the case in several countries,
and the reason for this increase is not clear. Although
hereditary components seem to be important, the role
played by exogenous factors have been emphasized by several
scientists. Clearly, the increase seen in the prevalence of
these reactions are governed by the interaction of several
complex variables, out of which ambient air pollutants may
be one such factor. Several studies of increases in asthma
in a longer time perspective have associated these trends
with changes in life-style, including urbanization-related
variables and changes in diet (e.g. from low-to-high
protein diets), decreased periods for breast-feeding, etc.
The deteriorating indoor air quality as a result of energy
conservation measures - and possibly also due to the
introduction of new building materials - also deserves to
be mentioned. Thus, exposures to fairly high concentrations
of several known allergens, like formaldehyde, have
increased. An epidemiological investigation by Åberg
(1988) of Swedish males from different parts of Sweden
drafted to the army seems to support this hypothesis;
highest incidences of asthma and allergic rhinitis were
found in individuals from the cold, sparsely populated
northern part of the country.

There seems to be little doubt, that high levels of air
pollution will aggravate the disease in patients suffering
from asthma and related diseases. Some physicians have
noted, that the number of patients admitted to clinics for
treatment of asthma increased during episodes of inversion
with high levels of air pollutants in cities, but in other
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cases no correlation between acute respiratory disease and
level of air pollution could be found. However, controlled
experiments have supported the notion that high levels of
air pollutants, like ozone, will provoke symptoms of respi-
ratory distress in asthmatics (for review, see Bylin,
1990; USEPA 1989b).

Whether ambient air pollutants at current levels can induce
asthma or allergic rhinitis has not been demonstrated.
Attempts to correlate the incidences of asthma in the
Swedish population with indicators of air pollution
(Stjernberg, 1985; Bråbeck et al., 1988) have not been
convincing. The higher incidences of hyperreactivity and
asthmas found by Andrae et al. (1988) in children living
close to a paper pulp industry is difficult to interpret in
view of the design of the study (based on interviews, no
monitoring of air pollutants, etc.). Analogous and other
objections may be raised with respects to the investi-
gations of Dahlquist et al. (1989), and by Falk and co-
workers (1989). In the latter case the material, in
addition, only consisted of 42 individuals. It should be
stressed, that similar to what is the case for cancer
epidemiology, the possibilities for introducing confounding
factors are numerous. Thus, Åberg found the following 6
variables that were positively correlated with allergic
rhinitis in Swedish conscripts with the following falling
degree of influence:

1 Geographic region
2 Intelligence test
3 Living in town or city
4 Overcrowded conditions
5 Small apartment
6 Living in 1-2 family house

The geographic location had the strongest influence on the
statistical correlation, followed by "intelligence".
Several of these factor are, obviously, interrelated and it
is not possible from these results to imply air pollution
as a cause of respiratory disease. With respect to the
"urban factor", this was most clearly seen for the munici-
pality of Stockholm but not for Gothenburg which actually
has worse air pollution problems than the former city. The
influence of the "diagnostic factor" represents another
possibility for introducing bias in these investigations.

For S0_ there are several reports on hypersensitivity
reactions to this compound as well as to sulfite-containing
aerosols, particularly in asthmatic patients. Although the
response has often been classified as unspecific hyperreac-
tivity, the anaphylactic reactions induced in some of these
individuals by oral administration of sulfites have focused
the attention on the possibility of a true allergic
response (for a review, consult Bunnison and Jacobsen,
1987). In some patients, very small amounts of sulfite is
sufficient to provoke an asthmatic attack. In 1983 the US
Food and Drug Administration had received reports of about
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90 cases of sulfite hypersensitivity reactions, and in
January 1985, the number of reported cases had grown to
more than 300, with 6 deaths due to anaphylactic reactions.
The sharp increase has been ascribed to the use of high
concentrations of sulfites as a preservative in salads, a
practice, that has now been curtailed. Since sulfites -
administered directly, or formed by dissolution of SO
reacts readily with electrophilic centers in macromole-
cules, the possibility that secondary reaction products
constitute the proximate allergens must also be taken into
account.

Tetranitromethane introduces nitro groups in tyrosine
residues of proteins (Ehrenberg, 1990). Such proteins are
known to have antigenic properties. Consequently, there is
a theoretical possibility that exposure to NO will also
generate such modified proteins that might nave immuno-
toxicological significance in vivo. However, epidemiolo-
gical studies of the correlation of NO levels and
bronchial reactivity seem to have been inconclusive (see
Bylin, 1990).

