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Executive summary

There is increasing interest and debate in the UK and elsewhere about the basis
for regulating so-called ‘low-toxicity dusts’ (that is solid particulate materials of
respirable size that are poorly water soluble and have low cytotoxicity). Their
description as being of low toxicity has been based on the assumption that they
have very little intrinsic toxicity associated with their chemistry. However, there is
increasing evidence that a greater degree of toxicity than was initially supposed
may be associated with their physical characteristics. Experimental studies
demonstrating lung tumours in rats exposed to particulate material at levels high
enough to cause lung overload, recent epidemiological studies linking ambient
exposure to particles with cardiopulmonary disease and mortality, and earlier
occupational studies demonstrating lung disease associated with retention of
particulates in the lung have all contributed to the current concerns about
exposure standards for such dusts.

The UK Health and Safety Executive requested the Institute for Environment and
Health to evaluate the current state of knowledge on materials described as ‘low-
toxicity dusts’ and to identify specific gaps in knowledge that currently preclude
the setting of robust scientifically-based occupational standards.

The workshop concluded that the term ‘low-toxicity dust’ was not entirely
appropriate to describe the materials of concern, and further consideration
should be given to developing a better terminology.

The following recommendations for future actions were made.

❐ A multidisciplinary approach both to the evaluation of existing data and to
future work, involving toxicologists, clinicians and epidemiologists, should
be encouraged.

❐ Studies on specific dusts should be undertaken in such a way that generic
issues relating to particle toxicity can also be addressed and, as far as
possible, the outcomes applied to other dusts.



❐ A benchmarking approach is proposed, whereby experimental toxicity data
(including results from short-term ‘bridging studies’) on dusts for which the
available toxicological data, including human data, are scarce, are
compared with similar data from a small number of selected benchmark
dusts for which human toxicity is well characterised. The benchmarking
approach can be used to assess relative toxicities of dusts and, with varying
degrees of confidence depending on the available data, to predict likely
human health impacts.

❐ The benchmarking approach, incorporating a comparison of experimental
and human data, should be used to investigate the relevance of
experimental data to the prediction of human toxicity. In particular this
process can be used to establish whether quantitative, rather than merely
qualitative, predictions can be made about likely human responses.

❐ Interlaboratory comparisons of short-term bridging studies to be used in
the benchmarking approach should be encouraged. Studies should be
designed in such a way that comparisons of potency and internal dose, not
simply exposure concentrations, can be made.

❐ The relative importance, for predicting toxicological outcome, of particle
surface area versus volumetric or gravimetric measures, and possible
relationships between different measures should be further investigated.

❐ Further studies, including mechanistic and monitoring studies, should be
conducted. In particular, studies should be conducted on ultrafine particles
to investigate whether they are more toxic than other ‘low-toxicity’ dusts in
larger mammals and humans.

❐ The mechanistic reasons for interspecies differences in susceptibility to
‘low-toxicity’ dusts and the phenomena associated with lung overload merit
further investigation in both in vitro and in vivo studies. In particular,
whether the rat is uniquely sensitive and whether a different animal model
might be more appropriate should be investigated. Furthermore, in order
to provide a more precise indicator of what health outcomes should be
investigated in epidemiological studies, species differences in the site of
deposition of particulate material in the lung and the influence of the site
of deposition on toxic effect (including the importance of the interstitial
compartment) should be investigated further.
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❐ Better physicochemical and size characterisation of particles should be
undertaken for workplace exposures in order to develop a more robust
database with which new substances can be compared.

❐ The proposal to use a benchmarking approach to evaluate the toxicity of
dusts is considered to be a positive move forward. Such an approach could
be used to establish relative toxicities leading to individual standards for
each substance.

❐ Even if ‘low-toxicity’ dusts continue to be regulated as a generic group,
there is a general consensus that ultrafine particles should be considered as
a separate class from otherwise unspecified ‘low-toxicity’ dusts.

❐ Although ‘low-toxicity’ dusts should be considered where possible as
individual substances, a generic approach could provide a default position
when lack of data precludes the setting of a specific standard. Such an
approach would provide an incentive for further research to justify any
modifications of the generic standard for an individual dust.

EXECUTIVE  SUMMARY
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1 General

introduction

Solid (non-fibrous) particulate materials of respirable size that are poorly water
soluble and have low cytotoxicity have been traditionally grouped together as
‘low-toxicity dusts’. However, there is currently debate about the scientific
justification for considering all such dusts, irrespective of other physicochemical
properties, as having similar toxicity. Consequently there is also concern about the
scientific justification for the generally accepted occupational 8-hour time-
weighted average (TWA) standards for the group of ‘low-toxicity’ dusts (also
called ‘nuisance dusts’ or ‘particles not otherwise classified’; PNOC) of 10 mg/m3

for inhalable dusts and 4 mg/m3 for respirable dusts*. Furthermore, although
these materials have been described as ‘low-toxicity dusts’, based on the
assumption that the materials in question have very little intrinsic toxicity
associated with their chemistry, there is increasing evidence that a greater degree
of toxicity may be associated with the physical properties (e.g. size) of the dusts.
Although the term ‘low-toxicity dust’ does not reflect completely the materials of
concern, and while it is recognised that further consideration should be given to
developing a more appropriate descriptor, the currently accepted terminology —
‘low-toxicity’ dust — is retained in this report..

There is increasing concern in the UK and elsewhere about the basis for regulating
both existing ‘low-toxicity’ dusts and new materials with properties similar to
those generally accepted as defining such dusts. Recent experimental studies have
demonstrated toxicological effects, including lung tumours, in rats exposed to
particulate material at levels high enough to cause overloading of the capacity of
the lung to clear the particles. These findings, coupled with recent epidemiological
studies linking ambient exposure to particulates with cardiopulmonary disease
and mortality, and earlier occupational studies demonstrating lung disease
associated with retention of particles in the lung, have contributed to the current
concerns about exposure standards for such dusts.

* The previously accepted standard for respirable dusts of 5 mg/m3 has recently (1997 in
the UK) been reduced to 4 mg/m3 to compensate for the new ISO/CEN sampling
convention for respirable dusts, which increases the efficiency of collection of respirable
dust by 20%



The UK Health and Safety Executive (HSE) therefore requested the Institute for
Environment and Health (IEH) to prepare a report on the current state of
knowledge on materials described as ‘low-toxicity dusts’ and to identify specific
gaps in knowledge that currently preclude the setting of robust, scientifically-
based occupational standards. Particular areas of interest include the toxicology
and mechanisms of action of such dusts and the association, if any, between the
dusts and adverse health effects in humans, at exposure levels likely to be
encountered by the general or working population.

To address these concerns IEH convened a workshop in September 1997 at which
experts in animal toxicology, mechanisms, epidemiological and clinical studies,
and regulatory toxicology of particulate materials were invited to present papers
reviewing current knowledge and to formulate proposals to promote improved
future regulation.

In reviewing current knowledge and making proposals for the future a number of
issues were discussed, as outlined below. A more detailed list of specific questions
is given in Section 2.1

❐ Which materials belong to the group of dusts (considered herein) defined
as poorly water soluble, respirable, particulate materials with low
cytotoxicity?

❐ How generalisable are the observed effects over a range of dusts and what
is the scientific justification for considering such dusts as a generic group
and for extrapolating toxicological findings from one dust to another?

❐ What are the health effects of concern for humans and how plausible is an
association between exposure to these dusts and health outcome? 

❐ What is the relative importance of total inhalable dust versus the respirable
fraction in terms of human health outcome?

❐ What is the strength of the evidence, from both human and animal data,
for any adverse effect and how suitable are animal models to predict human
response?

❐ How can an appropriate testing strategy for ‘unknown’ dusts be
established?
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❐ Can further studies help to identify causality and facilitate standard
setting?

❐ What are the practicalities of setting and monitoring standards?

Short papers summarising the presentations given by the invited experts are
included in Section 2 of this report and a summary of the subsequent discussions
at the workshop and recommendations for the future are presented in Sections 3
and 4.

GENERAL  INTRODUCTION
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2 Toxicity and

mechanisms of

action



2 .1  BACKGROUND TO THE

HEALTH AND SAFETY

EXECUTIVE ’S  NEEDS

S Fairhurst

Toxicology Unit, Health and Safety Executive, Bootle, Merseyside, UK

2 . 1 . 1  T H E H S E P O S I T I O N

A substantial number of solid particulate materials viewed as possessing three
characteristic properties — being of inhalable/respirable size, poorly water soluble
and of low cytotoxicity — have traditionally been grouped together as ‘low-toxicity
dusts’ or ‘nuisance dusts’ in the occupational health field. Historically, airborne
concentration levels (8-hour time-weighted averages; TWA) of 10 mg/m3 as
inhalable dust and 5 mg/m3 as the respirable fraction thereof have acquired world-
wide occupational regulatory significance for such substances in three areas of use:

❐ as generic dust standards;

❐ as specific occupational exposure limits allocated to a large number of
individually listed substances in the absence of supporting data; and 

❐ as a conceptual threshold, whereby lower levels of exposure to substances
of this type are viewed as of no concern for health but higher levels merit
further examination.

12
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These uses can be seen in relation to the UK system for regulating the impact
of chemicals on occupational health (Health and Safety Commission, 1997;
HSE, 1997)*.

However, as standard-setting in the occupational health field has moved into an era
in which standards are not simply ‘handed down from on high’, but must be
validated by published, detailed explanation and supporting evidence, it has
become apparent that there is little or no information available to underpin the
health-protection status that has been attributed to the 10 and 5 (or 4) mg/m3

values. One problem that this gives rise to in the UK is presentational. In its
national list of occupational exposure limits (EH40), the UK has more than 20
substances, from aluminas to zinc distearate, with specified ‘health-based’
occupational exposure standards (OES) of 10 mg/m3 (inhalable) and 4 mg/m3

(respirable), as 8-hour TWA (HSE, 1997; see Table 2.1). None of these substances
has a published, robust database supporting its limits. If challenged, it would not
be possible to provide satisfactory scientific documentation for any of these OES.
Additionally, there would be real difficulty explaining the scientific basis for the
general position set out in the UK Control of Substances Hazardous to Health
Regulations that a ‘substantial dust concentration’, necessitating risk assessment to
ensure that health protection is being achieved, is required only when the 10 and
5 (now 4) mg/m3 levels are breached (Health and Safety Commission, 1997).

TOXICITY AND MECHANISMS
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* Note that, because of the introduction in the UK of a new ISO/CEN sampling
convention for respirable dust which brings about a 20% increase in the efficiency of
collection of respirable dust by the sampling device, the 5 mg/m3 value formerly used in
the above contexts in the UK has recently been adjusted to 4 mg/m3 (HSE, 1997).

Aluminium metal
Aluminium oxides
Calcium carbonate
Calcium silicate
Cellulose
Graphite
Gypsum
Limestone
Magnesite
Magnesium oxide
Marble

Pentaerythritol
Plaster of Paris
Platinum metal
Portland cement
Rouge
Silicon
Silicon carbide
Starch
Titanium dioxide
Zinc distearate
Zinc oxide fume

Table 2.1 Low-toxicity dusts with OES values of 10/4 mg/m3
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A second and more important problem is that experimental data have emerged in
the last few years from studies in rodents (principally rats) which call into
question the view that long-term inhalation of low-toxicity, poorly-soluble
respirable-sized dusts at 5 mg/m3 (or 4 mg/m3) is of no concern for health
(Morrow et al., 1991). Significant toxicological effects, attributed to the ‘overload’
phenomenon, have been produced in the rat lung under such inhalation exposure
conditions. At present HSE’s regulatory toxicologists are not sure how to
interpret such findings in relation to human health. On the one hand the rodent
studies could offer a substantial, high quality database, not previously available,
from which to argue for and justify a new position (or set of positions) in relation
to standards of control for airborne dusts in the occupational environment. On
the other hand there are lines of evidence suggesting that the rat, the species in
which most of the experimental work has been performed, expresses some
responses in the lung to inhaled, respirable ‘low-toxicity’ dusts that are not seen
(to anything like the same extent) in mice or hamsters, and might not be
representative of human responsiveness. This is particularly true of the lung
tumours that have repeatedly been produced in the rat lung as a result of dust
overload (Hext, 1994; Morrow et al., 1996). So is the rat a poor, invalid model for
humans in relation to this area of toxicology?

A further development has been the recent appearance in the literature of
epidemiological studies concerning exposure of the general population to
atmospheric pollution in ambient air; these studies have shown a correlation
between respiratory and cardiac morbidity or mortality and levels of respirable
carbon-based particulate material (PM10) in the air (Dockery & Pope, 1994;
EPAQS, 1995). It has been claimed that the correlation shows a linear
relationship, and an increase in health problems is apparent even with measured
PM10 levels of 50 µg/m3. However, whether or not correlation reflects causation is
a debatable point. If it does, other issues of concern arise, including questions
about the underlying mechanism(s) for any effects, the sector(s) of the population
affected and the implications of these findings for occupational health.

Given the above developments, HSE sponsored a workshop to discuss a number
of points in relation to the regulatory position on ‘low-toxicity’ dusts with experts
in this field.

❐ Is it possible to define clearly the characteristics of a generic grouping ‘low-
toxicity dusts’? Are the properties of the individual substances included in
this group sufficiently similar to treat them generically?



❐ Is enough known about the health effects and dose–response relationships
of inhalation exposure to respirable-sized particles of individual substances
in this category? Do experimental studies in the rat form a suitable basis for
predicting human responsiveness? Do observations of lung overload in the
rat and calculations based on such observations give a reliable picture of
potential exposure consequences for humans?

❐ In term of health impact, should most or all attention be directed towards
respirable particles? Of how much concern is total inhalable dust and the
non-respirable fraction thereof?

❐ There is a paucity of toxicological data for many substances in this
category. If there are one or two dusts for which there is a reasonably well
defined toxicological picture, can this be extrapolated to other dusts by
using a scaling approach based on the comparison of one or more
properties?

❐ What is the most sensible testing strategy to follow in building up a
toxicological picture for a substance comprising respirable-sized particles
of poor water solubility?

❐ Does the information currently available suggest that a different position
should be adopted when setting occupational standards for low-toxicity
dusts, and if so, what new approach is indicated? Before any changes are
made, are more data needed to clarify the situation and, if so, of what
type(s)?

❐ Is cumulative exposure to dust the only concern, with respect to dose? Are
there additional concerns about the pattern of exposure or short-term,
high-level peaks?

2 . 1 . 2  R E F E R E N C E S

Dockery DW & Pope CA, III (1994) Acute respiratory of particulate air pollution. Ann Rev
Public Health, 15, 107–132

EPAQS (1995) Particles (Expert Panel on Air Quality Standards), London, UK, HMSO
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Hext PM (1994) Current perspectives on particulate induced pulmonary tumours. Human
Exper Toxicol, 13, 700–715

Health and Safety Commission (1997) General COSHH ACoP and Carcinogens ACoP and
Biological Agents ACoP; COSHH 1994, Approved Codes of Practice, L5, Sudbury, UK,
HSE Books

HSE (1997) Occupational Exposure Limits 1997 (EH 40/97), Sudbury, UK, HSE Books 

Morrow PE, Muhle H & Mermelstein R (1991) Chronic inhalation study findings as a basis
for proposing a new occupational dust exposure limit. J Am Coll Toxicol, 10, 279–290

Morrow PE, Haseman JK, Hobbs CH, Driscoll KE, Vu V & Oberdörster G (1996) The
maximum tolerated dose for inhalation bioassays. Toxicity vs overload. Fundam Appl
Toxicol, 17, 280–299
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2 .2  AN OVERVIEW OF

ANIMAL STUDIES  AND THEIR

USE FOR STANDARD-SETTING

PURPOSES

G Oberdörster

University of Rochester, Rochester, New York, USA

2 . 2 . 1  I N T R O D U C T I O N

Several studies of long-term inhalation in the rat using poorly-soluble particles
have shown that lung tumours are induced once a high concentration of particles
(and respective lung burdens) have been reached. Both fibrous and non-fibrous
particles have been used, as well as those of low and high cytotoxicity, and it
appears that any poorly-soluble particle given over a long term by inhalation to
rats at a high enough concentration will eventually cause lung tumours in this
species. This is in contrast to findings in other rodent species such as the mouse
and hamster, which, under similar exposure conditions, did not show an increased
lung tumour incidence. However, other signs of chronic adverse effects such as
lung fibrosis and alveolar inflammation, which are associated with high
particulate lung burdens in the rat, did occur in these other species but to a much
lesser degree. Because of these remarkable species differences in the lungs’
responses to the same inhaled concentrations of poorly-soluble particles and
because the tumours in the rat occur only at high doses, the relevance of such
results for human occupational exposures has been seriously questioned.

TOXICITY AND MECHANISMS
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2 . 2 . 2  D I S C U S S I O N

The dose–response relationship between inhaled concentration or retained
particle lung burden and the lung tumour incidence in the rat studies is not seen
in the lower and mid-dose range, and the response increases sharply only at the
highest doses (Figure 2.2.1). The data are consistent with the concept of a
threshold below which no tumorigenic effects will be observed. This concept of
a threshold implies that mechanisms of defence, even in the rat, are well
developed to cope with particle doses up to a certain level, and only beyond that
level are defenses overwhelmed by mechanisms of toxicity. This threshold type
behaviour in dose–response pattern is also shown by associated effects such as
alveolar inflammation.

18
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With respect to poorly-soluble particles of low cytotoxicity, formerly
characterised as ‘nuisance particles’, these chronic adverse effects of pulmonary
inflammation, fibrosis and tumours have been linked with a condition of ‘lung
particle overload’. This term describes a functional deficiency caused by the high
particle burden in the lung, that is, a significant retardation of alveolar
macrophage-mediated particle clearance. It has been suggested that the capacity
of alveolar macrophages to eliminate phagocytosed particles efficiently becomes
progressively impaired once a certain phagocytosed volume of particles has been
exceeded in a given macrophage. Indeed, results of a number of long-term particle
inhalation studies show that the retained particle volume correlates better with the
degree of impaired clearance than the retained particle mass. Once a state of
impaired clearance has been reached the deposition rate of subsequently inhaled
particles exceeds their clearance rate, resulting in a greater accumulation of
retained particles in the lung. A characteristic finding, therefore, during long-term
particle inhalation studies is that the lung burden normalised by the exposure
concentration shows a greater increase at higher concentrations, indicative of the
overload condition (Figure 2.2.2).
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Mechanistically, the activation of alveolar macrophages by the large burden of
phagocytosed particles in a lung overload condition leads to the elicitation of
other inflammatory cells, including neutrophils, as well as release of a number of
mediators (e.g. cytokines, reactive oxygen and nitrogen species). These factors are
known to increase epithelial cell proliferation, and they may also increase
epithelial mutation rates (Figure 2.2.3). However, it should be emphasised that
not every condition of particle overload in the rat (as determined by an
impairment of alveolar macrophage-mediated particle clearance) will necessarily
result in the induction of lung tumours, as is evidenced by a number of studies
(Oberdörster, 1995). Conversely, whenever lung tumours are induced in rats by
inhaled low-toxicity particles, the impairment of lung clearance is observed. The
mouse and hamster show a similar degree of impaired alveolar macrophage
clearance with increasing lung particle burden, but in these species this is not
associated with lung tumorigenesis.