Infections and exogenous agents like tobacco smoke or ozone
may cause a reversible hyperreactivity of the respiratory
tract as well as potentiate the allergic reactions in
already sensitized individuals. More serious are the
implications from human as well as animal studies, that the
threshold for sensitization may be lowered by such agents
(Holt, 1987; Osebold et al., 1989; Riedel et al., 1988).
This has been clearly established for occupational
environments, but if such effects are feasible also in
urban atmospheres is not clear. The possibility that
unspecific irritation of the respiratory system by various
air pollutants may increase the individual sensitivity to
infections has been repeatedly stressed. Several unsuccess-
ful attempts have been made to prove the existence of such
a mechanism by epidemiological methods. Even if this unspe-
cific lowering of resistance to infections would be of
practical importance, it would be very difficult to discri-
minate such an effect from other factors, e.g. the spread
of infections due to crowding, etc. Only the investigation
of effects on specific functions of the immunoprofile of
eyposed populations seems to offer a viable option.

There are solid indications, that high level inhalation
exposure (around the TLV) to solvents like tetrachloro-
ethylene, as well as to other types of substances, induces
a number of changes of the humoral and cellular immunity
response in humans, in particular of the monocyte function
(Prochazkova, 1990). This line of research seems worth
pursuing, extending the exposures to lower concentrations.

Research priorities - A better quantification of the
degree to which irritants like ozone, S0_, and NO are able
to lower the threshold for allergic sensitization seems to
be of considerable importance for risk assessment of urban
atmospheres. Although such investigations would primarily
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have to rely on animal models - resulting in considerable
inaccuracies when extrapolating the results to humans -
relevant information regarding humans might be obtained
from occupational environments.

Apart from reported anaphylactic reactions, it is not
clear, to what extent described hypersensitivity reactions
towards SO_ and sulfites are of an allergic nature, a topic
that deserves further investigation.

Since Swedish urban populations, in general, are less
exposed to air pollutants, the prospects for establishing
objective quantitative correlations between ambient air
quality and pathological changes of the respiratory system
are not very promising. In particular, further epidemiolo-
gical studies of respiratory distress symptoms based on an
interview design, appear less meaningfull. Extrapolations
from findings in heavily polluted occupational environments
or from urban/industrial areas in Eastern and Central
Europe would seem to offer a better opportunity to
quantify such risks. Physical excercise increases venti-
lation, and population groups like joggers and children
constitute potentially susceptible groups in polluted
areas. The use of noninvasive techniques, like lung
function tests, lung lavage, and blood samples should make
the investigation of heavily exposed populations feasible.
Additional resolution in detecting certain types of
responses may be obtained by selecting an sensitive sup-
population for study.

7.2 Toxicological effects related to components of a;r
pollutants
7.2.1 Heavy metals
7.2.2 NO , SO-, and ozone
7.2.3 Products of incomplete combustion of organic

material

7.2.1 Heavy metals - The toxicology of the heavy metals of
interest in connection with ambient air is, with some
exceptions, well known, and permits an adequate hazard
assessment. Although exposure to most heavy metals is
regarded as an occupational health problem, the relation
between air-born lead and human body burden has been the
subject of considerable efforts within the area of Swedish
epidemiology. The gradual phasing out of lead in gasoline
has resulted in a corresponding lowering of the body burden
of the general population down to a level, which by inter-
national standards must be considered as low (Elinder et
al., 1985). At the present, intake via food can be
considered as the main source, where indirect contributions
from local combustion of gasoline still play a role. Other
sources of ingested lead - e.g. lead in imported foods -
now tend to become increasingly important.
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In spite of an aggressive regulation of the uses of mercury
where, for instance, all uses as pesticides in agriculture
as well as utilization as electrode material in chlorine-
alkali industries have been banned, emissions to the
environment that may be biologically significant still
occur from municipal waste incineration plants, etc.
Although the total emitted amounts cannot be considered
high, the progressive acidification of Swedish soils and
surface waters have increased the bioavailability, thereby
aggravating the situation. In addition, there is additional
deposition from long-range atmospheric transportation.

Research priorities - Although the threshold for the
majority of toxic endpoints in man for the action of heavy
metals like lead and mercury are known with adequate
precision, the induction of neurological damages in
children by lead as well as the possible causation of
adverse effects on reproduction by organic mercury
compounds would seem to require further research efforts.
Hampered by the usual limitations of epidemiological metho-
dology, mechanistic research probably offers the best
prospects for obtaining meaningful results. As mentioned
under Section 6.3.4, the relation between oral intake and
blood levels of lead is still not known with adequate
precision in man.

7.2.2 NO , SO., and ozone

NO - Among the nitrogen oxides, NO has been the most
thoroughly studied from the toxicological point of view.
NO dissolves in water forming nitrous and nitric acids
that probably are responsible for a major part of the
induced biological effects. A predominant fraction of the
dose is deposited in the upper respiratory tract. Apart
from nitration and nitrosation reactions, chronic exposure
to NO has been shown to induce lipid peroxidation. When
ethane and pentane exhalation was used as a criterium for
peroxidation of lipids (Sagai et al., 1984), a significant
increase in the concentration of these hydrocarbons was
found in relation to controls after 9-18 months1 continuous
exposure of rats down to a level of about 80 /ig/m . In the
concentration interval 700-1000 ng/ra , more distinct patho-
logical effects have been found upon chronic exposure of
experimental animals, like focal emphysema and decreased
resistance to infections; in the upper part of this range
retarded growth and possibly mild signs of liver toxicity
can be produced in experimental animals. Continuous
exposure to higher levels will result in overt pathological
changes of the lung (Reviewed by Rowe et al., 1983; Kubota
et al., 1987). However, the NOEL for chronic exposure does
not seem to have been defined with any higher degree of
accuracy. The capacity of NO. to induce systemic effects
also seems to require further studies.