Thus, based on the idea that the prevention of impairment of alveolar
macrophage-mediated clearance by high particle load will also prevent subsequent
events related to excessive release of mediators, including the ultimate effect of
tumour induction, attempts have been made to extrapolate a threshold for volume
overload (estimated for rat alveolar macrophages) to man by taking into
consideration rat and human specific alveolar macrophage numbers and sizes
(Oberdörster, 1994). By using this extrapolation approach and assuming that the
average specific density of low-toxicity particles is about 3, an occupational
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exposure standard of respirable particles of 3 mg/m3 can be determined. However,
a cautionary note needs to be attached to this standard. The size of particles can
play a decisive role in the induction of adverse pulmonary responses, so that the
same low-toxicity particulate material causes significantly greater pulmonary
effects once particle sizes approach the ultrafine size range (<50–100 nm). Based
on results of experimental animal studies it has become evident over the last few
years that for such ultrafine particles additional factors need to be considered
when setting standards.

When the same dose (in terms of mass) is deposited in the lungs of experimental
animals by inhalation or intratracheal instillation in the form of either ultrafine
titanium dioxide particles (20 nm) or larger-sized titanium dioxide particles
(250 nm), the ultrafine particles elicit the greater inflammatory response
(Figure 2.2.4). However, when the administered dose is expressed as particle
surface area the response of both particle sizes lies on the same dose–response
curve, that is, the increased effect correlates very well with increased surface area.
Likewise, a long-term inhalation study in the rat which used ultrafine titanium
dioxide particles also resulted in an increased lung tumour incidence at a much
lower lung burden and inhaled concentration than was needed for larger-sized
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titanium dioxide particles (Lee et al., 1985; Heinrich et al., 1995). Normalisation
for the different surface area of the retained particles again showed that this
chronic effect correlates well with particle surface area. Alveolar macrophage-
mediated particle clearance is also adversely affected by ultrafine particles at much
lower lung burdens than would induce this effect with larger-sized particles,
illustrating again that surface area is the better dose parameter to describe these
effects (Figure 2.2.5; Oberdörster et al., 1994). Since, under occupational exposure
conditions, ultrafine particles will most likely be inhaled as aggregates, a further
factor to consider is the propensity of these aggregates to de-aggregate in the lung
after deposition on the epithelium. Such a propensity may determine the
bioavailability of particle surface area, which may indeed be different for different
particle types. It should be noted that, at conditions of impaired alveolar
macrophage-mediated particle clearance, the clearance mechanisms of
conducting airways do not appear to be affected, either by inhaled ultrafine
particles or by inhaled larger-sized particles, so that occupational exposure
standards should primarily be based on the respirable particle fraction.
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Thus, with respect to setting of occupational exposure limits for poorly-soluble
particles of low cytotoxicity, the specific surface area of respective dusts could be
considered. Doing so would eliminate the need to develop different standards for
different sizes of particles (including ultrafines), and may also imply that standards
should be expressed in terms of surface area rather than mass. However, as it may
not be very practical to determine standards for new types of particles from surface
area measurements, some limited animal toxicity studies should be conducted to
obtain some basic information about their pulmonary toxicity regardless of their
particle size. Extrapolation from these animal studies to humans can then be
performed by using comparative dosimetric approaches. The basic process by
which the pulmonary toxicity and carcinogenicity of poorly-soluble particles may
be characterised is to determine a lung burden and respective exposure
concentration which does not result in a significant inflammatory response. The
crucial role of alveolar inflammation as already outlined (Figure 2.2.3) is based on
our understanding of the importance of the inflammatory response for secondary
mutational events and tumour induction. There is strong experimental evidence for
this hypothesis, which applies both to particles of low cytotoxicity and those
exhibiting greater toxicity, such as crystalline silica.

It is important to know to what degree particle-induced pulmonary responses in
rats and primates differ, before extrapolation to man can be made. Results from a
2-year particle inhalation study in which rats and non-human primates were
compared show that both inflammatory and cell proliferative responses are
greater in the rat, and that there are differences in particle retention patterns
between the two species; the rat shows more retention in alveolar regions
compared to more interstitial retention in the monkey (Nikula et al., 1997).
However, caution dictates that the rat tumour data should not be dismissed as
irrelevant to the primate lung, as a 2-year study in the rat is not equivalent to a
2-year study in the monkey. Rather, emphasis should be placed on the principle
that the avoidance of alveolar inflammatory response is a wise strategy where the
aim is to prevent irreversible chronic effects.

Newly developed particles should always be tested in a rodent bioassay, preferably
using the rat, since there is a large database of particle effects in this species. The
objective of such a bioassay is to obtain data on pulmonary toxicity and possibly
to derive an occupational exposure limit (OEL) by comparing the new particulate
material against a well-tested positive (of high toxicity) and negative (of low
toxicity) control dust. Table 2.2.1 lists potential testing strategies, which include,
as a first choice, inhalation studies ranging from short-term to medium- and long-
term studies where they prove to be necessary, which means that a tiered testing
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approach may be required. The initial short-term study would preferably be
designed as an inhalation study, but intratracheal instillation might also be
considered. Key to any short-term study should be that:

❐ it is designed as a comparative study with positive and negative controls, for
example, by using crystalline silicon dioxide (cristobalite) and titanium
dioxide (pigment grade, not ultrafine) against which the unknown is to be
ranked;

❐ at least three doses are administered in order to improve confidence in the
ranking and to allow comparison between the slopes of the dose–response
curves;

❐ a post-exposure observation period is included (minimal 30 days, optimal
90 days);

❐ the dose in the lung (dosimetry) after dosing and in the post-exposure
phase should be determined in order to obtain data on particle
biopersistence; and

❐ end-points such as cellular and biochemical bronchoalveolar lavage (BAL)
parameters, lung weight and histopathology are considered; evaluation of
alveolar macrophage-mediated clearance should not be mandatory since it
requires specific equipment, but could obviously be included.

The positive and negative particulate controls to be used in these studies should
ideally be selected from particles for which epidemiological data of occupational
effects are available. Crystalline silica fulfils this requirement, whereas titanium
dioxide lacks such detailed epidemiological data. However there are large
amounts of data available for titanium dioxide with respect to experimental
animal studies as well as in vitro studies. If dose–response relationships of the test
compound resemble those of titanium dioxide, it indicates a low-toxicity particle,
whereas greater responses at any timepoint after dosing, or responses similar to
those of silicon dioxide, point to greater toxicity and dictate progression to the
next tier of testing. Information on inflammatory events, based on the principle
outlined in this paper, is a key requirement in order to classify a new particle.
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2 .3  EXPER IMENTAL  STUDIES:

F IBROSIS  AND CANCER

PM Hext

Zeneca Central Toxicology Laboratory, Alderley Park, Macclesfield,
Cheshire, UK

2 . 3 . 1  I N T R O D U C T I O N

The recognition of an association in man between exposure to relatively insoluble
dusts (fibrous and non-fibrous) and the potential to develop pneumoconiosis and
sometimes cancer, depending on the dust type, has led in the past to an expansion
in studies designed to improve understanding of the disease processes involved and
the relationships between dust type, exposure concentration and exposure
duration. While many occupational groups have been investigated, many studies
have been conducted in experimental animals. Such studies have many advantages,
including close control over experimental conditions, good controls, the potential
to conduct studies over a good proportion of the lifespan, where appropriate, and
the use of physical, biochemical and pathological techniques that cannot be used
in man except after death. Much important information has been gained from such
experimental studies and a large number of dusts and airborne particulates have
been tested to determine their potential to induce pulmonary disease.

Many early animal studies were designed to investigate retention and clearance of
dusts and were of relatively short duration. Some studies were of adequate
duration to show that many dusts induce similar responses in the lung to those
found in exposed humans. Results of these early studies indicated that responses
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in experimental animals could be used to predict potential effects in man
following long-term exposure. More recently long-term inhalation studies have
also been conducted on a range of insoluble low-toxicity dusts or airborne
particulates such as diesel exhaust at relatively high concentrations. The majority
of these high concentration studies have been conducted in the rat and, in
addition to the expected pneumoconiotic changes, there have also been reports of
enhanced pulmonary responses and increased incidences of pulmonary tumours.
This paper reviews briefly the non-carcinogenic and carcinogenic findings in the
lungs of experimental animals exposed by inhalation to insoluble, low-toxicity
particulates, but focuses predominantly on the rat. It is recognised that many
studies have used intratracheal injection to introduce particles into the lungs of
experimental animals and reference will be made to this route of administration
where appropriate.

2 . 3 . 2 N O N - N E O P L A S T I C C H A N G E S

I N T H E L U N G S O F A N I M A L S

E X P O S E D T O D U S T

At examination post mortem, the lungs of experimental animals exposed to high
concentrations of airborne low-toxicity particulates for extended time periods
may show discoloration and evidence of pneumoconiotic lesions. Under the light
microscope, changes observed may range from accumulations of dust-containing
macrophages through to hyperplasia, hypertrophy and metaplasia of the alveolar
and bronchiolar epithelium, and interstitial fibrosis. Such responses may illustrate
species differences in the type and severity of the response of the lung to the
inhaled particulates. Table 2.3.1 summarises several studies that have compared
lung tissue responses in the rat, hamster, mouse and monkey to high
concentrations of particles. A study on quartz is included to demonstrate that
similar species differences are apparent when using intratracheal instillation,
which introduces a bolus of biologically active particles into the lung.

When compared with other experimental species, the rat consistently exhibits
greater inflammatory, hyperplastic and fibrotic responses to a similar lung burden
of particulates. For example, in two studies which compared the effects in lungs of
rats and monkeys after 24 months exposure to a high concentrations of petroleum
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coke (Klonne et al., 1978) or shale particles (MacFarland et al., 1982), the
response in the monkey lung was minimal whereas pulmonary inflammation
developed in the rat. This pattern of response difference in the rat is relatively
consistent across other studies where different species have been compared.

Lung responses in the rat are characterised by an accumulation of particle-loaded
macrophages, neutrophilic inflammation and epithelial proliferation, localised in
the regions of the lung where particle deposition takes place (i.e., terminal
bronchioles and alveolar ducts; Mauderly et al., 1987; Dungworth et al., 1994;
Heinrich et al., 1995; Nikula et al., 1995). With increasing duration of exposure
and increasing concentration, interstitial fibrosis frequently develops. Focal
fibrosis is also observed. Alveolar type I cells frequently show signs of
degeneration and occasionally the alveolar basement membrane may appear
denuded (Martin et al., 1977). Alveolar proteinosis is a common finding (e.g.
Martin et al, 1977; Lee et al., 1985; Wehner et al., 1986) and is attributable to
excess production of lung surfactant as a result of type II cell hypertrophy or
hyperplasia. With increasing severity of response, many alveoli may contain
‘foamy macrophages’ (Lee et al., 1985). These macrophages appear to contain
little particulate matter but have phagocytosed large quantities of lung surfactant
associated with the alveolar lipoproteinosis. Degeneration of normal and ‘foamy’
macrophages leads to increasing quantities of cellular debris and dust particles.
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Table 2.3.1 Species sensitivity to particle-induced lung inflammation, epithelial
hyperplasia and fibrosis
Particulate Exposure Relative species Reference
material duration sensitivity

Diesel exhaust 30 months rat>mouse Henderston et al.
(1988)

Diesel exhaust 30 months rat>mouse>hamster Heinrich et al. (1986)

Carbon black 13.5 months rat>mouse Heinrich et al. (1995)

Titanium dioxide 13 weeks rat>mouse Oberdörster et al.
(1994)

Talc 24 months rat>mouse National Toxicology 
Program (1993)

Quartz Instillation rat>mouse>hamster Saffiotti & Stinson 
(1988)

Petroleum coke 24 months rat>monkey Klone et al. (1987)

Lignite/activated carbon 12 months rat>monkey, guinea pig>mouse Gross & Nau (1967)

Shale 24 months rat>monkey MacFarland et al.
(1982)



Bronchiolisation may also develop in the rat lung as a consequence of, or
alongside, severe particle-induced inflammation. This process has been described
as epithelialisation of terminal bronchioles and their adjacent alveoli with ciliated
columnar cells (Lee et al., 1985) and may progress to squamous metaplasia, giving
rise to squamous cysts. In the past such cysts were considered to be neoplastic or
pre-neoplastic; however, a full evaluation of their characteristics by a workshop of
pathologists (Levy, 1994) led to the conclusion by the majority that these are non-
malignant and they were termed ‘proliferating keratin cysts’. They are described
as “...a cyst lined by a well-differentiated stratified squamous epithelium with a
central keratin mass. Growth appears to have occurred by keratin accumulation
and by peripheral extension into the alveolar spaces. The lesion is sharply
demarcated except in those areas in which there has been extension into adjacent
alveoli. The squamous epithelium has few mitotic figures and dysplasia is absent.”
In general, these cysts appear more frequently in female rats, suggesting a more
prominent bronchiolisation response to the presence of excess particulate matter
in this sex. Proliferative keratin cysts do not occur in man.

2 . 3 . 3  N E O P L A S T I C C H A N G E S I N

T H E L U N G S O F A N I M A L S E X P O S E D

T O D U S T

In the majority of experimental species exposed to insoluble, low-toxicity
particulates the pulmonary responses are confined to non-neoplastic changes, as
already outlined. However, inhalation studies conducted in the rat have
consistently demonstrated that the rat lung may develop tumours following long-
term inhalation exposure to high concentrations of insoluble particulates. These
studies demonstrate that this effect is related to the pulmonary response to the
prolonged presence and accumulation of high levels of the inhaled material within
the lungs. Table 2.3.2 summarises several of these studies with respect to the
materials tested, the lung particle burdens obtained and the incidences of lung
tumours observed. Intratracheal instillation of a number of dusts has been shown
to produce similar neoplastic responses in the rat lung (Kawabata et al., 1986; Pott
et al., 1987, 1994)

Tumours associated with particulate exposure develop predominantly towards the
end of the lifespan of the rat, are frequently detected only by light microscopy and
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are not the cause of death. The types of tumour seen most consistently are
bronchoalveolar adenomas and adenocarcinomas, and they occur in a variable
proportion of rats displaying the non-neoplastic pulmonary changes (Dungworth
et al., 1994). The tumours invariably originate from the areas characterised by
type II cell hyperplasia or dust cell aggregates and associated tissue responses. The
apparent origin of these tumours from the hyperplastic type II cell is consistent
with the view of Boorman (1985) that the bronchiolar–alveolar adenoma appears
to be a stage in the progression from hyperplasia to carcinoma and the view of
Reznik-Schuller and Reznik (1982) that spontaneous and chemically induced
tumours of these types arise from type II cells.

Table 2.3.2 Lung particle burdens and tumour responses in long-term inhalation
studies in rats
Test material* Exposure Mean lung % Rats with Reference

concentration burden lung tumours
(mg/m3) (mg/lung)

Titanium dioxide 250 665 26 Lee et al. (1985)
50 127 1
10 27 1

∼10 39 32 Heinrich et al. (1995)

5 30 2 Muhle et al. (1991)

Diesel soot 21 63.9 22 Heinrich et al. (1995)
7.5 23.7 5.5
2.4 6.3 0

Instillation 16 23 Kawabata et al. (1986)

8.2 20.8 12.8 Mauderly et al. (1987)
4.1 11.5 3.6
0.4 0.6 1.3

16.9 85 17.9 Nikula et al. (1995)
6.5 41 6.2

Carbon black ∼30 43.9 39 Heinrich et al. (1995)

Instillation 11 21 Kawabata et al. (1986)
Instillation 11 8

17.5 39 15.2 Nikula et al. (1995)
6.6 21 6.2

Toner 16 15.6 3 Muhle et al. (1991)
4 1.7 0
1 0.2 1

Talc 18 29.4 26 National Toxicology 
6 9.1 0 Program (1993)

Coal 167 96 11 Martin et al. (1977)

* All materials have low solubility and inherent toxicity



It is important to recognise that the adverse lung responses in these studies,
including lung tumours, were observed only at exposure levels which resulted in
impaired lung clearance and the resultant substantial increases in lung particulate
burdens. Lung burdens below those producing clearance impairment were not
associated with significant adverse effects. In this respect, the studies indicate that
the rat lung exhibits an enhanced generic response to high lung burdens of a
variety of different particles, all of which share the characteristics of being poorly
soluble and of low inherent toxicity, and that a threshold for particle induced
tumorigenicity exists.

2 . 3 . 4  R E L A T I O N S H I P O F L U N G

B U R D E N T O N E O P L A S T I C A N D

N O N - N E O P L A S T I C R E S P O N S E S A N D

T H E I R R E L E V A N C E T O M A N

The relationship of lung burden to neoplastic and non-neoplastic responses in the
rat lung has important implications for extrapolation to man. Some studies
mentioned above have suggested that retention of particles within the lungs of a
number of experimental species, apart from the rat, can result in responses which
show some correlation with responses in man. In contrast, the rat lung appears to
develop an enhanced response to the presence of particulates, which may progress
over time to tumorigenesis. It is evident that this is related to a high lung-dust
burden and is associated predominantly with lung overload, that is, where the
deposition and retention of the dust exceeds that removed by the normal
clearance mechanisms. Lung overload has been investigated by many groups and
is addressed in other papers in this collection. However, it is becoming apparent
that the term ‘overload’ may be used loosely to cover two separate phenomena,
which in turn may have further implications to man for occupational and
environmental exposure. The first, typified by the study on titanium dioxide by
Lee et al. (1985), represents the classical overload process as proposed by Morrow
(1988, 1992). Inhaled particles are deposited in the lung and phagocytosed by
alveolar macrophages. With continuing high-concentration exposure the
macrophages retain increasing cellular burdens of dust particles which impairs

32

TOXICITY AND MECHANISMS



their usual motility in the lung. The accumulation of dust-laden macrophages in
the rat lung initiates and promulgates the enhanced cellular responses described
earlier. These responses may be enhanced further by the proportion of the
particles that remain free in the lung or are released by macrophages entering the
interstitium. Overload and subsequent tissue responses in this context are
normally associated with particles of primary diameters of 0.5 µm or greater.

The second phenomenon is associated with particles of considerably smaller
primary size, normally less than 50 nm, which are commonly called ultrafine
particles. Such particles usually form aggregates when airborne and are inhaled
and deposited as such in the lung. Here, many will be phagocytosed as expected
but a relatively large proportion may become interstitialised directly and rapidly,
probably after total or partial break-up of the deposited aggregates.
Interstitialised particles are considered to promulgate a greater inflammatory
response than that arising from the mechanisms involving the larger-sized
particles. The net effect of long-term exposure of rats to ultrafine particles is that
a similar progression of inflammation, fibrosis and neoplastic events occurs to
that described earlier but at apparently lower gravimetric concentrations of the
particles in both the atmosphere and lung. For example, the Lee et al. study (1985)
required an atmosphere of 250 mg/m3 pigment grade titanium dioxide (primary
particle size approximately 1 µm) to induce lung tumours whereas Heinrich et al.
(1995) demonstrated a higher incidence of tumours in rats exposed to an
atmospheric concentration of 10 mg/m3 titanium dioxide of primary particle size
of 15–40 nm. While there is virtually no correlation between the gravimetric
concentration or lung burden and tumour incidence, it is evident that lung burden
in terms of volume and especially surface area provides a reasonable correlation
with the lung responses seen in the rat (Oberdörster, 1994).

Lung overload is not a rat-specific phenomenon. It occurs in most experimental
species exposed to similar high concentrations of dusts to those investigated in the
rat and has also been long recognised in man (e.g. King et al., 1956; Davies, 1963).
In man and experimental species apart from the rat, the main consequence of
overload is the development of increasing grades of pneumoconiosis without any
indications of neoplastic changes. There is also evidence in man for a more potent
response to occupational exposure to ultrafine particles (e.g. bauxite fume;
Gartner, 1952). Nonetheless, it appears that the rat stands out as a species that is
predisposed to developing an exaggerated response to particulate loading of the
lung and is currently the only species that demonstrates the potential to develop
lung tumours as a result of long-term exposure to low-toxicity dusts. Studies in
other experimental animals, although more limited than in the rat, show no clear
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evidence for any such relationship (Heinrich et al., 1995; Mauderley et al., 1996).
This apparent rat-specific phenomenon is considered to arise from the enhanced
inflammatory response of the rat lung to particulate loading, together with
differences in the inherent susceptibility to neoplastic transformation (Hext, 1994)
and as such, pulmonary tumours induced in the rat lung by low-toxicity
particulates can be considered as a rat specific phenomenon and as having
questionable relevance to man.
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2 .4  EP IDEMIOLOGY OF LOW-

TOXICITY DUSTS

CA Soutar

The Institute of Occupational Medicine, Roxburgh Place, Edinburgh, UK

2 . 4 . 1  I N T R O D U C T I O N

Questions for the regulatory scientist on the human health effects of low-toxicity
dusts include whether:

❐ current control limits are sufficient to prevent morbidity;

❐ exposure of humans to these dusts alters the risks of lung cancers; and 

❐ various dusts can be treated for regulatory purposes as though their effects
are quantitatively similar.

Industrial examples of low-toxicity dusts include titanium dioxide, barium
sulphate, calcium carbonate, gypsum, Portland cement, carbon black, graphite,
polyvinyl chloride (PVC), photocopier toner and some other plastics, rock
minerals (other than quartz) released in engineering and construction, and
coalmine dusts with low quartz content. Some natural organic dusts such as wool
and grain appear to have inflammatory and irritative effects broadly similar to
mineral dusts, but the possibility of an immunological component of the response
complicates interpretation.
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2 . 4 . 2  I N F O R M A T I O N R E Q U I R E D F O R

E P I D E M I O L O G I C A L S T U D I E S

Assuming that very high dust concentrations are potentially damaging in humans,
a quantification of health risks at low concentrations is required. For this to be
achieved, high quality information on exposure is necessary. Cumulative exposure is
an appropriate measure for insoluble dusts, whose effects may comprise a series of
small or continuous damaging processes which add up over time to an important
adverse health effect. The possible influence of short-term high exposures is not well
understood, and is difficult to investigate in relation to chronic effects.

For the purposes of these exposure–response studies it is customary to structure
the individual exposure estimates within a framework which attributes typical
exposures to occupational groups over relevant periods. For prospective studies it
is, in principle, a straightforward matter to design a monitoring programme which
adequately represents the exposures of all occupational groups. Retrospective
estimation of exposures is much more difficult, commonly because job records
may not describe the work in sufficient detail for tasks and work locations to be
identified, and may also give incomplete information on dust concentrations.
Concentrations may be matched to occupational histories variously at the level of
occupational group (broad), occupation (performed over several weeks or
months), job (performed on a particular day), and task (the work components
during a day). Available information on concentrations may need to be
supplemented by estimation or modelling of changes related to, for example, the
development of the plant, process, procedures, ventilation, use of personal
protective equipment and changes in job content.

Most low-toxicity dusts, by definition, were thought to be harmless, so the
epidemiological data are very sparse. Exposure–response studies, or at least very
good exposure information to supplement a prevalence study, will be required in
order to investigate morbidity. Studies meeting these requirements have been
published for carbon black, PVC and, of course, coalmine dust (Soutar et al.,
1980; Hurley & Maclaren, 1987; Gardiner et al., 1993). Coalmine dust is of fairly
low toxicity in animal and in vitro studies, as long as the concentration of quartz
is low (Martin et al., 1977; Gormley et al., 1979), and the mechanism of its well
known serious health effects was unknown until the overload hypothesis provided
a possible explanation (Bolton et al., 1983; Morrow, 1988). The very large
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amounts of dust found in some coalminers’ lungs indicate that the clearance
mechanisms had been overwhelmed, implying, on current theories of overload,
impairment of macrophage clearance and consequent inflammation. Information
from the large and reliable database on the quantitative effects of coalmine dust
can therefore make an important contribution to our understanding of the effects
of low-toxicity dusts, subject to considerations of comparability between dusts.

The requirements for mortality studies are also fairly stringent, in view of the
powerful influences of smoking habit, social class and regional variations on lung
cancer. Exposure–response studies are desirable, though well-designed population
mortality (ecological) studies may give an indication of the likelihood of a risk.

RE L EVANT HEALTH IND ICES

Health indices likely to be relevant to the chronic pulmonary inflammation
accompanying overload include non-specific symptoms of pulmonary disease
(chronic bronchitis, frequent respiratory infections, exertional dyspnoea), eventual
deterioration of lung function, and mortality from chronic bronchitis, emphysema
and possibly lung cancer. Note that the lung cancers arising from very large doses
of low-toxicity dusts in the rat are bronchiolo-alveolar, but this is a rare origin for
human lung cancers, most of which are bronchial. Thus the direct relevance of
these animal cancers to humans is not clear. The presence of small opacities on a
chest radiograph can be informative because it summarises the radiographic
appearances of retention of dust and any associated inflammatory and fibrotic
response. In some individuals with minor degrees of abnormality (low
profusions), small opacities may be the result, not of dust exposure, but of other
factors such as smoking or ageing.

2 . 4 . 3  N O N - M A L I G N A N T

R E S P I R A T O R Y D I S E A S E :

C O M P A R I S O N S B E T W E E N D U S T S

Some comparisons of the associations between different dusts and non-malignant
respiratory disease have been reported previously (Soutar et al., 1997), and are
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summarised here. Quantitative exposure–response information from
epidemiological studies has been considered for PVC dust, carbon black,
coalmine dust, and a toxic dust for comparison, crystalline silica (Soutar et al.,
1980, 1984; Hurley & Maclaren, 1987; Gardiner et al., 1993; Miller et al., 1995).
Data from workers exposed to kaolin in the china clay industry are also included
(Rundle et al., 1993).

RAD IOGRAPH IC APPEARANCES

Figure 2.4.1 shows the risks of profusion categories of 1/0 or greater for small
opacities for high carbon coalmine dust, silica, carbon black, PVC dust and kaolin
(Soutar et al., 1980; Hurley & Maclaren, 1987; Gardiner et al., 1993; Rundle et al.,
1993; Miller et al., 1995). Profusion category 1/0 represents slight but definite
abnormality, consistent with, but not necessarily diagnostic of, pneumoconiosis.

The risk estimates for coal and silica are reliable, being based on long-term
programmes of dust measurement (though the silica concentrations experienced
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were unusual). The risk estimates for carbon black and PVC are based on cross-
sectional surveys of dust concentrations, with assumed concentrations in earlier
years, and are consequentially less reliable, though not necessarily biased. The
PVC risk estimate is additionally uncertain since the radiographic interpretations
differed by reader (Soutar et al., 1980, 1981), and the results for one reader only
are presented here (the reliability of the estimate could be improved by combining
the interpretations of more readers). If the previous concentrations experienced
by the carbon black and PVC workers were greater than current conditions, the
risk estimates shown in Figure 2.4.1 would overstate the risks, and vice versa.

Bearing in mind these reservations, Figure 2.4.1 shows that, in comparison with
silica, PVC and coalmine dust are of relatively low toxicity and not obviously
different from each other, except that the exposure range was higher for coal than
PVC. The risks for carbon black appear to be intermediate, and may conceivably
be the result of the greater toxicity associated with the ultrafine particle size range
(Oberdörster et al., 1992), since, chemically, carbon black is relatively inert in
biological systems (Smith & Musch, 1982). The intermediate risks for the kaolin-
exposed workers may reflect the cytotoxicity of some kaolin dusts (Gormley et al.,
1979). As discussed elsewhere (Soutar et al., 1997), toxicological evidence suggests
that the response to PVC in the rat may be approximately similar in magnitude to
that to titanium dioxide and not greatly less than that to photocopier toner. Thus
it appears that the responses (measured by radiographic appearances) may be
quantitatively approximately similar for coalmine dust and at least some other
low-toxicity dusts.

LUNG FUNCT ION

In the context of non-specific lung disease from dusts, a relevant human response
is the direct effect of dust exposure on lung function. Figure 2.4.2 shows the
estimated average effects of cumulative dust exposure for PVC (Soutar et al.,
1980) and coalmine dusts in general (Soutar et al., 1984) on the forced expiratory
volume in 1 second (FEV1) of exposed workers. The exposure range for coalmine
dust was much wider than that for PVC dust, and the effects of coalmine dust
were not studied in detail in the range of PVC exposures. If PVC dust
concentrations had been higher in the past than currently measured, the risk
estimate could be overstated. Nevertheless, the relations shown do not provide any
evidence that the effect of coalmine dust is more severe than that of PVC dust, for
similar exposures.
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A slight increase in age-related decline of lung function has also been reported in
gypsum miners, though this result might have been influenced by the use of
externally derived control values (Oakes et al., 1982). Functional defects have
been observed in silicon carbide workers, though these exposures were mixed
(Osterman et al., 1989). Relationships between carbon black exposures and forced
expiratory volume were not clearly demonstrated by Gardiner et al. (1993). The
form of the relations between radiological abnormality, FEV, and silica exposure
is not the same as for coal or PVC (Miller et al., 1995). These data do not readily
permit comparisons of exposure–response relationships.

MORTAL I TY

Mortality from chronic bronchitis and emphysema is influenced by dust exposure
in coalminers, but mortality from lung cancer is low, and there is no evidence that
exposure to mixed dust influences the risk (Miller & Jacobson, 1985). A small
study of titanium dioxide workers showed no excess risk of lung cancer, but the
cohort was too small to detect small risks reliably (Chen & Fayerweather, 1988).

QUANT I TAT IVE R I SKS IN COALM INERS

Relations between exposure to coalmine dust and chronic bronchitis, lung
function defects, radiographic abnormalities or mortality from non-malignant
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respiratory disease are well established (Department of Health and Human
Services, 1995). Present interest is in the risks of these responses related to
exposure to concentrations in the region of present control limits for other low-
toxicity dusts. The reported statistical analyses were mostly intended to
summarise the exposure–response relationships over the whole range of
concentrations, and therefore may not necessarily represent accurately the risks
over low concentration ranges. A further series of analyses would clarify these
risks, but for curiosity’s sake we can examine the risks at low concentrations
suggested by the reported summary relationships.

For example, Marine et al. (1988) estimated the risk of a reduced FEV1 (65% of
predicted value) to be 8.5% and 5.0% in smokers and non-smokers respectively, in
miners at age 47 years after exposure for about 30 years to average concentrations
between 3.1 and 3.7 mg/m3 respirable dust (as defined by Orenstein, 1960).
Estimated risks at zero dust exposures were 5.0% and 3.2% respectively. This
population had been studied in the 1960s, and therefore a large part of their
lifetime exposure was estimated not measured. If these past exposures had been
underestimated, the exposure–response relations could have been overestimated,
though subsequent studies of lung function have tended to support the estimates.
A more recent study of miners in a colliery with a history of relatively high dust
levels demonstrated high dust-related risks of having a 942 ml or greater deficit in
FEV1. For example, a 35-year exposure to an average concentration of 5 mg/m3

respirable dust was estimated to be associated with risks of about 8% for non-
smokers and 30% for smokers (Soutar et al., 1993). Estimated risks for non-
exposed non-smokers and smokers were about 3% and about 11% respectively.
This result is not necessarily typical of collieries in general. Large functional
deficits like this were not found after exposure to PVC dust (Soutar & Gauld,
1983), in a factory where concentrations were mostly less than 2 mg/m3

(maximum job average 2.88 mg/m3).

2 . 4 . 4  I N F O R M A T I O N R E Q U I R E D

Epidemiological studies are needed to assess the risks of clinically important lung
function defects, symptoms and mortality in response to dust concentrations in
the range of current dust control limits. Available data sets, such as in coalminers,
would permit initial investigations. Comparable (though necessarily less
ambitious) exposure–response studies could follow to examine whether the risks
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are approximately similar for a selection of other representative low-toxicity dusts.
Selection of dusts ideally would enable investigation of the influence of particle
size distribution.

From an epidemiologist’s point of view, information from toxicological studies
would help investigations into whether all low-toxicity dusts have quantitatively
similar inflammatory effects in animals, and could also inform quantitative studies
on the influence of particle size distribution. The relevance to man of the lung
cancers in rats treated with enormous doses of low-toxicity dusts may be
established by high quality epidemiological studies as well as by toxicological
mechanistic interspecies comparisons.
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2 .5  A  CL INICAL  PERSPECTIVE

RJ McCunney

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

2 . 5 . 1  I N T R O D U C T I O N

Clinical issues regarding ‘low-toxicity’ dusts fall primarily into three categories,
diagnosis, treatment and prevention, all of which have unique research challenges.
Of contemporary interest in occupational medicine practice is the manner in
which exposure to inorganic dusts, which are not customarily considered
hazardous, may affect human health.

Over the past few years, environmental epidemiology studies have shown
consistent associations between ambient exposure to particulates and asthma,
chronic obstructive pulmonary disease (COPD), and other cardiopulmonary
ailments as assessed by hospital admission and other data (Dockery et al., 1993;
Pope et al., 1995a, b; Spurny, 1996; Choudhury et al., 1997; Garduna et al., 1997;
Wordley et al., 1997). In addition, long-term (2-year) animal inhalation
investigations have indicated an increased risk of lung tumours in rats exposed to
various inorganic dusts, including carbon black, titanium dioxide and nickel
oxide, among others (Mauderly & McCunney, 1996). This relative lack of
specificity regarding particles, in both population-based epidemiology studies and
animal investigations, has highlighted the need to address the scientific issues
appropriate for developing regulatory policy and corresponding controls for
exposures to dusts not customarily considered to be of high toxicity.

The purpose of this paper is to describe the role of the physician in the evaluation
of human exposure to inorganic dusts. Where appropriate, reference will be made
to recent environmental studies that have evaluated health risks associated with
exposure to ambient particulates. Further, the recommendations of a workshop
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sponsored by the National Institute for Occupational Safety and Health (NIOSH,
1998) on a similar topic will be summarised.

2 . 5 . 2  C L I N I C A L I S S U E S

Physicians may need to evaluate people who have been exposed at work or in the
ambient environment to dusts or other particulates. Corresponding challenges
include sorting out how air pollution affects a child’s asthma or determining the
significance of cough or shortness of breath in a warehouse worker (Lieberman &
Kane, 1997). Physicians are also called upon to determine the suitability of a
person to wear a respirator to prevent inhalation of dusts, and to uncover early
signs of lung disease in workers exposed to airborne powders, such as titanium
dioxide (Hankinson & Wagner, 1993).

In general, the effects of inhaled particles on health involve aggravation of
existing lung ailments such as asthma or COPD, or the onset of new symptoms in
an otherwise healthy person. Although the mechanistic fate of inhaled ‘inert’ dust
particles is not fully understood, it appears that alveolar macrophages play a
major role. Once the particle is deposited, inflammatory steps are initiated that
may lead to further damage such as fibrosis, resolution of the inflammation
without detriment, or particle retention. In general, the risks associated with
exposure to inorganic dusts depend upon the level and degree of exposure — in
short, how high a concentration and for what period of time. Key issues along this
continuum of exposure and effect include:

❐ the long-term significance of acute reversible symptoms;

❐ whether a threshold (or safe level of exposure) exists; and 

❐ what health end-points should be used in setting standards.

According to the recent Environmental Protection Agency criteria document
(Federal Register, 1998), certain groups appear at higher risk as a result of
exposure to particulates, including pre-adolescent children, (those less than
13 years old) the elderly, (those older than 65) and people with respiratory diseases
such as COPD and asthma (Abelson, 1997). The major health implications of
exposure to ambient particulates are:
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❐ premature mortality;

❐ aggravation of respiratory and cardiovascular disease (as indicated by
increased hospital admissions and emergency room visits, school absences,
work days lost and restricted activity days);

❐ changes in lung function and increased respiratory symptoms;

❐ changes in lung tissues and structure; and

❐ altered respiratory defence mechanisms.

From the clinical perspective, diagnostic modalities are effective primarily in
confirming dust-induced lung disease in advanced cases. It can be difficult to
assess the significance of certain symptoms such as cough or sputum production
in the context of normal lung function and chest films, which are the most readily
available diagnostic methods.

In the occupational setting, people described as atopic (i.e., predisposed to allergic
disorders) or with hyperactive airways are often considered at higher risk of dust-
induced lung disease. Prospective studies to test these hypotheses, however, are
lacking. Most of the observations are anecdotal, based on clinical observations
(Smith & McFadden, 1995).