An important observation is the finding that exposure to
intermittent high peaks of N00 is more effective in
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producing toxic effects than chronic exposure to a lower
constant level. Thus, when mice were exposed to 400 ug/m
for 23 hr/day with an additional 1-hr spike twice daily of
1560 ug/m for 16, 32, and 52 weeks, mortality was
significantly higher upon infection with Streptococcus
bacteria in the group of animals given low level plus
spike exposures than in the animals exposed to low levels
of NO alone. Lung function parameters, like vital capacity
and respiratory system compliance, were also more affected
in these animals (Rowe et al., 1983; Miller et al., 1987).

The unstable oxide NO is less well investigated than NO ,
but its acute toxicity appears to be lower than that of tne
last mentioned oxide (Beard, 1982). It is readily oxidized
to NO and its pharmacokinetics after uptake by inhalation
does not seem to have been adequately investigated.
However, it has been demonstrated that inhaled NO to a
small extent binds to hemoglobin to form stable nitroxyl-
hemoglobin that is readily converted to methemoglobin
(Maeda et al., 1987).

SO- - The general toxicology of sulfur dioxide is relatively
well known. Chronic exposure of animals to sulfur dioxide
produces a thickening of the mucous layer in the trachea
and a hypertrophy of the goblet cells and mucous glands
that resembles the pathology of chronic- bronchitis. In
concentrations between 0.5 and 1.5 mg/m irritative and
inflammatory changes are induced. The individual sensiti-
vity in man is highly variable. Airway resistance upon
inhalation of S0_ for short periods of time increases when
subjects have been exposed to concentrations about 3 ppm.
However, sensitive individuals may react at substantially
lower levels. In a WHO report (1979), it is concluded that
symptoms of respiratory distress is expected to occur after
24 hrs1 exposure to levels above 500 ug/m , and that a
level of 100 ug/m (together with soot; yearly average)
represents the LOL for adverse effects in man.

O- - The health effects of ozone have recently been
extensively reviewed by USEPA (1989b). At exposure levels
of 200-400 ug/m , about half of the inhaled ozone is
absorbed in the upper part of the respiratory tract, while
the largest upta :e in the lung occurs at the junction of
the conducting airways and the gas exchange region. Ozone
is highly reactive, and biologically important functional
groups that are attacked include alkenic double bonds,
amino and sulfhydryl groups. The action of ozone on
unsaturated fatty acids results in the formation of
ozonides and peroxides, initiating lipid peroxidation.

In the concentration interval 200-400 ug/m , irritative
effects are experienced by humans, and statistically
significant changes (reversible) of pulmonary function
(FEV) have been established after 2 hours' exposure in
exercising individuals. After exposure for about 7 hours,
enhanced lung function decrements and respiratory symptoms
as well as more persistent effects can be seen at exposure
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levels in the range 160-240 ug/m . At these concentrations
decreased resistance to infection, has been noted in
experimental animals. Above 400 ug/m pathological changes
in the pulmonary epithelium has been found in animals after
exposure for 6 months.

Research priorities - Among the high volume ambient
pollutants, some key basic data for NO. seem to be lacking.
Adequately conducted long-term inhalation studies, as well
as further clarification of the role of intermittent
exposures appears to be required for the purpose of risk
assessment of this component in urban atmospheres. The
pharmacokinetics of NO also demands further investigation.

7.2.3 Products of incomplete combustion of organic material

Polycyclic aromatic hydrocarbons formed from incomplete
combustion of organic matter are of interest because of
their potential carcionogenic properties, and this class
of compounds are further discussed under Sections 4.3.2,
4.3.4/ 6.5/ and 9.2. A number of persistent halogenated
aromatic compounds with varying toxicological characteris-
tics formed by combustion of e.g. municipal waste, like
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzo-
furans, hexachlorobenzene, octachlorostyrene, etc., are
primarily of interest through indirect exposure via food.
Investigation of these classes of compounds are supported
by seveal other programs e.g. within the framework of
PETOS ("Persistent Toxic Organic Subhstances").