What remains enigmatic about population-based epidemiology studies that link
particulates to adverse health effects is that concentrations of 20–30 µg/m3

precipitate such dire consequences (Utell & Samet, 1996). Increases in ambient
particle concentrations in the order of 20–40 µg/m3, for example, result in relatively
small increases in peripheral lung particle deposition (Utell & Samet, 1996). In
fact, human inhalation studies indicate that such particulate concentrations would
not aggravate, in an uninjured lung, ventilation perfusion ratios leading to
hypoxaemia sufficient to cause pulmonary oedema associated with exposure to
acid aerosols (Utell & Frampton, 1995). In the occupational setting, workers
exposed to low-toxicity dusts have been described as having responses ranging
from no adverse effects to minor symptoms to pneumoconiosis. Aside from people
with pre-existing asthma or lung disease, there do not appear to be specific factors
associated with an increased risk of dust-induced lung disease, apart from cigarette
smoking. Certain genotypes, however, appear to be associated with a higher risk of
cigarette-induced lung cancer (D’Errico et al., 1996; McCunney, 1998).
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When evaluating patients in the context of exposure to particulates, an accurate
diagnosis, proper treatment and appropriate recommendations for prevention are
essential. In an attempt at developing consensus on the clinical and research
dimensions on the effect of particles on lung disease, NIOSH sponsored a
workshop coordinated by the Association of Occupational & Environmental
Health Clinics in October, 1996 (NIOSH, 1998) Participants included physicians,
epidemiologists, industrial hygienists and other scientists, who were divided into
three groups to discuss proposals for clinical, preventive and research strategies,
and their recommendations were then presented at a plenary session. A summary
of the workshop discussions, supplemented by this author’s perspective as a
participant and an occupational physician, follows below.

D IAGNOS IS OF PART IC L E - INDUCED LUNG D ISEASE

An accurate diagnosis of lung disease addresses a person’s medical, occupational
and environmental history, along with the results of a physical examination and
ancillary studies. In conducting the history, the physician should enquire about
the person’s smoking status and symptoms related to the lungs. Work and
residence locations should be assessed for ambient air pollution. Where
appropriate, a detailed assessment of occupational history can be valuable This
should include information on the nature of the materials used, corresponding
control measures and symptom patterns in the context of exposure. The type of
symptoms, such as shortness of breath, (at rest, on exertion or in response to
exposure to certain materials) can help in determining causality.

A physical examination of the lung fields may be valuable when wheezing occurs
in asthma or crackles are auscultated in pulmonary fibrosis. In COPD
(emphysema), physical findings may include decreased breath sounds and
increased resonance to percussion.

A pulmonary function test and chest film often supplement the history and
physical examination in the diagnosis of lung disease. Pulmonary function testing,
a widely used screening and diagnostic method, employs reference values based on
a person’s age, height and sex to estimate impairment associated with both
obstructive and restrictive disorders (American Thoracic Society, 1991).
Pulmonary function studies, however, have wide 95% confidence intervals for
‘expected’ values. As a result, ‘normal’ values of forced expiratory volume can
range from 77% to 123% of predicted, based on the control group used for
comparison. Thus significant decrements in lung function can occur over a period
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of time even when an isolated result is considered ‘normal’, that is, within the 95%
confidence intervals. In assessing possible disease, therefore, a review of interval
changes in lung function is more likely to yield important information on a
person’s response to particulates. Moreover, the well recognised age-related
decline in pulmonary function, (about 30 ml per year) should be considered in
evaluating progressive impairment. Through sequential evaluation of pulmonary
function tests a physician can determine whether an accelerated decline warrants
more detailed investigation. Pulmonary function testing conducted cross-shift,
that is, pre- and post-exposure, can also shed light on acute obstructive disorders
due to exposure to some dusts, especially allergens.

A further challenge in assessing lung disease due to particulates is the question of
when to advise removal from the source of exposure. Most authorities recommend
that any accelerated decline in forced expiratory volume in 1 second (FEV1), or
progression of clinical symptoms in the face of exposure, warrants removal
(Hankinson, 1993). According to the American Thoracic Society, a 1-year 15%
decline in FEV1 is sufficient to consider the person at risk of impairment, whatever
the absolute value of the FEV1 (American Thoracic Society, 1991).

The chest film, a time honoured method of diagnosing all forms of lung disease,
also has a role to play in assessing effects of particle exposure. Chest films,
however, are unlikely to show abnormalities following short-term exposure to a
particulate (acute silicosis, however, is a rare exception) or in asthma. In contrast,
long-term exposure may result in a variety of linear and irregular opacities on the
film, findings that may also occur in unexposed groups (Meyer et al., 1997).

In general, a comprehensive medical examination, supplemented by a chest film
and well conducted pulmonary function studies, will yield sufficient information
to diagnose clinically significant disease. It should be recognised, however, that
certain biological processes, such as pulmonary inflammation or fibrosis, may not
be detectable by these methods. In contrast, certain ‘abnormalities’ on the chest
film (i.e. small opacities) due to exposure to dusts are not customarily associated
with symptoms, decrements in lung function or an increased propensity to
develop serious illnesses such as cancer. In certain settings, however, more
sophisticated diagnostic tools may be used either to evaluate symptoms or address
ambiguous findings on the chest film or lung function testing. For example,
computerised tomography (especially the high resolution variety) and magnetic
resonance imaging can enhance the clinician’s diagnostic accuracy. At times, more
invasive procedures can be instrumental in shedding light on the cellular and
biological response to inhaled particulates. Bronchoalveolar lavage (BAL), a
routine procedure in which saline is instilled into the bronchial passages, allows
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for the assessment of the type and concentration of cells and other mediators
involved in the inflammatory process. (Ettensohn et al., 1988) In fact, attempts at
correlating BAL data in man with results of certain animal studies may uncover
mechanistic responses to inhaled particles.

Although not routinely available, the use of energy dispersive X-ray analysis
(EDXA) can identify particles engulfed by alveolar macrophages or present in
digested lung tissue and biopsy samples. (Abraham et al., 1984; Johnson et al.,
1986) In the few studies that report on this technique, particle concentrations in
lung tissue appear both substantial and to correlate with levels of dusts in the
ambient environment, primarily silicates derived from soil (Stettler et al., 1984;
Churg, 1991). EDXA can also be helpful in ascribing causality of certain lung
ailments to particulate exposure (McCunney & Godefroi, 1989).

2 . 5 . 3  P R E V E N T I O N O F P A R T I C L E -

I N D U C E D L U N G A B N O R M A L I T I E S

The method for prevention of lung disease from exposure to dust particulates is
strikingly clear — eliminate the exposure! This approach, which is feasible only in
isolated settings, prompts the need for other methods of control.

The working group convened by NIOSH formulated a number of
recommendations to prevent particle-induced-lung disease.

❐ Earlier assessment of biological effects of airflow limitation. Despite its
limitations, measurement of FEV1 was regarded as the first step.

❐ Respiratory symptoms should be assessed by a uniform questionnaire, such
as the type developed by the American Thoracic Society or the UK
Medical Research Council. Uniform methods of questionnaire
administration were also advised.

❐ Acute irritant symptoms after particle exposure should be recognised as
indicative of early airway effects that may presage chronic ailments. Such
symptoms should prompt a review and corresponding control of the source
of exposure.
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Further efforts to prevent chronic airways disease from particulate exposure
include the application of measures that can be employed in screening settings,
such as:

❐ assessing annualised changes in FEV1;

❐ addressing cross-shift changes in FEV1 to uncover acute obstructive
abnormalities; and

❐ considering tests to assess bronchial hyperactivity; people with this
condition (estimated at 5–15% of the general population) appear to be at
greater risk of developing airways disease from particulate exposure;
observations have been based primarily on clinical assessments as there
have been no prospective studies to document such an assertion.

Prevention clearly involves adequate control of the use and generation of
particulate material. To develop a firm scientific basis for prioritising control
measures the NIOSH working group proposed using the following measures to
characterise particulates uniformly:

❐ total mass, number and surface area;

❐ irritant potential;

❐ absorbency;

❐ bioreactivity;

❐ immunogenicity;

❐ durability; and

❐ physical dimensions and morphology.

Since most environmental data associated with adverse health effects are based on
particles of less than 10 µm, sampling of particulates of less than 2.5 µm will be
necessary. In fact, recent toxicology studies suggest a more damaging effect on the
lungs from exposure to ultrafine particles (Oberdörster et al., 1995).
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The NIOSH working group noted that some industrial operations may require
special attention if particulate exposure is to be reduced, especially those
processes using high-temperature combustion. Control strategies include
substitution with less hazardous materials, using specialised engineering devices,
the isolation of the worker and the use of personal protective equipment.

2 . 5 . 4  P R O P O S E D R E S E A R C H

The health implications of exposure to dust particles have aroused the research
interests of professionals in toxicology, clinical medicine and epidemiology,
among other disciplines. A NIOSH working group of such professionals
discussed potential research studies, including which specific types of dusts to
study. The working group described a variety of dusts worthy of investigative
attention, including biological agents, sulphates, irritants and various inorganic
dusts, as well as soil. The problems associated with mixed dust exposures, a
classification of practical importance in light of the diverse sources of particulates
in the ambient environment, were also recognised.

Another research item proposed was the evaluation of the effectiveness of the
clinical tools used for screening, diagnosing and treating particulate-induced lung
ailments. Investigations into whether a threshold exists for particle-induced lung
effects, which has already been found for brown coal dust, might prove beneficial
in standard setting (Finocchiaro et al., 1997). Advanced non-invasive imaging
techniques, in conjunction with research on lung pathology associated with
particulates, can be used to correlate clinical assessments with tissue damage.
Autopsy data, when used in association with clinical findings, can facilitate
understanding of the pathogenesis of particulate-induced pulmonary disease.

The importance of developing biomarkers indicative of early, preferably reversible
lung damage was emphasised. One such biomarker, a low molecular weight
protein secreted by pulmonary Clara cells, offers particular promise, but more
studies are needed to investigate its value (Bernard et al., 1994; Bernard &
Lauwerys, 1995).
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The group emphasised that a comprehensive research effort on dust-induced lung
disease requires coordination of epidemiological, clinical and toxicological
expertise. For example, the lung overload phenomenon that has been described in
laboratory rats needs clarification regarding human risk assessment (Mauderly &
McCunney, 1996). To gain a clearer understanding of the human significance of
the rat studies, and in the light of the lack of cancer risk in coalminers, an
interspecies assessment of coal-dust exposure in the rat, mouse and hamster was
recommended. Coalminers were recognised as a distinct occupational cohort in
which lung overload may have occurred.

The need to refine the industrial hygiene metrics used to assess exposures to dusts
was identified. Uniform methods of dust sampling require attention to both the
equipment used and the size of the particle assessed. An enhanced
characterisation of particles, including factors such as their mass, surface area and
tendency to agglomerate, was recognised as potentially helpful information in
categorising risk.

2 . 5 . 5  S U M M A R Y

Exposure to dusts, traditionally considered of low toxicity, may result in acute
(usually reversible) pulmonary symptoms, occasional abnormalities visible on a
chest film and, rarely, compromised lung function. Further research is necessary
to:

❐ characterise groups at special risk (i.e. smokers, those with asthma,
hyperactive airways or certain genotypes);

❐ improve diagnostic sensitivity in assessing early pathological changes;

❐ enhance the exposure metrics used to characterised the dusts;

❐ understand the significance of rodent studies in which the lung overload
phenomena has occurred; and 

❐ assess the prognostic implications of certain reversible symptoms, such as
cough or shortness of health, in the context of dust exposure.
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2 .6  MECHANISMS FOR

TOXICITY: IN VITRO

K Donaldson* 

Biomedicine Research Group, Napier University, Edinburgh, UK

2 . 6 . 1  I N T R O D U C T I O N

The aim of this paper is to outline the possible in vitro test strategies that might
be used to explore low-toxicity dust-mediated lung injury and to focus especially
on the phenomenon of overload. In vitro studies may elucidate mechanisms and
may also provide part of a test framework for determining whether a dust
considered to be of low toxicity might be especially likely to cause lung injury or
overload.

The term ‘toxicity’ is taken here in a broad sense to mean an adverse effect on the
lung that leads to disease. Since all the dusts described here are, by definition, low
in toxicity, any toxicity is likely to arise only at a high dose of the dust in the in
vitro system. Consideration should be given to the most appropriate dose measure,
since dose expressed as particle number or surface area may be more appropriate
for low-toxicity dusts than the conventionally used mass metric.

Low-toxicity dusts, by definition, have their effects only at high exposure levels
and the phenomenon of overload is considered central to the lung injury that
arises. Overload, as it is classically described, (e.g. papers in Mauderly &
McCunney, 1996) is an in vivo phenomenon arising at high airborne mass
concentrations of respirable particles. Such concentrations result in high levels of

* I would like to thank Lang Tran and Dr Anna Clouter for critical reading of the
manuscript



deposition of particles that in turn lead macrophages to phagocytose high
volumes of particles. Such is the continuing rate of deposition during ongoing
high exposure that the capacity of the macrophages to phagocytose is eventually
exceeded. This, in turn, causes impairment of macrophage mobility and
prolonged interaction between the non-phagocytosed particles and epithelial cells,
leading to impairment of dust clearance, inflammation, proliferation and
interstitialisation of the particles (Mauderly, 1996).

Overload is clearly a complex phenomenon involving a number of target cell
populations (e.g. macrophages, epithelial cells and interstitial cells) and inter-
related processes (e.g. inflammation, clearance, proliferation). These complex
processes cannot be mimicked in vitro, but it is possible to isolate and simplify key
aspects of the lung–particle interaction which could be important in low-toxicity
dust-mediated injury and overload. By asking specific questions and posing
hypotheses it should be possible to illuminate the mechanism of low-toxicity dust-
mediated injury and overload and possibly point the way to predictive testing.

STANDARD REFERENCE LOW-TOX IC I TY DUSTS

As with all studies of particles, the availability of standard reference samples
greatly aids the interpretation of data within experiments and between
laboratories. In the case of low-toxicity dusts this is particularly important, and
standard reference low-toxicity dust samples, held centrally, should be made
available to investigators.

2 . 6 . 2  T O X I C I T Y T E S T S

Although the basic premise relating to the dusts under consideration here is that
they are of low toxicity, it is likely that such dusts do have a degree of inherent
toxicity but that conventional in vitro tests are not sufficiently sensitive to detect
slight differences between such dusts. However, a battery of tests could be devised
which would supply more extensive information on toxicity than is normally
provided and might pick up variations in toxicity between dust samples, allowing
the low-toxicity dusts to be placed in categories of relative toxicity.
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Critical short-term in vivo testing of representative dusts could then be carried out
to validate the groupings. Tests that might be used are described briefly below.

CEL L DEATH OR DAMAGE

The tests that are used to detect cell injury tend to utilise either macrophages or
epithelial cells, although other cell types are occasionally used. The assays
measure ability to damage the plasma membrane, impair electron transport or
prevent colonial growth; this last outcome could be a result of either of the first
two or of a more subtle effect in suppressing the proliferation mechanism of the
cell. A summary of these assays is shown in Table 2.6.1.

Table 2.6.1 In vitro tests of particle toxicity

Toxic effect Cells used Test
Plasma membrane damage Macrophages or epithelial cells Trypan Blue exclusion

51Cr release
LDH release

Erythrocytes Haemolysis

Impaired electron transport Macrophages or epithelial cells MTT assay

Colonial growth prevented Dividing cells Colony forming assay

LDH, lactose dehydrogenase; MTT, 3- (4,5- dimethyl thiazol-2-yl)- 2,5- diphenyl tetrasodium
bromide

PHAGOCYTOS IS AND MIGRAT ION

The ability of particle load to exceed the phagocytic potential of the macrophages
is considered central to the overload phenomenon. Impaired macrophage
migratory function has also been noted during overload (Warheit et al., 1997a).
Thus macrophages with an accumulating load of phagocytosed particles may be
associated with both a decreased ability to phagocytose further particles and a
decreased ability to migrate, with their particle burden, to the mucociliary
escalator. Both of these are important factors in the accumulation of dose in the
lung and subsequent overload. It is possible to assess the effect of a given dose of
test dust by the macrophages’ ability to phagocytose a further test particle, for
example by using fluorescent beads or radioactively labelled particles as markers.
In the case of fluorescent particles the effect can be determined accurately and
speedily using flow cytometry. If the test dust particle itself could be radioactively
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labelled, then the ability to further phagocytose such particles could be
determined directly.

Morrow (1988) has calculated, and Oberdörster and co-workers (1992) have
confirmed experimentally, that a phagocytosed volume of around 600 µm3 of a
non-toxic dust per rat alveolar macrophage causes immobilisation and inhibits
clearance; the onset of clearance inhibition was calculated to occur at a volume
load of 60 µm3 per macrophage (Morrow, 1988). It may be possible, using
standardised in vitro conditions, to load macrophages to standard volumes with
test particles and assess their ability to chemotact toward standard chemotaxins
(e.g. Warheit et al., 1997a). This may prove difficult in practice but it should be
possible to compare the ability to migrate in macrophages exposed to a standard
mass of low-toxicity dust.

I N F LAMMATORY MED IATORS

During overload, the development of inflammation is likely to be a result of :

❐ the high macrophage particle load leading to stimulation of release of pro-
inflammatory mediators; and

❐ the increased interaction of particles with epithelial cells causing secretion
of pro-inflammatory mediators.

The ability of a test low-toxicity dust to cause release of pro-inflammatory
mediators should be assessed in target macrophages and epithelial cells as shown
in Table 2.6.2.

EP I THE L IA L CE L LS

Particles first deposit on epithelial cells, and interactions with epithelial cells could
be an important factor in dictating their subsequent phagocytosis by
macrophages. Damage to epithelial cells arising from contact with dust particles
could stop short of frank toxicity and be manifest as loss of the integrity of the
epithelial barrier. This can be studied in vitro by the use of assays of the
permeability of epithelial cells grown in monolayers. In these studies the barrier
that a confluent epithelial monolayer presents to the passage of radioactively-
labelled protein, sugar or other suitable marker, or electrical resistance across the
monolayer, is used as a measure of the integrity of the tight junctions that
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maintain the epithelial barrier (e.g. Li et al., 1994). Increased permeability of these
epithelial monolayers following the addition of particles and in the absence of
evidence of toxicity can be taken as a measure of loss of tight junctions. Some
particles may have particular ability to compromise epithelial barrier integrity and
this could be tested using the appropriate test system.

The binding of particles to cells occurs via receptors in the case of some particles
(e.g. Kobzik, 1995) but, overall, little is known of the specific nature of these sites.
However Churg and co-workers (Keeling et al., 1993, 1994) have demonstrated
that some particles are ‘taken up’ readily by epithelium and that oxidative stress
plays a role in this phenomenon. Any particle that showed special avidity for the
epithelium, or uptake by it, would be more likely to gain access to the interstitium.
Binding studies and uptake studies are therefore warranted in investigations of the
relative harmfulness of low-toxicity dusts.

MIXED CEL L CULTURES

There have been several attempts to mimic more closely the lung milieu in vitro
through the use of mixed cell cultures of, for example, epithelial cells and
macrophages (e.g. Warheit et al., 1997b). These are difficult to work with but
could represent an important approach to the low-toxicity dust problem. For
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Table 2.6.2 Cells, mediators and their role in inflammation
Mediator Cell type Role
Cytokines Macrophages, Recruitment of inflammatory cells

epithelial cells

e.g. TNF-α, IL-8, TGF-β, Activation of inflammatory cells 
PDGF

Mitogenic effects and gene 
expression in epithelial cells and 
interstitial cells

Oxidants Macrophages, Cell injury 
epithelial cells

e.g. superoxide anion, hydroxyl Stimulation and gene expression in
radical target cells

Eicosanoids Macrophages, Chemotaxis 
epithelial cells

e.g. prostaglandins, leukotrienes Effects on microvasculature

IL-8, interleukin-8; PDGF, platelet-derived growth factor; TGF-β, transforming growth factor-β;
TNF-α, tumour necrosis factor-α



example, in a mixed cell culture, epithelial function (e.g. resistance of monolayers,
inflammatory mediator gene expression, toxicity) could be assessed after the
addition of particles in the presence or absence of macrophages. The relative
ability of the macrophages to phagocytose effectively and ‘protect’ the epithelium
from different types of dusts could therefore be assessed. Such studies could
produce important hypotheses for testing in more simplified systems.

MODULAT ION BY LUNG L IN ING FLU ID

The components of the lung lining fluid are known to have an important
modulating effect on the interaction of cells and particles and can both up-
regulate or down-regulate the stimulatory effects of some particles.
Immunoglobulin coating of fibres can up-regulate the cytokine and oxidative
burst response they elicit (Donaldson et al., 1992; Hill et al., 1995) and surfactant
can down regulate the respiratory burst response (Brown et al., 1998). Wallace and
co-workers (Liu et al., 1997) have demonstrated that the lipid component of lung
lining fluid can protect against macrophage cell membrane damage caused by
quartz but that subsequent residence of quartz in the cell can allow the
development of toxicity, as the coating is enzymically removed. The inclusion of
lung lining fluid in toxicity testing of low-toxicity dusts, and incorporation of time
courses which allow any modifying effect of the cell on the coating, should
therefore be considered.

Lung lining fluid also contains complement, and chrysotile asbestos has been
shown to activate complement in lung lining fluid (Warheit et al., 1986). For some
low-toxicity particles, at high dose in the lung lining fluid, complement may be a
factor in the production of inflammation via generation of the chemotactic
anaphylatoxins C5a and C3a; C3b bound to the particle surface may be a further
modifying factor in phagocytosis of the particle.

2 . 6 . 3  P A R T I C L E P A R A M E T E R S

In addition to considering the effect of the particles in causing toxicity to cells,
some studies of the characteristics of the test dust itself could illuminate toxicity.
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SHAPE

Little is known of the role of particle shape in dictating toxicity or affecting cell
function, but studies with asbestos suggest that a fibrous shape imbues a particle
with toxicity. Scanning or transmission electron microscopy analysis could
provide morphological data.

CHEM ISTRY OF THE PART IC L E SURFACE

The presence of directly toxic elements such as arsenic or lead, or transition
metals such as iron or copper, which can be involved in the formation of reactive
oxygen species (Stohs & Bagchi, 1995), could explain toxicity. Intervention with
specific metal chelators may give information on the role of such metals. The
ability of particles to cause oxidant injury via surface radicals or transition metals
can be assessed using techniques such as electron spin resonance (e.g. Vallyathan
et al., 1988) or use of molecules such as DNA that act as sensors for the radicals
(e.g. Gilmour et al., 1995).

S I Z E

Ultrafine particles of, for example, titanium dioxide (Ferin et al., 1992) and
carbon black (Li et al., 1996) have been found to have greater inflammogenicity in
the rat lung than respirable sized but non-ultrafine particles of the same material.
Electron microscopic examination of the particle size distribution would
determine whether an appreciable ultrafine component was present which might
indicate that this might be a factor in any low-level toxicity. Separation of the
ultrafine from the fine components and testing of the individual fractions could
yield important information on the role of the different sized fractions.

2 . 6 . 4  K E Y I S S U E S

GENERAL I SAB I L I TY AND IMPACT ON TEST ING STRATEGY

There is no reason to suspect, given the broad spectrum of, for example,
composition and size of low-toxicity dusts, that a single test is likely to pick up
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toxicity in all of them. It is possible to imagine that, for four ‘non-toxic’ dusts that
are toxic at high dose, dust 1 has its effects via minimal toxicity to cells because of
trace amounts of a toxic metal, dust 2 has its effect at high lung dose via its ability
to activate complement and cause inflammation, dust 3 has trace amounts of a
transition metal that generates hydroxyl radicals and causes oxidative stress and
dust 4 has a significant proportion of ultrafine particles.

A key problem is the paucity of toxicological data for many low-toxicity dusts and
whether it is possible to extrapolate from those few dusts for which there are good
data to all low-toxicity dust. If the whole group of dusts classified as low toxicity
had no (or low) activity in a panel of in vitro tests, then this would give confidence
in extrapolating from the few dusts for which there are good toxicological data, to
all dusts. Alternatively, and as seems more likely, if they do score differently from
each other in these tests then dusts could be allocated to different toxicity
categories. A strategy of critical short-term in vivo testing of the members of each
category would reveal the validity of the in vitro testing strategy.

RESP I RABL E VERSUS TOTAL DUST INTAKE

The paradigm that is used here focuses on overload as the primary mechanism of
low-toxicity dust-mediated damage to the lung, a phenomenon of the peripheral
lung centred on the alveolar macrophage; this therefore concentrates on the
respirable fraction of dust. Further research is needed to clarify whether there can
be overload of the mucociliary escalator resulting from larger particles of dust
depositing further up the respiratory tract and whether this impacts on overload
of the peripheral lung.

T EST ING STRATEG I ES

Further knowledge gained on the mechanism of low-toxicity dust mediated lung
injury, particularly the overload phenomenon, should allow further refinement of
the in vitro approaches described here.
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2 . 6 . 5  C O N C L U S I O N S

❐ Low-toxicity dusts of different types are likely to have variable toxicity which
would be detectable in a range of in vitro tests. On the basis of the results of
these tests, dusts may be categorised as low, medium or high toxicity.

❐ Different dusts could have toxic effects via different mechanisms, so a wide
range of tests would be required. By definition toxicity would only be
expressed at high dose.

❐ The in vitro data could be used as the starting point of a tiered, phased overall
strategy of testing selected non toxic dusts from the different categories in a
small number of confirmatory short- and long-term animal studies.

❐ This strategy could provide the necessary information on whether we can
generalise across all non-toxic dusts and could identify those that depart
from the overall anticipated pattern of low toxicity.

STRATEGY FOR LOW-TOX IC I TY DUST TEST ING US ING IN
V I TRO STUD I ES AS A START ING POINT

❐ Phase 1. Test a large panel of low-toxicity dusts in a range of in vitro tests
and classify dusts into categories of relative toxicity — low, medium and
high.

❐ Phase 2. Select exemplars from Phase 1 and test them in short-term, high
exposure animal studies, adjusted for equal deposition and with end-points
of overload.

❐ Phase 3. Select exemplars from Phase 2 for long-term testing for disease
and overload end-points 
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2 .7  MECHANISTIC

CONSIDERATIONS FOR

TOXICITY ASSESSMENTS:

IN VIV O

DB Warheit

DuPont, Haskell Laboratory for Toxicology and Industrial Medicine,
Newark, USA

2 . 7 . 1  I N T R O D U C T I O N

The relevance to human health effects of the rat lung tumour response to overload
particle concentrations in inhalation bioassays is a controversial issue. The results
of numerous bioassays have demonstrated that long-term inhalation exposures of
rats, hamsters or mice to dusts at high concentrations lead to impairment of
particle clearance or so-called lung overload effects. In rats, but not to any degree
in mice or hamsters, long-term exposures to low-solubility particulates lead to
dust overload-related lung pathology, resulting in epithelial hyperplasia,
metaplasia and subsequently the development of lung tumours (see Tables 2.7.1
and 2.7.2). It has been postulated by many investigators that particle-induced,
persistent pulmonary inflammation and cellular proliferation are important
factors in the development of lung tumours. In addition, based upon the existing
coal dust epidemiology data, it has been considered that the human response to
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dust overload concentrations may be very different from the pulmonary responses
observed in dust-exposed rats. Indeed, this view was supported by the
Environmental Protection Agency’s (EPA) Clean Air Science Advisory
Committee, a group of independent scientists who suggested that the mechanisms
associated with the rat pulmonary tumour response to diesel exhaust may be
unique to that species and that these studies are not relevant for risk assessments
in humans. This suggestion is supported by experimentalists who have concluded
that the dust-induced lung tumours may well be rat specific and thus problematic
for human risk evaluation (Levy, 1996).

This brief background paper will summarise some of the important in vivo
mechanistic issues related to the pulmonary toxicity assessments of low-toxicity
dusts. Included in this discussion are:

❐ the current postulated mechanisms associated with the rat lung tumour
response to inhaled dusts;

❐ the justification utilised by the American Conference of Governmental
Industrial Hygienists Inc. (ACGIH) for the current threshold limit value
for particulates not otherwise classified (TLV PNOC) standard; and 

TOXICITY AND MECHANISMS

69

Table 2.7.1 Severity of pulmonary lesions after exposure to high concentrations of
particles* 

Animal species
Lung lesion Rat Mouse Hamster
Inflammation ++/+++ +/++ +
Hyperplasia ++/+++ (+)/+ +
Squamous metaplasia +/++ no no
Fibrosis ++ +/++ +
Tumour yes no no

* talc, titanium dioxide, carbon black: rat, mouse; titanium dioxide: hamster

Table 2.7.2 Non-fibre solid particles carcinogenic in rats exposed heavily by
inhalation or instillation
Activated carbon Nickel oxide
Antimony ore Nickel subsulfide
Carbon black Petroleum coke
Coal dust Quartz
Diesel soot Talc
Hematite Titanium dioxide
Magnetite Volcanic ash



❐ some recent experimental evidence which suggests that the pulmonary
responses to particles in primates is very different from either rat or mouse
and hamster responses — if confirmed, the findings of significant
differences in responses to inhaled particulates between species could have
an important impact on the relevance of data from the rat for utilisation in
the risk assessment process.

2 . 7 . 2  P O S T U L A T E D M E C H A N I S M S O F

D U S T - M E D I A T E D P U L M O N A R Y

E F F E C T S I N T H E R A T

There is increasing evidence that long-term inhalation of a variety of low-
solubility particulates in the rat has resulted in the development of pulmonary
tumours. The test particulates have ranged from titanium dioxide particles,
generally considered to be of low biological activity, to crystalline silica particles,
which are recognised as cytotoxic to the lungs. Moreover, it has been suggested
that an inverse relationship exists between the potency of the particle-type and the
particle lung burden associated with tumour development. Thus, exposure
concentrations of silica at 1 mg/m3 (cumulative exposure equivalent to
3120 mg/m3/h) produced an 18% lung tumour response, whereas exposure to
pigment-grade titanium dioxide particles at 250 mg/m3 in rats (cumulative
exposure = 780 000 mg/m3/h) was required to generate a similar lung tumour
incidence (Hext, 1994).

It is generally recognised that, in rats, repeated exposures to high concentrations
of low-toxicity, insoluble particulates can result in impaired clearance and
enhanced retention of particles in the lung, as well as increased translocation of
particles to lymph nodes (Oberdörster, 1988; Warheit et al., 1997). The particle
clearance impairment corresponds to deficits in macrophage clearance functions,
such as phagocytosis and chemotaxis (Warheit et al., 1997). In addition, the
inability to clear particles effectively correlates temporally with the development
of sustained pulmonary inflammation and enhanced epithelial cellular
proliferation (Warheit et al., 1996, 1997). The cascade of dust-induced factors,
namely sustained inflammation, and cell proliferation and hyperplasia, is known
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to lead to a spectrum of pulmonary lesions, which include pulmonary fibrosis and
lung tumours (Hext, 1994; Driscoll, 1996).

Evidence from recent studies suggests that sustained pulmonary inflammation
and particularly inflammatory cell-derived oxidants provide a mechanism through
which high-dose exposures to particles can produce genotoxic effects in the
peripheral lung of exposed rats. The combination of marked persistent
inflammation and epithelial hyperplasia resulting from exposure to crystalline
silica or carbon black particles enhances the likelihood of genetic alterations,
which could conceivably lead to the occurrence of neoplastic transformation.

In support of this proposed mechanism are data from studies on crystalline silica
and other insoluble particles which have been shown to produce pulmonary
tumours in rats. Moreover, the results of in vivo and in vitro studies have
demonstrated that a number of particulates can activate the production (by
pulmonary cells) of both inflammatory and growth stimulatory factors as well as
reactive oxygen and nitrogen species. In addition, several in vitro models have
demonstrated a role for inflammatory cells in genotoxic responses. In these
studies, activated neutrophils or monocytes, or both, produced genotoxic effects
and this was attributed to the release of reactive oxygen species. The results of one
study demonstrated that inflammatory cells taken from the lungs of rats exposed
to high doses of quartz and carbon black particles were mutagenic to alveolar
epithelial cells (Driscoll et al., 1996). Thus there is evidence that inflammatory
cells, including those elicited in the rat lung by particle exposure, can produce
genotoxic responses via the release of oxidants.

An inflammatory mechanism for the induction of lung tumours after particulate
exposure could help to explain species differences in response; the findings on
the mutagenic activity of quartz and carbon black-elicited inflammatory cells
are based on studies using rats (Driscoll et al., 1995, 1996). A marked difference
in particle-induced pulmonary inflammation in the rat may explain its apparent
sensitivity to lung tumour development following exposures to a variety of low-
solubility particulates. A high degree of sensitivity of the rat to the development
of lung tumours after long-term particle exposure is further indicated by studies
demonstrating that other rodent species (i.e., hamster and mouse) do not
develop pulmonary tumours following exposure to many of the same dusts — a
species difference that cannot be attributed to differences in lung particle dose
(Heinrich, 1996).
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2 . 7 . 3  T H R E S H O L D L I M I T V A L U E S

F O R P A R T I C L E S N O T O T H E R W I S E

C L A S S I F I E D

In 1993, the ACGIH Committee re-evaluated their classification criteria for TLVs
for low-toxicity dusts. Formerly referred to as ‘nuisance dusts’, these materials
were characterised as PNOC and are broadly defined as particulates generated
from any source which may be composed of a single compound or a mixture of
substances (ACGIH, 1994).

The TLV for PNOC is not based on the inherent chemical toxicity or potency of
the individual compound or mixture, but on the potential toxicity caused by
physical overloading of normal pulmonary clearance mechanisms. These
concepts have been developed by Morrow and colleagues (Morrow 1988, 1992;
Morrow et al., 1991) and Oberdörster (1988, 1996) and colleagues, who have
proposed that the physiological manifestation of particle overload is characterised
by altered macrophage function, sequestration of particles and enhanced lung
burdens. Specifically, these effects can be attributed to deficits in macrophage
clearance functions, including macrophage mobility and phagocytic capacity, and
have been experimentally derived and quantitated in rats, based on particulate
volume measurements. Morrow has suggested that the overload mechanism is
initiated when the particulate volume exceeds 60 µm3 per alveolar macrophage for
the Fischer 344 rat, and that alveolar macrophage-mediated particle clearance is
inhibited when the particulate volume exceeds 600 µm3/cell (Morrow, 1988, 1992).

Pritchard (1989) extrapolated the data from rats to humans and concluded that
the former TLV value of 10 mg/m3 total dust for nuisance dusts was an order of
magnitude too high. Kreyling (1990) reported on interspecies variability of lung
clearance parameters and concluded that the results demonstrated slower
clearance patterns for humans, dogs, F344 rats, hamsters and mice when
compared to baboons, HMT rats, and Long-Evans rats. Kreyling concluded that
slower particle clearance in humans corresponded to a retained dose which was
significantly elevated in humans when compared to the rodent species. Based
upon particle studies in the rat, Morrow et al. (1991) postulated that a respirable
dust limit should not exceed 1 mg/m3 unit density material and that the limit for
different particulates could be expressed as 1 mg/m3 times unit density of the
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particle. Hence, according to this formula, an exposure concentration of
4.3 mg/m3 respirable-sized titanium dioxide particles would be equivalent to
1.1 mg/m3 respirable toner, 2.8 mg/m3 respirable limestone or 3.0 mg/m3

respirable calcium sulphate. It seems likely that, in setting a limit of respirable
PNOC at 3.0 mg/m3, the strategy of the TLV Committee was to protect against
particle overload, and thus to ensure that pulmonary clearance mechanisms
could be functionally maintained. It is interesting to note, however, that the
primary justification for this TLV value of 3.0 mg/m3 respirable dust is based
upon particle studies in rats. The results of interspecies comparison studies which
are described below indicate that particle clearance patterns in rats and other
rodents may have limited relevance for humans.

2 . 7 . 4  S P E C I E S D I F F E R E N C E S I N

L U N G R E S P O N S E S T O I N H A L E D

L O W - T O X I C I T Y P A R T I C L E S

Snipes (1996) recently reviewed the available literature comparing the pulmonary
clearance and distribution effects of high concentrations of inhaled dusts in
rodent and non-rodent mammalian species. He concluded that the clearance of
inhaled dusts in rats is relatively rapid. In contrast, larger mammals, including
humans, exhibit slower lung clearance patterns following exposures to inhaled
dusts. Moreover in the rat a large proportion of the inhaled dust burden is
contained within alveolar macrophages, while the larger, non-rodent species retain
dust predominantly in the pulmonary interstitium. As a consequence, high dose
and long-term inhalation of dusts by the larger mammalian species is likely to
result in dust accumulation patterns which are different from those observed in
rats, which clearly would have a significant impact on the manifestation of
overload-related effects. In this regard it is possible in the larger species for normal
clearance patterns to be operative despite the accumulation of large dust burdens.
The results of long-term inhalation studies with uranium dioxide particles in the
rat, monkey and dog demonstrated that pulmonary clearance patterns were not
altered in the monkey or dog under long-term exposure conditions which
produced pulmonary clearance impairment in the rat. Snipes suggested that the
responses of species to inhaled overload dust exposures may be influenced to a
greater degree by the pattern of dust accumulation in the lung rather than the
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amount (i.e., mass, particle number or surface area) of the accumulated dust. It
was concluded that the limited data obtained from dust-exposed monkeys, dogs
and humans, which demonstrated significant species differences in responses to
high dust burdens when compared to rodents, indicated that lung overload effects
in rats may not be relevant for larger mammals, including man (see Table 2.7.3).