8 - HAZARD ASSESSMENT: EPIDEMIOLOGY

8.1 General comments
8.2 Epidemiological studies of specific air

pollutants
8.3 Methodological development: Epidemiology based

on the use of comprehensive disease registries

8.1 General comments

For the layman, epidemiological investigations often provide
an irrefutable "proof" of cause-and-effect as well as of
level of risk. The damages caused by unprofessionally
conducted investigations of this type may, thus, be
extensive in terms of the resulting misallocation of
society's resources. It has been pointed out (Pershagen,
1990), that Sweden to a large degree has lacked suffi-
ciently competent experts within this field. Improper study
design as well as inadequate statistical evaluation of data
is often encountered, one reason being that the majority of
physicians or other biologically oriented scientists lack
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adequate training in biostatistics as well as in
epidemiology and expert statisticians are rarely consulted.
Although epidemiology of poor quality is certainly not
confined within the borders of this nation, the task of
improving the quality of basic epidemiological research in
Sweden must be given a high priority.

8.2 Epidemiological studies of specific air pollutants

Notwithstanding the critical introductory comments above,
significant contributions from Swedish scientists in the
field of epidemiology have been forthcoming in several
areas, particularly in the field of occupational health.

Due to the much lower concentrations of air pollutants in
ambient air compared to the occupational environment,
epidemiological investigations of the general population
are for several reasons much more difficult to conduct. In
particular, this is true when such investigations are based
on simple comparisons of morbidities for exposed
populations in a certain geographical area with "normal"
incidences for the whole population. The main objection
that can be raised with respect to several such studies, is
the bias introduced due to inappropriate matching between
cases and controls. This has led to unwarranted conclusions
as to the level of risk posed by some ambient air
pollutants - e.g. provided by studies of reproductive
parameters in populations exposed to air pollutants in
certain Swedish urban environments. It should be noted in
this context, that the use of specific biological markers
of exposure to a certain pollutant, may lead to a consi-
derable improvement in precision of epidemiological
investigations (See Section 6.3).

The lung constitutes the main target organ in long-term
low-level inhalation exposure to inorganic arsenic, and has
been linked to the induction of lung cancer in smelter
workers. Valuable information on the induction of lung
cancer by arsenic has come from Swedish studies on smelter
workers (Axelson et al., 1978; Pershagen et al., 1981).

Airborne arsenic has mainly been considered an occupational
hazard, but in two studies of exposed populations living
near point sources of arsenic emissions, an increased
incidence in lung cancer have been reported (Matanoski et
al., 1981; Pershagen, 1985). These studies have been cited
by some sources as supporting evidence of carcinogenicity
(IRIS, 1989). However, it seems doubtful that the observed
increases can be attributed per se to the low exposures to
arsenic in question. Bias due to socio-economic factors
could have been introduced in the selection of controls in
these studies. Further, in the investigation reported by
Matanoski and co-workers adequate information on e.g.
smoking and occupational exposures is lacking.

Epidemiological investigations related to the possible
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association of air pollutants and asthma and related
disorders have already been discussed under Section 7.1.

8.3 Methodological development: Epidemiology based on
the use of comprehensive disease registries

Information on causes of death based on systematic recor-
dings in the parish registries from the whole of Sweden are
available since 1751. Today, the Nordic countries are
unique in having disease registries coupled to person-
identification numbers covering the entire population. In
these registries information on methods of diagnosis,
causes of death, as well as certain environment-related
data are entered. A separate cause-of-death registry as
well as a cancer registry has been set up in Sweden based
on compulsory reporting from all medical clinics of the
country. For the purpose of research, this registry has
been linked to basic data on residence, employment, etc.
found in the 1960 and 1970 population census. This Cancer-
Environment registry, which in 1983 included more than
600,000 cancer cases for the period 1961-1971, and 550,000
cases for 1971-1984, provides a unique opportunity for the
study of the relation of cancer incidences and associated
time-trends in the Swedish population to certain environ-
ment-related variables. The large-scale investigation of
smoking habits of the Swedish population from 1963 has
provided an important additional input.

The Cancer-Environment registry has been used to
investigate correlations between cancer incidence and
occupation, as well as for comparison of cancer incidences
in different geographic regions. Previously well-known
associations, such as those linked to smoking, are evident
from these studies, but striking over-risks in lung cancer
were also found after adjustment for smoking habits for
occupations like cooks, bakers, truck and taxi drivers, and
miners (Carstensen et al., 1988,1989; Wicksell et al.,
1988) .

At the departments of Radiation Biology and Department of
Mathematical Statistics of the University of Stockholm,
different statistical models (multiple-regression and
Poisson models) have been used to characterize the "urban
factor", i.e. causes of the higher cancer incidences found
in urbanized areas in many industrialized nations
(Ehrenberg et al., 1985, 1990). Important confounding
factors were smoking as well as the quality of the
diagnostic routines employed in various hospitals; both
factors were positively correlated with urbanization. Not
unexpectedly, underreporting was accentuated for the higher
age groups. The diagnostic intensity factor had, in fact,
such an impact on incidences of certain types of cancer
(lung cancer, cancer of the prostate) that it could account
for some previously observed geographical differences in
cancer incidence. For cancers like leukemia, where the
influence of diagnostic intensity is very low, only small
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geographic variations in incidence were found. However,
even after the influence of diagnostic routines and smoking
had been subtracted, a large part of the lung cancer
incidence (about 90% for men and about 50% for women) could
be correlated with environment-related factors which to a
large part seem to be associated with differences in
"life-style". The influence of factors related to ambient
air quality on lung cancer incidence appeared to be small,
in agreement with the finding of an absence of an urban
factor for mormons in Utah, whereas city dwelling and rural
non-mormons exhibited the differences in lung cancer
incidence normally found for such population groups (Lyon
et al., 1980, 1980b).

To be able to adequately handle the exceedingly high volume
of data extracted from the Swedish Cancer-Environment
Registry and other registries, new approaches in mass-data
processing on mainframe computers have been developed by
Gunnar Ekman, SEMKA, Stockholm.

This work is important from several fundamental aspects,
with implications outside cancer epidemiology

- In view of the multifactorial etiology of cancer,
characterized by the simultaneous co-operative action
of a number of background variables, simple binary
correlations between cancer incidence and factors
like occupation, domicile, etc., may be very
misleading.

- For statistical evaluation involving confounding
socio-economic and demographic factors, better
estimates can be obtained in mass-epidemiological
studies by sub-dividing the population in more homo-
geneous "pseudo-municipalities" based on aggregated
parish units.

The influence of the diagnostic intensity is a
source for introduction of bias.

major

Research priorities In the field of cancer epidemiology,
the effect of ambient air pollution is evidently too low to
permit the discrimination by epidemiological methods
between such an action and the effects caused by life-style
correlated factors. However, relevant human data could, in
principle, be obtained from highly exposed populations. For
particles high in PAHs, it may be expected that the on-
going US-Chinese co-operative epidemiological program on
the induction of lung cancer in women exposed to smoky coal
emissions in the Xuan Wei County of the Yunnan province
will provide additional quantitative data (Mumford, et al,
1987) which could be used for extrapolation to urban air
exposures. It could be argued, that the composition of
emissions such as those from smoky coal is different from
that of urban aerosols and therefore inadequate for such
extrapolations. However, it should be pointed out, that the
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unit risk for coke oven emissions, roofing tar, and diesel
emissions, respectively, are within the same order of
magnitude in spite rather wide differences in chemical
composition (Table 2).

Within the framework of this program, the study of
population groups living in areas with exceptionally high
levels of air pollution in Central and Eastern Europe may
prove feasible within the framework of various bilateral
agreements between Sweden and these countries concerning
co-operation in the field of environment protection.

The efforts to improve sampling strategies and characterize
socio-economic variables that influence the interpretation
of cancer-epidemiology in Sweden is of great general impor-
tance and should be continued. This work should involve
development of the "pseudo-municipality" concept, improved
access to information on employment associated to the
Cancer-Environment Registry, as well as further
characterization of the "urban factor", e.g. by the
introduction of population density parameters, and indices
of air pollution. Many of these concepts could be applied
to the study of other effects of air pollutants.

The construction of the Cancer-Environment Registry and
satellite registries represents a major capital investment
derived from tax payers' money. It is imperative that every
effort is made to keep this registry updated, and introduce
such changes as to obtain maximum benefit from the
contained information. Finally, additional valuable infor-
mation could probably be obtained from the Swedish "Twin
Registry".

The drastic increase in allergic rhinitis and asthma
observed in Sweden during the last two decades is alarming,
and further attempts should be made by means of carefully
designed epidemiogical studies to identify the factors
responsible for this increase, including the role of indoor
air. The use of specific biological markers of exposure to
a certain pollutant in epidemiological investigations
should be promoted in order to increase the precision of
such investigations.

9 - NEW STRATEGIES IN RISK ESTIMATION

9.1 Application of the rad equivalence approach in
estimation of risk of cancer and mutations from
chemical exposures

9.2 Cancer risk estimation of complex mixtures

9.1 Application of the rad equivalence approach in esti-
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nation of risk of cancer and nutations
exposures

from chemical

Based on the fact that risk estimates in humans have been
obtained with a better precision with respect to ionizing
radiations than is the case for any chemical agent (USCEAR,
1977), the rad-equivalence concept for risk estimation of
genotoxic and carcinogenic effects caused by chemical
agents was introduced by Ehrenberg (Ehrenberg et al.,
1974; Ehrenberg, 1980). The method utilizes the quanti-
tative relation between absorbed dose and biological action
of ionizing radiations as a reference to be compared with
dose-response relations for similar effects induced by a
certain chemical agent. In essence, the approach involves
the determination of target dose (in DNA) per unit exposure
to the chemical, which is then related to an observed
genotoxic/carcinogenic effect in a quantitative fashion,
e.g. expressed as number of mutations per mMhr, or extra
risk for tumor induction per mMhr, etc. The quotient
between the extrapolated equivalent radiation dose and the
extrapolated chemical target dose that causes the same
level of biological response in a similar test system in
the low-dose linear region of the dose-response curve,
represents the quality factor, Q (rad/mMhr). Since the
potency factor for induction of e.g. total cancer, q ,
has been fairly well characterized, the projected ^ix^ra
risk for cancer caused by a certain type of chemical
exposure can be written as:

(13) P
cancer

x Q x P o s e target

The approach has the great advantage of providing chemical
risk assessment based on chemical dosimetry with a well-
developed frame of reference, represented by ionizing
radiations. However, there are several critical
assumptions implicit in the rad-equivalence concept. It is
e.g. surmised, that the process of radiation careinogenesis
and chemically induced cancer are characterized by approxi-
mately similar promotive factors. In the case of radiation,
the initiating action dominates with an even distribution
of such events in the organism. Background promotive
factors will then determine the eventual location of the
radiation induced tumor, giving a broad spectrum of cancers
in an exposed population. High-dose chemical carcinoge-
nesis is much more site-specific. However, using the rad-
equivalence concept, it is assumed, that the extrapolated
low-dose tumor incidence obtained e.g. by exposing a rodent
to high doses of a chemical agent, only represents a
fraction of the total carcinogenic potential based on an
equal distribution of initiations. A corrected cancer
incidence is, therefore, used that reflects the experience
from radiation-induced cancer, i.e. the incidence obtained
in the bio-assay for a particular site is multiplied by a
correction factor to obtain the corresponding total
incidence over different sites expected for ionizing
radiations. If, for instance, the extrapolated low-dose
extra risk for a certain chemical is based on the induction
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of leukemia in mice, this risk estimate is multiplied by a
factor of about 6, based on the fact that leukemias only
represent about 15% of the total number of cancers seen in
an evenly irradiated human population. In this manner an
upper bound estimate of projected cancer risk may be
obtained.

The use of such corrections for chemical carcinogenesis is
to a considerable extent justified by certain experimental
observations in mammals, especially for agents that can
be expected to give a fairly even distribution of initia-
tions as judged from DNA adduct formation, e.g. ethylene
oxide. Also for substances like urethane, that mainly gives
pulmonary tumors in the mouse, neoplasms can be provoked at
another site by applying a specific promotional stress;
thus skin tumors can be induced after oral administration
by skin treatment with croton oil or phorbol esters. The
location of a tumor at a specific site in an experimental
animal may, therefore, merely reflect the promotion induced
by localized tissue damage caused by high levels of
exposure. Thus, when the systemic carcinogen methylmethane
sulphonate was given by the inhalation route at at 50 ppm,
6 h/day, 5 days/week for 30 days - a dose that caused
necrosis of the nasal epithelium - a high
nasal tumors were found (Sellakumar et
Similarly, propylene oxide gives forestomach
administered by gastric lavage (Dunkelberg,
primarily nasal tumors upon inhalation

incidence of
al., 1987).
tumors when
1982), but

(NTP, 1985).
However, the promotive environment is certainly not the
only factor deciding site-specific tumor development, and
for many other carcinogens, the actual tissue distribution
with respect to target dose and relevant DNA-damages must
be verified before making this kind of corrections.

As to the use of other end points for the estimation of the
quality factor for characterizing cancer risk - e.g.
mutations derived from exposure of microorganisms to
chemicals - such quality factors must be regarded as more
uncertain; the spectrum of mutations induced by chemical
agents normally differs from that caused by ionizing
radiations, and the relative importance for tumor develop-
ment of the various observed types of mutations is more or
less unknown. As discussed above, correlations between
mutagenicity and carcinogenicity is poor for some types of
chemicals. The estimation of incidence of germ-line
mutations in man based on short-term tests is equally
precarious.

Research priorities - The rad-equivalence concept based on
target dosimetry represents a genuinely novel approach to
risk assessment of genotoxic and carcinogenic effects.
However, the data base for its use should be extended,
including more close characterization of its inherent
limitations.

9.2 Cancer risX estimation of complex mixtures
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It has been explicitly stated in previous programs, that
the induction of cancer constitutes the main concern when
evaluating potential health effects by the various pollu-
tants present in ambient air. The estimation of total
cancer risk from exposure to complex emissions from combus-
tion of organic matter by the addition of risk contribu-
tions from individual substances - that seems to have been
one of the ambitions of a previous research program
supported by the Swedish EPA - has been attempted before,
but with limited success. This should not overshadow the
fact, that that other types of highly valuable information
has been obtained from these efforts. Thus, this work has
e.g. drawn the attention to the potential role of volatile
and semivolatile compounds in the contribution to overall
risk.