More recently, Nikula et al. (1997) compared the anatomical patterns of particle
retention and the lung tissue responses of F344 rats and cynomolgus monkeys
exposed for 2 years to high concentrations of diesel exhaust (2 mg soot/m3), coal
dust (2 mg/m3) and a combination of the two pollutants (1 mg soot and
1 mg respirable coal dust/m3). For normalisation purposes, the relative volume
density of particulate material in the lung and the distribution of dust among
selected anatomical pulmonary compartments were determined using
morphometric techniques. The results demonstrated that for coal dust and coal
dust–diesel-exposed groups, significantly greater dust burdens were retained in the
lungs of monkeys when compared with rats (the results for exposure to diesel dust
alone were equivalent in the two species). Nikula and colleagues also reported that
the patterns of dust accumulation differed among the two species, a similar
conclusion to that of Snipes. However, within each species the sites of particle
retention and pulmonary reactions were consistent for the three dust materials
that were tested (coal dust, diesel soot and combined coal dust and diesel soot).
The anatomic pattern of particle retention in the lungs of rats was observed to lie
within the lumens of alveolar ducts and alveoli, whereas in the monkey lung the
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Table 2.7.3 Comparison of attributes of lung overload in the rat, monkey, dog and
man
Classical attributes and sequelae of lung overload Rats Dog, monkeys and man
in rats 
Chronic pulmonary inflammation Yes Not certain

Hyperplasia of macrophages and epithelial cells Yes Not certain

Altered pulmonary clearance (overwhelmed Yes Probably not
macrophage-mediated clearance)

Large pulmonary burdens of particles Yes Probably not

Increased interstitialisation of deposited particles Yes Yes

Increased translocation of particles from lung to Probably Probably
thoracic lymph nodes

Interstitial lung disease (fibrosis) Yes Yes

Production of lung tumours Yes No



dust was preferentially sequestered in the interstitial compartment. The authors
reported that the pulmonary response of rats, but not monkeys, was associated
with alveolar inflammation, epithelial hyperplasia and septal fibrosis. In the
monkey, particle-associated inflammation was significantly less common than in
the rat. It was concluded that the responses of the rat to high concentrations of
low-solubility dusts are not likely to be predictive of retention patterns and
pulmonary histopathologic responses in similarly exposed primates.

2 . 7 . 5  S U M M A R Y

To summarise the points raised in this brief discussion, it seems clear that the
pulmonary inflammatory and tumorigenic responses of the rat to long-term
inhalation of high concentrations of low-toxicity dusts is significantly enhanced
in comparison with similarly exposed mice and hamsters. It has been postulated
that the ‘inappropriate’ response of enhanced pulmonary inflammation, cell
proliferation and inflammatory-derived mutagenesis in the rat could account for
the development of pulmonary tumours following exposures to a variety of
particulates. Evidence from numerous studies suggests that the mouse and
hamster do not develop pulmonary tumours following exposures to low-toxicity
dusts. It is interesting to note that the TLVs for PNOC are based, in large part,
upon particle overload dynamics in the rat lung. It is important to note, however,
that evidence is accumulating which indicates that the pulmonary responses of
dogs, monkeys and humans are very different from those observed in dust-
exposed rodent species. In this regard, the rat model demonstrates a faster particle
clearance pattern concomitant with a greater proportion of the retained dust
burden being contained within alveolar macrophages. In contrast, morphologic
observations of dust-exposed monkeys indicate that the larger mammalian species
demonstrate a slower particle clearance pattern and a greater tendency to
interstitialise the retained lung burden. It seems to be a paradox that a slower
clearance pattern corresponding to a greater dust burden in the lung, and
enhanced interstitialisation (given the notion that in the rodent, the interstitium is
likely to be a vulnerable compartment for the development of interstitial
inflammation and fibrosis) should provide a recipe for enhanced dust-induced
pathogenic pulmonary effects in particle-exposed primates and humans. However,
the limited evidence available in autopsy lung samples of coalminers and in
exposed primates suggests that the lungs of larger mammals are less responsive to
the dust burden insult than the rat model. If these conclusions are confirmed, they
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are likely to have a significant influence on risk assessment determinations for low-
toxicity dusts. Moreover, given that the TLV for PNOC is based upon pulmonary
clearance data in rats, the value of 3 mg/m3 should provide an adequate margin of
safety for exposed workers.
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2 . 8 . 1 I N T R O D U C T I O N

Long-term inhalation exposure of rats to several poorly-soluble particulates
including talc, titanium dioxide, carbon black, coal and diesel soot has been
shown to result in pulmonary inflammation, fibrosis and lung tumours (Driscoll,
1996). In some of these studies the exposure concentrations resulting in non-
neoplastic lung lesions as well as tumours were orders of magnitude above
expected human exposures. However, for some materials the exposure
concentrations associated with adverse lung responses were not remarkably
greater than currently allowable levels of occupational exposure (Lee et al., 1985;
Mauderly et al., 1987; National Toxicology Program, 1993; Heinrich et al., 1995;
Nikula et al., 1995). For example, adverse effects, including lung tumours, were
seen after long-term exposure of rats to carbon black at concentrations of
2.5 mg/m3 (16 hours per day, 5 days per week), an exposure level not remarkably
greater than the American Conference of Governmental Industrial Hygienists
Inc. (ACGIH) threshold limit value (TLV) of 3 mg/m3 (note that the ACGIH TLV
is an 8-hour time-weighted average, while the daily rat exposure was 16 hours per
day). Also, exposure of rats to talc produced lung inflammation and fibrosis at
6 mg/m3, with lung tumours occurring after exposures to 18 mg/m3; the current
ACGIH TLV for talc is 2 mg/m3. The initial demonstrations that some poorly-
soluble materials, previously considered to be relatively innocuous in nature, could
produce lung inflammation, fibrosis and lung tumours in rats led to concerns
regarding potential health hazards of these materials. More recently, the growing
number of particulate materials shown to produce lung tumours in rats has raised
questions regarding the relevance of this rat lung response to potential health
risks in humans. The extent to which the neoplastic and non-neoplastic effects
observed in any of the above mentioned studies reflect a significant health risk for
humans depends on several factors, including the exposure levels (and lung dose)
at which responses are observed; the mechanisms underlying the responses and
the relative sensitivity of the rat lung to the adverse effects observed.

2 . 8 . 2  M E C H A N I S M S O F L U N G

T U M O U R R E S P O N S E I N T H E R A T

In considering the mechanisms underlying the rat lung tumour response to
poorly-soluble particles, it is noteworthy that most of the materials studied are not
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inherently genotoxic (Kanematsu et al., 1980; IARC, 1987). The exception is diesel
soot, a material consisting of a carbon core particle onto which are adsorbed
polycyclic aromatic hydrocarbons (PAHs), many of which are known to be
genotoxic in vitro and in vivo (Pereira, 1982). The contribution of these diesel-
associated organic compounds to the development of rat lung tumours can,
however, be questioned for several reasons. First, the genotoxicity of diesel
particles has been inferred largely from studies on the genotoxicity of the
extracted organic compounds; the genotoxicity of intact diesel particles has not
been consistently demonstrated, suggesting that the organic compounds are not
readily bioavailable. Second, studies demonstrate that inhalation of carbon black
produces a rat lung tumour response similar to diesel soot; it should be noted that
carbon black is essentially the diesel carbon core particle with significantly less
PAHs adsorbed to its surface (Heinrich et al., 1995; Nikula et al., 1995). Thus for
materials such as titanium dioxide, carbon black, diesel soot and talc there is no
clear association between inherent genotoxicity and tumorigenic activity in the rat
lung (Kanematsu et al., 1980; Kirwin et al., 1981; IARC, 1987; Tennant et al.,
1987; Nikula et al., 1995) which implies there is a non-genotoxic mechanism for
the rat lung tumour response.

There are a number of similarities in the nature of the rat lung tumour response
to members of this group of chemically dissimilar, poorly-soluble particles. Some
of the common features of response include:

❐ the rat lung tumours do not develop until after several (15–18 months)
months of exposure;

❐ the tumorigenic response is confined to the lungs and is observed only at
exposure levels resulting in significant inflammation and epithelial
hyperplasia;

❐ the types and location of the tumours are generally similar for different
types of particle;

❐ the lung tumour responses have been observed only in rats; other species
such as hamster or mouse do not appear to develop a lung tumour response
to these particles even at lung particle burdens similar or greater than those
which are tumorigenic in rats (Heinrich et al., 1986, 1995; National
Toxicology Program, 1993); and 

❐ in studies using several materials there is a proportionately greater tumour
response in female rats (for review see Warheit & Hartsky, 1994).
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Overall, these similarities suggest there may be common pathways underlying the
development of rat lung tumours in response to these various poorly-soluble
particles.

The existence of a common tumorigenic mechanism is also supported by the
relationship between lung particle dose and tumour response. Specifically, the
particulate materials which appear most potent at producing rat lung tumours are
those which also have ultrafine primary particle sizes (i.e., have particle diameters
<100 nm) and correspondingly high surface areas. In this respect, if lung particle
dose is expressed as particle surface area per lung, a significant positive correlation
can be demonstrated (Figure 2.8.1) between lung dose and lung tumour response
for the various chemically distinct materials tested in long-term studies
(Oberdörster & Yu 1990; Driscoll, 1996). This correlation suggests that chemical
specific differences in the various materials (i.e., mutagenic organic compounds
adsorbed to diesel) are not significant factors in the lung tumour response. Also,
the surface area–lung tumour response relationship appears consistent with a
threshold for the rat lung tumour response and suggests that particle surface area
doses less than approximately 0.2 m2/lung may not increase rat lung tumours.

In considering a potential common mechanism for various particulates it is
noteworthy that tumours represent only one aspect of the effects occurring in the
rat lung after long-term inhalation of poorly-soluble particles. As mentioned
above, inflammation, epithelial hyperplasia and pulmonary fibrosis are all
significant components of the lung response (Dungworth et al., 1994; Nolte et al.,
1994; Nikula et al., 1995). At exposure levels that eventually produce lung
tumours, these non-neoplastic lesions have been reported as early as 3–6 months
after the initiation of exposure, and thus can be present for 18 to 24 months prior
to tumour development. In this respect, there is growing evidence that the
tumours described in these studies represent a generic response of the rat lung to
particle-elicited persistent inflammation and increased epithelial cell proliferation
(Oberdörster, 1994; Driscoll, 1996). Figure 2.8.2 illustrates the major components
envisioned in this inflammatory mechanism.

An inflammation–proliferation mechanism is supported by several lines of
evidence. First, the release of inflammatory cell-derived oxidants has been shown
to be genotoxic using several assay systems (Weitzman &Stossel, 1981; 1982;
Jackson et al., 1989; Weitzman & Gordon, 1990). Thus a marked and persistent
inflammatory response in the rat lung provides a mechanism whereby exposure to
non-genotoxic particles may result in genotoxic effects. In addition to
inflammation, another key aspect of the rat lung response to poorly-soluble
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particles is increased cell proliferation, as indicated by the alveolar type II cell
hyperplasia and bronchiolisation responses seen in the particle inhalation studies.
As discussed in several recent reviews, cell proliferation can increase the likelihood
that any oxidant-induced or spontaneously occurring genetic damage becomes
fixed in a dividing cell and is clonally expanded (Ames & Gold, 1990;
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Figure 2.8.1 Relationship between lung particle surface area burden and rat lung
tumours after long-term exposure to poorly-soluble particles

Adapted from Driscoll (1996)

Particle surface areas used were those provided in original reports. For all diesel soot studies a
surface area of 20 m2/g was used, as reported by Gallagher et al. (1994). Surface areas used for
talc and coal dust were from Vallyathan et al. (1988). Only particle data for which actual surface
areas had been measured and for which statistically significant increases in lung tumours were
observed were used in the correlation analysis. These data are shown as circles. Data for which
surface areas were calculated based on assumptions regarding a spherical particle shape and
knowledge of the particle density were not used in the statistical analysis. These data points are
shown on the graph as triangles. A statistically significant relationship was detected between the
log of the total particle surface area burden and the lung tumour response.

Reproduced with the permission of Taylor & Francis Inc.
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Figure 2.8.2 Proposed mechanism for rat lung tumours resulting from long-term
inhalation of poorly-soluble, non-genotoxic particles

From Driscoll (1996)

The lung tumour response to low-solubility particles (e.g., carbon black, diesel soot, titanium
dioxide, talc) is associated with the persistent recruitment and activation of inflammatory cells.
The persistence of inflammation results in an increase in the lung burden of cell-derived
oxidants, cytokines and growth factors. The generation of oxidants by inflammatory cells
provides a mechanism for increased cytotoxicity and genotoxicity within the lung. The
production of cytokines and growth factors provides a stimulus for cell proliferation which,
when combined with oxidant-induced genotoxicity, increases the probability that the genetic
changes needed for neoplastic transformation will occur. Inherent in this inflammatory
mechanism is the assumption that particle exposure levels which do not result in significant
inflammatory and proliferative responses or which result in responses which can be dealt with
by defence mechanisms (e.g., antioxidants, cytokine inhibitors, DNA repair) should not
increase the risk of lung tumours.

Reproduced with the permission of Taylor & Francis Inc.



Butterworth, 1990; Preston-Martin et al., 1990; Cohen & Ellwein, 1991). The
consequent net result of long-term particle exposures sufficient to elicit persistent
pronounced inflammation and cell proliferation in the rat lungs is thus an
increased probability that the genetic changes necessary for neoplastic
transformation will occur.

Further evidence that inflammation is a key factor in the development of rat lung
tumours comes from the observation that, like the lung tumour response,
inflammation is positively correlated with the surface area dose of particles in the
rat lung (Oberdörster et al., 1992). Evidence that inflammation-dependent DNA
damage occurs in the rat lung after exposure to tumorigenic doses of non-
genotoxic particles is also available from studies which demonstrate that:

❐ inflammatory cells from particle-exposed rat lungs produce mutagenic
effects in vitro for rat lung epithelial cells (Driscoll, 1996; Driscoll et al.,
1997);

❐ the mutagenic effect of rat lung inflammatory cells is dependent on their
activation to produce reactive oxygen species (Driscoll et al., 1997); and

❐ doses of poorly-soluble particles (e.g. carbon black, titanium dioxide and
quartz) which elicit severe inflammation result in mutation in the rat lung,
while non-inflammatory doses of these particles do not (Driscoll et al.,
1996, 1997).

As mentioned above, a role, in whole or part, for inflammation in the mutagenic
response has implications for the nature of the relationship between particle
exposure and mutation and, to the extent that mutation is required for neoplastic
transformation, tumour development. Specifically, lung doses of non-genotoxic
particles that do not produce inflammation or elicit a degree of inflammation
which can be dealt with by lung defences should not increase the risk of mutation
(and consequently lung tumours). That some degree of inflammation may be
tolerated without producing genotoxicity is supported by results of studies
examining the mutagenic effects of particle-elicited inflammatory cells on rat
alveolar type II cells exposed in vitro (Driscoll et al., 1997). In these studies
inflammatory cell:epithelial cell ratios of 10:1 did not result in increased mutation
in the epithelial cells. When the ratio was increased to 50:1, however, a significant
mutagenic effect on the epithelial cells was observed. These results indicate that
antioxidant and other defenses (e.g., DNA repair) were sufficient to protect the
epithelial cells at the low bronchoalveolar lavage (BAL) cell:epithelial cell ratio,
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however, at the higher ratio the defenses were overwhelmed. Evidence for non-
linearity in the genotoxic effects of inflammation can also be seen in Figure 2.8.3,
which illustrates the relationship between the mutant frequencies for rat alveolar
type II cells after exposure in vivo to carbon black, titanium dioxide or quartz and
the severity of particle-elicited inflammation (% BAL fluid neutrophils).

Only slight increases in mutant frequency are apparent when neutrophils are
below 40% of BAL fluid, while a marked increase in mutant frequency occurs
when neutrophils increase above 50%, suggesting lung defenses are overwhelmed
under the more severe inflammatory conditions. The relationship illustrated in
Figure 2.8.3 is of particular interest considering that, for those inhalation studies
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in which data on BAL fluid neutrophils were reported, it can be shown that lung
tumours do not occur at particle exposures resulting in less than 40% BAL
neutrophils and, in four of five long-term studies, lung tumours were observed
only at particle exposures resulting in BAL neutrophils greater than 50% (Strom,
1984; Heinrich et al., 1986; Mauderly et al., 1987; Muhle et al., 1991; National
Toxicology Program, 1993). Based on these data, it can be predicted that long-
term exposure to any poorly-soluble particle at a concentration producing greater
than 50% neutrophils in the BAL will produce significant genotoxicity in alveolar
epithelial cells and, eventually, lung tumours.

In summary, there is considerable evidence that inflammation is a key factor in the
mutagenic and consequently lung tumour response to poorly-soluble, non-
genotoxic particles. Specifically, exposure to high doses of non-genotoxic poorly-
soluble particles can elicit a response (i.e., inflammation) which is genotoxic in the
lung. To the extent that mutation is a risk factor for lung tumour development, the
relationship between particle exposure and rat lung tumours can be expected to be
non-linear. Thus, if a material does not possess any inherent genotoxic activity, a
threshold for the rat lung tumour response should exist, and particle exposures
which do not elicit inflammation and cell proliferation, or elicit a degree of these
responses which can be dealt with by lung defence mechanisms, should not
increase the risk of lung tumours.

Regarding classification of potential health hazards for humans, the above
discussion on poorly-soluble particles can be related to a recent publication on the
classification schemes for carcinogenic materials. Specifically, Neumann et al.
(1997) proposed a modification of existing classification schemes to include a
further category for which a knowledge of mechanism supports the establishment
of occupational exposure limits that do not increase the risk of cancer in humans.
Substances considered for placement in this new category would include those
that are not inherently genotoxic, substances which have tumour-promoting
properties (e.g., by inducing cell proliferation, producing tumours only at toxic
doses, having hormonal or hormone-like effects), substances which exhibit non-
linear dose–response relationships; and substances having low carcinogenic
potency (e.g., those that give slight increase in tumours over control groups,
produce species-specific, strain-specific or sex-specific responses). This proposal
takes a step forward by incorporating knowledge of mechanism and
exposure–response relationships into the classification scheme, and is consistent
with concepts discussed in the proposed US EPA cancer guidelines as well as the
ACGIH TLV Committee’s description of category ‘A3’. The poorly-soluble
particles discussed above, for which inherent genotoxicity is apparently not a
factor and for which lung tumours have been observed only in the rat (see below)
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and only at exposures resulting in significant lung toxicity, appear to meet the
criteria discussed by Neumann et al. (1997) for this new category.

2 . 8 . 3  E X P O S U R E L I M I T S F O R N O N -

G E N O T O X I C ,  P O O R L Y - S O L U B L E

P A R T I C L E S

The existence of an inflammatory–proliferative mechanism has implications for
risk assessments and for extrapolating responses from the rat to other species.
Implicit in this mechanism is the existence of a threshold; particle exposures
which do not elicit inflammatory and proliferative responses or which produce a
degree of response not sufficient to overwhelm host defenses such as antioxidants
or DNA repair will not increase the risk of lung tumours. Based on mechanistic
considerations, a scientifically defensible approach for establishing occupational
exposure guidelines for poorly-soluble non-genotoxic particles would be to
extrapolate from inhalation safety studies in rats or other species to levels of
exposure in humans which can be expected not to result in persistent
inflammatory–proliferative responses. Such exposure levels would protect against
both the risk of lung tumours and non-neoplastic responses such as fibrosis,
which also have inflammation as a critical component of their pathogenesis
(Crystal et al., 1991).

The approach used by ACGIH TLV Committee in their recent revision of the TLV
for particles not otherwise classified (PNOC) was to identify an exposure which
avoids the overload of lung clearance. This approach has several merits; it is based
on extensive data in the rat as well as a knowledge of particle clearance in humans.
Unfortunately, it also has drawbacks in that it does not account for potential
differences in sensitivity to particle effects between the rat and man, and it is not
necessarily applicable to a wide range of particles. Regarding the latter, Oberdörster
et al. (1994) have reported that, in contrast to the relationship with larger size
particles, the volumetric lung load was not a good determinant of clearance
impairment of ultrafine titanium dioxide in the rat lung. In this respect, as noted by
the ACGIH TLV Committee, the PNOC TLV is not applicable to ultrafine
particles. A second approach would involve identifying a no-observed-adverse-
effect-level or low-effect-level from the existing safety database, incorporating an
appropriate factor to account for uncertainty in extrapolating to humans and
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extrapolating to an expected safe level of exposure for humans. Key issues here are
the determination of an appropriate safety (or uncertainty) factor for the
extrapolation from animals to humans and, for new materials, the determination of
the types of safety information needed to establish exposure guidelines.

SENS I T IV I TY OF THE RAT TO PART IC L E E F F ECTS

There is growing evidence that the rat is particularly sensitive to the inflammatory,
fibrogenic and tumorigenic effects of poorly-soluble particles. For example,
several particles which have produced lung tumours in rats (i.e., talc, titanium
dioxide, carbon black, diesel soot) have not been shown to produce lung tumours
in hamsters or mice, even when particle burdens were similar to or greater than
those achieved in the rat studies (Heinrich et al., 1986; Heinrich et al., 1995;
National Toxicology Program, 1993). In addition to the neoplastic effects, the rat
exhibits greater inflammatory and fibrotic responses to particles than do hamsters
or mice (for review see Watson & Valberg 1996). Regarding inflammation, it has
been reported that rats develop a greater neutrophilic response than hamsters and
mice (Watson & Valberg, 1996) and recent studies indicate that neutrophils may
be especially potent in producing mutagenic effects on alveolar epithelial cells
(Driscoll et al., 1997), suggesting a mechanism which may account, in part, for the
species differences.

While there are no lifetime inhalation studies on poorly-soluble non-genotoxic
particles in non-human primates, studies have compared rats and monkeys after
2 years of exposure to shale dust, petroleum coke, diesel soot or coal dust
(MacFarland et al., 1982; Klonne et al., 1987; Nikula et al., 1997). These studies
indicate that the monkey lung response to particles is inherently different from that
of the rat. Specifically, the rat develops a greater epithelial hyperplastic,
inflammatory and fibrotic response than the monkey. Also, based on the coal and
diesel studies, the site of accumulation of particles in the monkey appears to be
more interstitial, as opposed to accumulation in the alveolar spaces which is seen in
rats (Nikula et al., 1997). While the mechanisms underlying the greater response of
rats are not known, it is noteworthy that there are significant structural differences
between rat and human lungs in the regions associated with responses to poorly-
soluble particles. Specifically, the rat does not possess respiratory bronchioles, which
are prominent in the monkey and man. Monkeys and humans also have larger
alveoli and alveolar ducts than rats (Mercer & Crapo, 1988). Further, there exist
important differences in pleura and lymphatics between rats and humans which
could contribute to overall differences in response of the lung and associated tissues
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(McLaughlin et al., 1961; Pinkerton et al., 1982). Overall, the existing data on
poorly-soluble particles indicate that the rat is a very sensitive species to adverse
lung effects from these materials. Such evidence supports the use of reduced safety
factors when extrapolating from the rat to humans for effects of poorly-soluble
particle in the lung. For example, a factor of 10 is typically used when extrapolating
from the rat to man; however, for poorly-soluble, non-genotoxic materials it may be
appropriate to reduce this factor (e.g., from 10 to 3 or 1).

T EST ING THE APPROACHES FOR ASSESS ING NEW
PART ICULATES

Safety assessments on new materials are frequently developed using toxicity data
from animal studies or in vitro assay systems. When extrapolating from such data
the level of uncertainty decreases progressively from in vitro to in vivo studies, and
from short- to medium- to long-term studies. Unfortunately, long-term inhalation
data from animal or human studies are not always available for a new material,
and occupational exposure limits may need to be established before such data can
be obtained. In this respect, the uncertainties associated with extrapolating from
shorter-term safety studies on new materials to potential long-term effects can be
reduced by using experimental approaches that:

❐ build on existing data for physically and chemically similar materials;

❐ characterise responses in a sensitive species; and 

❐ are mechanistically based.

Considering current understanding of adverse responses to poorly-soluble, non-
genotoxic particles, and the sensitivity of the rat to these materials, a reasonable
short-term testing approach for evaluating the lung toxicity of new particulate
materials would be to conduct comparative studies to characterise inflammatory
and fibrogenic effects in the rat lung (Beck et al., 1982; Henderson, 1984;
Lindenschmidt et al., 1990).

Figure 2.8.4 outlines a testing strategy for new, poorly-soluble particulate
materials. Briefly, insights into potential lung toxicity may be gained by
considering the chemical and physical properties of the new material and
comparing these with other materials in the same chemical class for which toxicity
data are available. Additionally, in vitro studies characterising cytotoxicity or cell
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activation provide a relatively cost effective approach for obtaining preliminary
information on a material’s potential toxicity in the lung. In most cases, however,
it is unlikely that information on physical and chemical properties or in vitro data
will be sufficient to develop a scientifically defensible exposure standard. In this
respect, it is suggested that, at a minimum, a short-term dose–response study be
conducted to enable comparison of the lung effects of the new material with
physically and chemically similar ‘benchmark’ material(s). Suitable benchmarks
would include materials having an extensive inhalation safety database in animals
or humans. If the outcome of the short-term comparative study is favourable, that
is the nature, magnitude and temporal pattern of response for new material is
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similar to the benchmark material(s), then a safety evaluation and an exposure
limit for potential lung effects may be developed using the database for the
benchmark material and the short-term comparative study results. If, however, the
new material appears more toxic (e.g., elicits significantly greater or more
persistent lung effects or produces a qualitatively different response indicative of
greater toxicity) than the benchmark then medium-term inhalation testing should
be pursued to further characterise the lung toxicity of the new material, and to
develop the database needed to establish an exposure limit. Importantly, if there
are no physically or chemically similar materials having an inhalation safety data
base from which to extrapolate (i.e., there are no suitable benchmark materials)
then medium-term inhalation testing (e.g. 90-day study) should be conducted on
the new material. This default to a medium-term inhalation study assures that at
a minimum medium-term data are developed for new chemical technologies. The
need for long-term inhalation testing on a new materials would depend on several
factors, including results of the medium-term inhalation study.

The short-term comparative study would be conducted using the rat since, as
discussed above, this species appears to be sensitive to the effects on the lung of
poorly-soluble particles. The test materials could be administered by inhalation
(e.g., over 1–5 days) or intratracheal instillation. If the intratracheal instillation
technique is used care should be taken to use low doses and ensure that the
particles are not changed by the vehicle in which they are suspended (for
discussion see Driscoll et al., 1991 and Henderson et al., 1995). At least three
exposure concentrations should be used so that dose–response relationships for
the new and benchmark material can be characterised. Additionally, at a
minimum, one exposure level should produce lung effects which will allow for a
comparison of the nature and temporal pattern of responses between the test and
benchmark materials. Suggested end-points to characterised in the short-term
study include:

❐ analysis of BAL fluid for indicators of lung inflammation (e.g., number
and types of leukocytes) and lung injury (e.g., lactate dehydrogenase,
protein);

❐ lung histopathology; and

❐ determination of the persistence of the response and/or test material in the
lung — the lung response should be characterised at several points (e.g., 3,
7, 14, 28, 63 days) over a period of 2–3 months after exposure.
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In summary, a test strategy for new, poorly-soluble particles is outlined in
Figure 2.8.4. A key component of this strategy is a short-term comparative study
to position the effects on the lung of a new material against those for chemically
and physically similar ‘benchmark’ materials, for which extensive inhalation safety
data exist. This short-term study would provide both in vivo data on how the new
material behaves in the lung and an assessment of whether the extensive database
for the benchmark material can be used to support assumptions on the safety of
the new material. The use of such a comparative approach maximises the use of
existing inhalation data on poorly-soluble particles. Lastly, it should be noted that
the testing strategy in Figure 2.8.4 assumes the target for potential toxicity is
confined to the lung; ultimately the development of guidelines for safe inhalation
exposure levels for a new material would also depend on other aspects of its safety
profile (e.g., sensitisation potential, systemic effects).
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2 .9  DOSIMETRIC MODELL ING

OF THE RETENTION AND

CLEARANCE OF LOW-

TOXICITY DUSTS

CL Tran

The Institute of Occupational Medicine, Edinburgh, UK

2 . 9 . 1  I N T R O D U C T I O N

Long-term exposures to certain types of respirable dusts, in an occupational
environment, are known to cause lung diseases such as chronic inflammation,
pneumoconiosis, fibrosis and lung cancer. These health effects are a reaction to
the retention of particles in the lung. Thus a mathematical model, which can
predict the particulate lung burden and the associated health effects in
experimental animals or in humans, would be a desirable tool for assessing the
health hazards due to inhaled particulates.

A mathematical model is a set of mathematical equations describing the nature of
a system. The model is said to be:

❐ dynamic, if it describes the kinetics of the various connecting components
of the system;

❐ physiologically based, if the components (or compartments) and their
kinetics can be related to actual biological or physiological processes; and 
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❐ dosimetric, if it establishes the relation between dose (e.g. the deposited dose
rate) and response (e.g. accumulated lung burden or inflammatory reactions).

Mathematical models have been used to describe quantitatively the deposition of
inhaled particles (or fibres) and their subsequent removal from the pulmonary
region of the lung. Some models (e.g. those of Harris & Timbrell, 1977; Asgharian
& Yu, 1989) have dealt specifically with the aerodynamic processes of particle
deposition in the different regions of the lung. These models of the aerodynamic
processes are used to predict the deposition fraction, that is, the fraction of inhaled
particles which is deposited in a specific region of the respiratory tract, given the
physical characteristics (density, size and shape) of the particles. The subsequent
retention or clearance of particles from the lung is equally important in
determining effects on health, and has been modelled in some detail by others (e.g.
Yu et al., 1988; Stöber et al.,1989, 1990a,b; Katsnelson et al., 1992).

A description is given below of the fundamental biological and physiological
processes that affect the retention of particles, the means by which these processes
can be incorporated in the logical structure of a mathematical model developed at
the Institute of Occupational Medicine (IOM) and the predictions and validation
of the model (Figure 2.9.1). Other aspects discussed include the use of modelling
in assessing lung overload, evaluating the biological responses to different
patterns of exposure, predicting the no-observed-adverse-effect-level (NOAEL)
and extrapolating animal results to humans.

2 .9 .2  P R O C E S S E S A F F E C T I N G T H E

R E T E N T I O N A N D C L E A R A N C E O F

PA R T I C L E S I N T H E A LV E O L A R R E G I O N

THE DEPOS I T ION OF PART IC L ES IN THE LUNG

The structure of the lung has evolved to reduce the likelihood of inhaled particles
reaching the delicate tissue of the alveolar space, which constitutes the gas
exchange region of the lung. The deposited dose of particles in the lower
respiratory tract, that is the amount of particles deposited in this region per unit
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time, is an important dosimetric factor. It is a function of the breathing
parameters (e.g. the ventilation rate), the aerosol concentration, the pattern of
exposure and the deposition efficiency. This efficiency is influenced by the
branching structure of the bronchi, which forms a tortuous route for the airflow,
such that a large proportion of the particles impact at bronchial bifurcations, and
also by the particle size, in terms of aerodynamic diameter dae. In rats, the
efficiency of alveolar deposition is at a maximum (~ 10%) for particles of
dae ~ 1 µm, and decreases rapidly for increasing aerodynamic diameter (Jones,
1993; Ménache et al., 1996).

CLEARANCE OF PART IC L ES FROM TERM INAL
BRONCH IOLES AND THE ALVEOLAR REG ION

The evolved function of the phagocyte system of the peripheral lung is to protect
the integrity of this region from damage caused by invading pathogens. The
primary functions of the resident alveolar macrophages are to take up pathogens,
kill and digest them via the generation of free radicals and proteases, or remove
them, and also to regulate the extracellular environment through the release of
histo-regulatory signals — the cytokines (Brain, 1988).

When particles reach the terminal bronchioles or alveolar region they are rapidly
confronted by the alveolar macrophages, which detect them either by random
encounters while ‘patrolling’ the alveolar surface or by chemotaxis toward the C5a
component of the lung’s complement system, which is known to be activated by
some particles (Warheit et al., 1988). Alveolar macrophages will phagocytose
(ingest) particles and then transport them to the mucociliary escalator for
clearance via the nasopharynx, where the particles can be eliminated by
swallowing or expectoration.

The quantity of cytotoxic particles that alveolar macrophages can ingest without
impairment depends on the toxic nature of the particles. Macrophages
phagocytosing toxic particles would be expected to incur impaired clearance due
to direct oxidative injury caused by free radicals on the surface of cytotoxic dusts
such as asbestos and quartz (Vallyathan et al., 1988; Gilmour et al., 1995). The
recruitment of neutrophils into the lung in response to dead and damaged cells is
the hallmark of inflammation. These cells can also release chemotactic signals
that inhibit macrophage movement; this is reflected in observed slowing of the
movement of macrophages lavaged from the lungs of rats inhaling cytotoxic dusts
(Donaldson et al., 1988).
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For particles of low toxicity, daily inhalation will gradually result in impaired
phagocytosis as the number of alveolar macrophages with a dust load
approaching their maximum load capacity increases. These loaded macrophages
will become decreasingly motile, less able to phagocytose or move from the
alveolar surface and more likely to die, thereby releasing their load of ingested
particles back onto the alveolar surface. This process, for which there is extensive
evidence, is known as the overload phenomenon (Morrow, 1988, 1992). Overload
arises in rats inhaling particles or fibres at high airborne mass concentration
(Bolton et al., 1983; Jones et al., 1988). It is characterised by the retardation of
alveolar clearance (measured either with radio-labelled tracer particles or by
comparison of particulate lung burden in groups of control rats), and
inflammation, fibrosis and, in some cases (e.g. Lee et al., 1985), tumours.

I N T ERST I T IA L I SAT ION AND TRANSFER TO THE LYMPH
NODES

As the alveolar macrophages’ ability to phagocytose or migrate becomes impaired,
either due to overload or to toxic particles, the integrity of the epithelium will also
be compromised. This happens when unphagocytosed particles come into contact
with type I epithelial cells and induce necrosis or apoptosis or activation leading to
release of cytokines (Driscoll et al., 1993; Bérubé et al., 1996). Necrotic type I cells
are replaced by activation of type II cells which then differentiate. This process,
however, takes time (Evans et al., 1975). Therefore in sustained overload there will
be compromised epithelial cells, type II cell hyperplasia and inflammation. The
continuing presence of non-phagocytosed particles on the injured, activated and
partially denuded epithelial surface will enhance their likelihood of being
transferred to the interstitium. As these particles become interstitialised, they are
readily phagocytosed by interstitial macrophages which reside in close contact with
fibroblasts, epithelial and endothelial cells (Adamson & Hedgecock, 1995). The
proximity of the macrophages to these effective cells means that any pro-
inflammatory mediators released by the interstitial macrophages can have serious
impact. These interstitialised particles, both free or phagocytosed, may eventually
be transported to the lymph nodes (Lehnert, 1993). Current evidence suggests that
the transportation of inhaled particulates to the lymph nodes is also size dependent
(Oberdörster et al., 1988).
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2 . 9 . 3  T H E M A T H E M A T I C A L M O D E L

A mathematical model, describing the mechanisms of pulmonary clearance for an
inert dust (titanium dioxide), has been developed (Tran et al., 1997). The objective
was to produce a model with structure and rate parameters derived as far as
possible from information from previously published studies, and then to compare
the predictions of the model with a dataset for lung burdens of an inert dust
inhaled by rats. The model was therefore an evolution from previous models
(Vincent et al., 1987; Stöber et al., 1989, 1990a,b; Katsnelson et al., 1992). It
remains firmly in the same tradition as earlier models of retention and clearance
of dusts and only differs in the level of detail. The model’s parameters include
rates for alveolar macrophages’ phagocytosis and clearance, alveolar
sequestration, interstitialisation, and transfer to lymph nodes. Figure 2.9.1
schematically represents the model and shows the main translocation routes for
particles. The model comprises nine compartments (X1 to X9) describing the fate
of inhaled particles. These compartments are, at the alveolar level, X1 — free (un-
phagocytosed) particles on the alveolar surface, X2 — particles successfully
phagocytosed by active alveolar macrophages, X3 — particles inside inactive
alveolar macrophages and X4 — particles sequestered in overloaded alveolar
macrophages. Then there are similar compartments (X5 to X8) representing the
process of phagocytosis of particles in the interstitium, and a final compartment
(X9) for particles in the lymph nodes. Differential equations with appropriate rate
constants describe the translocation of particles from one compartment to
another. The transfer of overloaded macrophages to the sequestration
compartment starts as the lung burden reaches a critical volumetric threshold
level, Vcrit.