Carcinogenic testing has only been conducted for a small
fraction of the hundreds of components present in such
complex emissions, which as a rule also have been inadequa-
tely characterized from the chemical analytical aspect.
This makes any assignment of potencies much of a guess-
work. Claxton's group at the USEPA Health Effects Labora-
tory in Research Triangle Park has amply demonstrated these
difficulties when assessing the genotoxic potential of
tobacco smoke - one of the best studied complex emissions
of this kind (Claxton et al, 1989). More than 3800
compounds have been identified in tobacco smoke, and about
10% of these substances have been found in environmental
tobacco smoke, comprising sidestream smoke as well as
exhaled smoke. For about one third of these substances,
there is quantitative analytical information associated
with genotoxicity data. For 11 of the quantitated compounds
positive carcinogenicity data have been obtained in animal
experiments.

Using the known concentrations of the genotoxic consti-
tuents and their known genotoxic potency in e.g. the Salmo-
nella test system, it is possible to estimate, in an addi-
tive fashion, the total genotoxic potential of a cigarette.
Further modeling may then give the comparative human
exposure. A crude estimate of the genotoxicity of one ciga-
rette may be obtained by using the upper concentration
range of the analytical data obtained for all the compounds
which are known to be positive in this assay, and which are
also known to be present in cigarette smoke. In this
fashion a total activity of about 1500 revertants/cigarette
is obtained. If, on the other hand, both the volatile as
well as semi-volatile particle-bound organic material
is extracted from environmental tobacco smoke and tested as
such in the same system, the total activity of one
cigarette amounts to 86000 revertants. Thus, less than 2%
of the total genotoxic activity of the tobacco smoke could
be accounted for by adding up the contributions from
individual components with known activity.

Cancer risk assessment of substances present in emissions
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from industrial facilities, or emitted from combustion
engines, present analogous situations, only that the
prospect for obtaining a meaningful risk estimates may be
even less favorable than in tobacco smoke case referred to
above.

In the case of estimating the cancer risk associated with
the exposure to mixtures of polycyclic aromatic hydro-
carbons, one approach has been to assume that the carcino-
genic PAH components are equivalent by weight to B(a)P
with respect to carcinogenic potency (USEPA 1980, 1984).
Such an approach has little scientific support, and as
B(a)P is one of the most potent carcinogenic PAHs tested,
the resulting assessment tends to grossly exaggerate the
risk associated with the compounds specified.

Table 2 -^Relative tumor-initiating potency and unit risk
estimates of various emission extracts and of benzo(a)-
pyrene

Substance Relative potency unit
based on papil- risk _
lomas/mouse-mg (ug/m ) ~

benzo(a)pyrene 1.0 1.8E-03
roofing-tar emission extract 0.004 3.6E-04
coke-oven emission extrac.£ 0.007 9.3E-04
diesel exhaust extracts ' 0.0045 3.3E-04

*) Based on risk assessment by Clement Associates (1988)
**) Based on long-term inhalation studies (Nesnow, 1987).
***) Average of extracts of emissions from Oldsmobile

and Nissan

In Table 2 the relative tumor initiating potency as well as
unit risk estimates of various emission extracts are
compared to that of B(a)P. Risk estimates are given
(Nesnow, 1987) as the 95% upper confidence limit on risk
for probability of respiratory cancer death due to lifetime
exposure to 1 ug/m benzene-soluble organic equivalent
emissions in the inhaled air based on the linearized
multistage model employed by the USEPA (Crump, 1982). It
can be seen from these experiments, that extracts from
these emissions are orders of magnitude less potent on
weight basis.

Assuming all the POM constituents present in these emis-
sions to be equally active as B(a)P could lead to an over-
estimation of cancer risk by a factor of about 200, whereas
adding the risk contributions for such compounds with known
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carcinogenic activity may well under-estimate the real risk
by a factor of 100 (assuming a relatively good correlation
between mutagenicity and carcinogenicity for PAHs)• If only
such carcinogens are included, where a potency factor may
be derived, the under-estimation will be even greater. In
the case of point-source emissions, uncertainties as to the
chemical composition of the emissions after plume interac-
tions will increase the margin of error even further- In
summary, it can be expected that the risk estimate obtained
by conventional risk methodologies for complex emissions
containing PAHs may be associated with an uncertainty range
of several orders of magnitude.

Finally, it seems likely, that disregard of synergistic and
antagonistic effects may constitutes another source of
error when applying a simple additive approach. Thus, it
has e.g. not been possible to induce tumors in the hamster
by intratracheal administration of 1-nitropyrene. However,
a strong co-carcinogenic effect was observed from combined
exposure to 1-nitroarene and B(a)P (Moon, et al., 1988).

To deal with the above mentioned problems, scientists in
the US as well as in Sweden have attempted to utilize bio-
assay-directed fractionations to determine relative
carcinogenic potencies of various components. However,
whereas the US integrated approach (Lewtas, 1983, 1985)
included in vitro test systems (Ames1 test, mouse lymphoma
assay) as well as an in vivo system (mouse skin tumor
initiation), some Swedish research efforts in this field
have completely relied on in vitro test systems like the
Ames1 test. For the purpose of risk estimation, such an
approach is of limited value for the following reasons:

-"The relative potency of agents in tests for
mutagenicity is not a reliable indicator for
carcinogenic potency" (IARC, 1987)

- Neither do the these results adequately reflect the
risk for germ-line mutations in man.

- The approach does not take into consideration the
biological accessibility of the active components
present in an inhaled aerosol, of their clearance by
natural defense mechanisms, as well as their
biotransformation.

The poor correlation between carcinogenicity and mutageni-
city of the nitroarenes - found in urban air - that so far
have been tested in mammals provides an example of the
first objection; 2-nitronaphthalene causes bladder tumors
in rodents and monkeys (Conzelman, et al., 1970). It is
reduced in the mammalian organism to the well-known carci-
nogen 2-aminonaphthalene (beta-naphthylamine) which is an
established human carcinogen, producing tumors in the
urinary bladder of man and experimental animals. 6-nitro-
benzo(a)pyrene (B(a)P) also seems to be a relatively potent
cancer initiating agent (El-Bayoumy, et al., 1982). Both 2-
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nitronaphthalene (McCoy et al., 1981) as well as 6-nitro-
benzo(a)pyrene have proven to exhibit negligible mutagenic
activity in the Ames1 test (Pitts, et al., 1982). 1-Nitro-
pyrene, on the other hand, is a strong mutagenic agent in
several in vitro systems, but lacks, or has a very low,
cancer initiating capacity (Nesnow et al., 1984). The two
closely related substances 2,4- and 2,6-diaminotoluene are
both active in the Ames1 assay, but only 2,4-diaminotoluene
has demonstrated significant carcinogenic activity in
adequately conducted long-term bioassays in rodents. An
extensive research program is funded by the National
Toxicology Program to determine and describe the reasons
for these inconsistencies.

In addition to the use of in vitro genotoxicity testing for
the biological characterization of complex air pollutants,
isolated alveolar roacrophages as well as the TCDD receptor
have been used in Sweden.
The last mentioned system has already been discussed under
Section 6.3.3. Since macrophage phagocytosis constitutes an
important part of the natural mechanism for removing
inhaled material froni the respiratory tract, cytotoxic
effects to this cell type represent a relevant toxicolo-
gical end-point for the purpose of characterizing the
biological effects of air pollutants. However, specific
differences in sensitivity of these calls to toxic agents
in comparison with e.g. other lung cell types would seem
to be important to clarify, especially in view of the well-
established high metabolic activity of macrophages
involving, inter alia, free radical transformation pathways
(Nakamura et al., 1987). Further, it is not clear as to
what advantages the use of macrophages in screening for
cytotoxicity has in comparison to e.g. mammalian cells
grown in tissue culture. Although alveolar macrophages
appear to be sensitive to certain dusts, this concern seems
warranted in view of the documented greater resistance
towards harmful agents, e.g. ionizing radiation, of
macrophages in comparison with a number of other cell
types.

The use of bio-assay directed characterization of complex
mixtures is conceptually attractive. The main problem has
been its indiscriminate use, and the erroneous implications
made from such data for hazard and risk estimation.
However, when applied to the same category of compounds,
while taking into account certain features that may be
qualitatively, or quantitatively different from mammalian
systems (e.g. nitroreductases of bacteria), certain valid
conclusions can be made concerning the relative biological
activity of components present in such mixtures.

Research priorities - Novel approaches to the hazard
assessment of complex mixtures appears to constitute a
priority area for research, where chemical characteriza-
tion must be combined with various biological approaches,
including practical methods for the estimation of the role
of interactive effects. A critical assessment of the
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inherent limitations of the use of short-term genotoxicity
tests for bio-assay directed fractionations of complex
mixtures, as well as co-ordination with similar on-going
activities in the U.S., would seem desirable.

10 - PRINCIPLES FOR THE SELECTION OF PROJECTS ELIGIBLE
FUNDING

FOR

Given existing deficiencies of the underlying informa-
tion base, selected projects to constitute the focus of the
current research program

- should broaden the scientific base for risk assessment

- should be of central importance to hazard and/or risk
assessment of air pollutants

- should have the potential for giving tangible results
within a three-year-period within the limits set by
available funding and personal resources

should contain essential elements of novelty and
duplicate research carried out elsewhere.

not

- should be anticipated to result in the production of
work characterized by a high technical quality

Given a level of funding, rfhich must be considered as very
limited when allocated for such a broad field of study as
the one defined here - it is absolutely essential for
obtaining satisfactory cost-effectiveness that any
unnecessary duplication of efforts with respect to on-going
research outside Sweden is avoided. To ensure that the
applicant has given due consideration to on-going research
outside Sweden, as well as to previously published data, a
greater emphasis should be placed in all submissions on
giving a comprehensive review of the international
literature relevant to the research area to be studied,
based inter alia on searches in available literature data
bases. The submission should clearly highlight aspects that
the applicant considers new, or original in relation to on-
going or earlier studies.
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