T EST ING AND VAL IDAT ING THE MODEL

The extent to which the model of clearance kinetics accounts for the lung burden
data was examined using data from inhalation experiments with titanium dioxide
(a low-toxicity dust; Jones et al., 1988). Model parameters were assigned values
which were based mainly on previous studies of particulate clearance (e.g. Stöber
et al., 1989, 1990a,b; Katsnelson et al., 1992) and derived from a ‘best-fit’ to the
titanium dioxide data, or based on assumptions only where necessary
(Table 2.9.1).
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The strategy for simulation was to use the low-dose (1 mg/m3) data to calculate
the deposition efficiency of titanium dioxide particles in the alveolar region
(Table 2.9.2). The parameters pertaining to overload were subsequently estimated
from the mid-dose (10 mg/m3) data (Table 2.9.1). This procedure evaluated all the
parameter values. The data from the high-dose experiment (30, 50 and 90 mg/m3)
were then compared with the model simulation to check consistency between the
model and this part of the dataset.

The results show that the titanium dioxide data were consistent with the model of
the mechanisms of clearance from the lung (Figures 2.9.2–2.9.4). The model has
also been used to assess the overload hypothesis using data obtained from
inhalation studies with inert man-made mineral fibres such as MMVF10 (Tran et
al., 1997).
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Table 2.9.1 The parameters of the mathematical model of the retention and
clearance of particles in the lung
Parameter Symbol Value Unit

Deposition

Deposited dose, function of breathing rate, deposition D mg per day
efficiency and exposure concentration* 

Kinetics in macrophages

Phagocytosis rate by AM or IM r 4 per day

AM-mediated clearance of particles cl 0.015 per day

Transfer rate of particles from active to inactivate AM ρ 0.036 per day

Release rate of particles form necrotic AM back to the δ 0.14 per day
alveolar surface for re-phagocytosis

Kinetics of particles

Interstitialisation rate of free particles inormal 0.03 per day

Removal rate of particles to the lymph nodes e 0.005 per day

Overload and sequestration

Critical particle volume Vcrit 100 nl

Alveolar sequestration rate φ 0.14 per day

Parameter related to the overload function α 1.60 no units

Parameter related to the overload function β 0.007 no units

Interstitialisation rate of free particles under overload ioverload 1.8 per day

Rate of formation of interstitial granuloma ν 0.14 per day

AM, alveolar macrophages; IM, interstitial macrophages
* see Table 2.9.3



2 . 9 . 4  D I S C U S S I O N

ASSESS ING OVERLOAD

Muhle and Bellman (1988) have demonstrated that pulmonary clearance in
rodents, for a range of low-solubility dusts, is unimpaired for lung burdens less
than Vcrit (~100 nl) and ceases to operate at lung burdens exceeding Vseq (the
particle lung burden beyond which there is complete cessation of pulmonary
clearance; ~10000 nl). At lung burdens between Vcrit and Vseq clearance is
impaired, although this impairment is reversible, that is, the clearance
mechanisms recover post-exposure. At increasing lung burdens beyond Vcrit the
possibility of reversibility diminishes; for lung burdens beyond Vseq the cessation
of pulmonary clearance is irreversible (Muhle et al., 1990).

An inflammatory reaction was observed during overload situations (Donaldson et
al., 1988). This reaction does not subside post-exposure to high concentration
(Warheit et al., 1996), although a recent study on nuisance dusts suggests it
appears to be resolved post-exposure to lower concentrations.

It would appear that the reversibility of the impairment of pulmonary clearance
and the resolution of inflammation are phenomena that occur together. Under
normal (non-exposure) conditions, new alveolar macrophages are recruited into the
alveolar region to replace dead alveolar macrophages and these are removed to the
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Table 2.9.2 Factors affecting the deposited dose
Factor Value

Ventilation (l/min) 0.1–0.3
0.17

Alveolar deposition fraction 0.15

Concentration (mg/m3) 1
10
50

Correction factor (to treat exposure over 0.714
5 days as continuous over the week)

TiO2 density (g/cm3) 4.26

TiO2 mass median aerodynamic diameter (µm) 1.5

TiO2, titanium dioxide
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mucociliary escalator. This baseline recruitment maintains a steady-state pool of
residential alveolar macrophages for the defence of the alveolar region (Blusse van
Oud Alblas et al., 1983). The following underlying sequence of events is suggested.

❐ At low lung burdens (<Vcrit), the resident macrophages are able to keep the
alveolar surface cleared of free particles (available from two sources, newly
deposited through inhalation, and those released back onto the alveolar
surface from dead macrophages); the alveolar macrophage particle loading
is light and there is no inflammation.

❐ At lung burdens between Vcrit and Vseq the particle loading in individual
alveolar macrophages is higher, there is impairment of macrophage
motility function and stimulation of chemotaxis release. This leads to an
inflammatory recruitment of alveolar macrophages and
polymorphonuclear leucocytes. At this stage the particle load released by
dead macrophages can be re-phagocytosed and cleared by less loaded or
newly recruited alveolar macrophages — this is known as the particle
redistribution phenomenon (Lehnert, 1993). Post-exposure, as the particle
mass which causes impairment can be redistributed to newly recruited or
less laden alveolar macrophages, this mass will eventually be eliminated
and inflammation, in turn, resolved.

❐ At high lung burdens (>Vseq) a sequestration compartment is formed
(Vincent et al., 1987; Morrow, 1988). This consists of heavily laden
macrophages with tightly packed particle loads. These loads, once released
from dead alveolar macrophages, can no longer be removed by newly
recruited or less laden alveolar macrophages because macrophages which
attempt to phagocytose these loads will in turn become overloaded. The
irreversibility of the impairment of pulmonary clearance corresponds to
the formation of the alveolar sequestration compartment. The inability of
the macrophage defence to eliminate this compartment, even post-
exposure, is the cause of chronic inflammation as reported by Warheit and
co-workers (1996).

The current model has been developed further by subdividing the alveolar
macrophage compartment (X2) into sub-populations of macrophages in different
load classes (Tran et al., 1994, 1996; reviewed by Stöber et al., 1997), and includes
the steps described above. The model has provided a quantitative description of
the relations between accumulated lung burdens and inflammatory recruitment.
The model will be validated and used to interpret data from short-term inhalation
experiments with two low-toxicity dusts (titanium dioxide and barium sulphate).
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PRED ICT ING THE NO-OBSERVED-ADVERSE-E F F ECT- L EVE L

If inflammation is defined as an adverse health effect then a NOAEL, derived
from animal inhalation experiments, is a dust concentration level where no
inflammation is observed following a life-time inhalation regimen. From the
modelling, a NOAEL would be a chosen aerosol concentration for a given low-
toxicity dust which leads to a final lung burden less than Vcrit following long-term
inhalation. Because the extent of clearance impairment may vary between dust
types, it is possible that concentration levels with final lung volume greater than
Vcrit may also be a NOAEL. Using the model, which has been validated with data
from high-dose experiments, it is possible to extrapolate down to a concentration
level such that no inflammation will be observed during life-time inhalation.

EXTRAPOLAT ION TO HUMANS

Work is in progress to apply the model developed at the IOM to data on the
autopsy lung and lymph node burdens of US and UK coalminers. This is a
collaborative project between the National Institute for Occupational Safety and
Health (NIOSH) and IOM. Preliminary findings by NIOSH indicate that lung
burdens exceeding the levels found in overloaded rodents do occur in coalminers,
although the extent of impairment of clearance is not as severe as that in rodents.

EVALUAT ING THE B IOLOGICAL RESPONSES TO D I F F ERENT
PATTERNS OF EXPOSURE

The retention of dust in the alveolar region of the lung is influenced by the
deposited dose and the pulmonary clearance mechanisms. As described above,
this mechanism can be severely impaired at high lung burdens. Thus exposure to
a high concentration of dusts for a short duration may produce an impairment of
clearance, while exposure to a lower concentration of dust for a longer duration
(such that the product ‘concentration × exposure time’ is the same in both cases)
may produce a lower adverse effect or even no adverse effect, simply because the
macrophage defence system is not impaired and the small amount of dusts
deposited in the lung per day can be effectively phagocytosed and cleared.
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2 . 9 . 5  C O N C L U S I O N S

A validated model can:

❐ explain clearly the relationships between exposure, exposure patterns and
regimen, and the deposited dose rate at different regions of lung — this
‘dose’ is a much more relevant dosimetric factor than other exposure
indices since it is directly related to the retention of dusts in the lung; and

❐ calculate the expected aerosol concentrations for different types of dusts of
low-toxicity predicted to give equal deposited dose rate — this is very
important in comparing the extent of overload by different dusts, or by the
same dust on different rodent species.

Since the model is physiologically based, it is possible to:

❐ extrapolate the current model (based on parameters pertaining to the rat)
to other rodent species and also to humans; and 

❐ use it in the design of inhalation experiments on overloading by different
types of low-toxicity dusts.

Thus dosimetric issues in inhalation toxicology can be greatly clarified with the
help of mathematical modelling.
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2 .10  THE GERMAN APPROACH

TO REGULATION

H Muhle

Fraunhofer Institute of Toxicology and Aerosol Research, Hannover,
Germany

2 . 1 0 . 1  I N T R O D U C T I O N

The establishment of a threshold limit value (TLV) for occupational dust exposure
to low-toxicity dusts implies that materials in this category show similarities in
inducing no or only minor health effects. Particles to be regulated under this
category are poorly-soluble; the reason for considering these materials as a group
has been that it is usually the dissolved, bioavailable molecules or ions that cause
toxic effects.

Observance of the TLV should prevent nonspecific effects on the respiratory tract,
for example the impairment of respiratory organ function which results from
exposure to dust in general because of overload effects. However, even when the
general TLV for dust is observed, a health hazard may be ruled out only if
appropriate studies have demonstrated that mutagenic, carcinogenic, fibrogenic,
allergenic or other toxic effects of the dust are not to be expected. To date, these
requirements have been met only for the respirable fraction of the dusts of
aluminium and its oxides, graphite dusts containing less than 1% quartz, iron oxides,
magnesium oxide and titanium oxide apart from ultrafine aerosols (<0.1 µm).
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In all other cases, therefore, substance-specific MAK* values are to be observed
as well as the general TLV for dust. The limits are for dusts with low solubility
which are not specifically regulated, or for mixed dusts. This value may also be
applied to mixed dusts where specific MAK values exist for the component dusts.
This limit value is not applicable to soluble particles (for example from salt
mining), ultrafine particles or coarse particles.

In addition to the chemical composition, the density of a material is now
recognised as an important parameter in determining the toxic effects of solid
particles (Morrow 1988, 1992; Ferin et al., 1990).

2 . 1 0 . 2  D A T A B A S E A N D C O N C E P T O F

T H E A P P R O A C H

It is difficult to determine a TLV for low-toxicity dusts due to the limited amount
of relevant data available on human occupational exposures; researchers normally
focus on occupational exposures to more hazardous materials. It is difficult to find
long-term (i.e. over decades) occupational exposure to low-toxicity dusts, such as
titanium dioxide alone; the available data normally include mixed dusts, for
example foundry dusts, which contain small amounts of quartz.

Attempts to resolve this dilemma have led to two approaches being discussed by
the MAK Commission in Germany.

❐ Establish a specific TLV, for example for titanium dioxide or plastic dusts,
based on long-term animal experiments.

❐ Create a group similar to the US ‘particulates not otherwise classified’
(PNOC), which may contain mixed dusts, for which epidemiologic data are
available. Some of the component dusts may show an intrinsic toxicity.
However, these specific effects should not overwhelm the nonspecific dust
effects. It was clear that in some cases these effects are difficult to
differentiate.
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known adverse effects on the health of employees, given a 40-hour working week.



In the first case impairment of alveolar clearance in experimental animals is one
of the most sensitive end-points. In the second case chronic bronchitis and
impairment of lung function are important. As both approaches have led to
relatively similar values, it has been decided to combine data from both
approaches for the present.

One significant problem was that in some studies the mixed dust contained quartz.
The MAK Commission was aware of the carcinogenic potential of crystalline
silica and was concerned about the justification for establishing a TLV for low-
toxicity dust which contained a carcinogen. Epidemiological studies conducted on
exposure to quartz-containing dusts have shown that silicotics have the greatest
probability of developing quartz-induced tumours. Dusts with exposure levels
below the TLV for low-toxicity dust should not lead to fibrogenic effects like
pneumoconiosis. Therefore it was concluded that a potential risk of lung tumours
should be small. Although it was clear to the MAK Commission that this would
not solve the dilemma it was considered to be a pragmatic approach.

HUMAN DATA

In only very few epidemiological studies in this field are both the exposure
concentration and health effects reported accurately enough to allow the
evaluation of dose–response relationships. One such study is an investigation by
the German MAK Commission, which is based on an epidemiology study of
chronic bronchitis. Extensive data were collected on about 13 000 people exposed
to various types and amounts of dust (Deutsche Forschungsgemeinschaft 1975,
1981; Lange & Ulm, 1983; Ulm et al., 1996).

The medical records of this group include anamnesis, physical examination, X-ray
of thoracic organs, ECG and detailed lung function analysis with measurement of
vital capacity, forced expiration, airway resistance, thoracic gas volume and
arterial oxygen pressure. A rather complex mathematical treatment of the data
was used to give a suitable level for a dust limit value. The study was re-evaluated
by a logistic model (Ulm et al., 1996). Data from groups at Moers (foundry
workers), Munich (machine factory workers) and Saarbrücken (foundry workers)
and from studies by Oxman et al. (1993) and Schneider et al. (1986, 1994, 1995)
were used.

A critical issue in the evaluation was the considerable variation in the ratios
between the fraction of alveolar dust and inhalable dust in the different
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occupational exposure situations. Among individuals who were exposed to more
than 10 mg/m3 inhalable dust, significant effects were observed in obstructive lung
diseases, which leads to the conclusion that the limit value should be below this
level. Taking account of all data available a TLV for inhalable dust of 4 mg/m3

was considered to be appropriate. A corresponding value for the alveolar dust
fraction was assessed to be 1.5 mg/m3. These values are preliminary, and are
based on long-term exposure concentrations where corrections for fluctuations in
mean values per work shift are necessary (see below).

AN IMAL DATA

The principle for the assessment of the TLV is based on the study by Morrow et
al. (1991). It is assumed that an impairment of lung dust clearance due to high
dust burdens occurs in humans as in the other mammalian species that have been
studied for this purpose. This assumption and the hypothesis that the volumetric
load of the alveolar macrophages is crucially involved in the prolongation of
particle clearance have been used to extrapolate from the rat studies to the human
situation. Rat- and human-specific alveolar macrophage parameters and rat- and
human-specific deposition and retention criteria for inhaled highly insoluble
particles have been used. Data used for these assessments originate from Morrow
(1988), Muhle et al. (1990) and Oberdörster (1994).

This type of evaluation has led to a threshold aerosol concentration for the
alveolar fraction equal to density × 1.2 mg/m3, a value which is surprisingly
similar to that determined from epidemiological studies.

SH I F T MEAN VERSUS YEAR MEAN VALUES

Health effects after exposure to low-toxicity dusts are slow to develop and may
appear many years after exposure. Previous regulations in Germany on dusts for
which a general TLV was applied were based on long-term effects which depended
markedly on the dust dose; this dose was determined by the dust concentration
averaged over an extended period of time. Therefore the MAK values for these
dusts were average values for an exposure period of 1 year.
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Regulations agreed in the European Union require shift means not mean dust
exposure concentrations over many years. Therefore the problem has been to
extrapolate from year means (from epidemiological data) to shift means.

As the long-term exposure level is an average of mean shift levels, occasional
single shift average levels above the MAK value can be tolerated. The permitted
frequency and extent of the excursions above the MAK value is established on the
basis of occupational, medical and toxicological findings (as described in the 22nd
issue of ‘Toxikologisch-arbeitsmedizinische Begründung von MAK-Werten’,
1996). In these cases the peak limitation categories do not apply.

Data for low-toxicity dusts indicate that, in single cases, a shift mean can exceed the
year mean by a factor of 2–5; a correction factor of 2 was regarded to be sufficiently
safe. This means that for a year mean of 4 mg/m3 single shift means of 8 mg/m3 can
be tolerated. This correction factor should not to be applied when using long-term
animal studies for assessments of health risks for low-toxicity dusts. In such cases a
fixed exposure is used normally over a 2-year period of exposure.

GERMAN REGULAT IONS

The ‘General Threshold Limit Value for Dusts’ is established as a concentration
for the alveolar fraction at 1.5 mg/m3 and for the inhalable fraction at 4 mg/m3.
These are shift means. For single shifts this value can be exceeded by a factor of 2
(see above).

The same regulations have set preliminary values for aluminium and its oxides,
graphite, iron oxides, magnesium oxides and titanium dioxide — so far they do
not encompass ultrafine particles. Further investigations may lead to higher TLVs.

The values proposed by the German MAK Commission have formally to be
adopted by the German Minister of Labour to become official values. This
process is currently not completed.
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3 .1  LOW-SOL UBIL ITY DUSTS

AND ADVERSE  HEALTH

EFFECTS

Although ‘low-toxicity’ dusts have, to date, been described as such because they
have been assumed to have very little intrinsic toxicity associated with their
chemistry, there is increasing evidence that a greater degree of toxicity than was
initially recognised may be associated with the physical properties of these
materials, and it is recognised that the term ‘low-toxicity’ dust may, therefore, not
be entirely appropriate.

A first task is to identify which materials can be classified as low-toxicity dusts,
that is, which dusts are solid particulate materials of respirable size, are poorly
water soluble and have low cytotoxicity. As outlined in Section 2.4, for example,
titanium dioxide dusts with low solubility and low toxicity that are of interest in
terms of human exposure and response include polyvinyl chloride (PVC) dusts,
carbon black, coalmine dusts, kaolin, titanium dioxide and others. Dusts for
which occupational exposure standards are currently established in the UK are
listed in Section 2.1. In contrast, the particulate phase of tobacco smoke and
quartz particles, for example, clearly have high toxicity. Describing grain dusts as
having either high or low toxicity is complicated by the presence of proteins and
therefore possible antigenic properties. In addition, recent studies on
environmental pollution have linked environmental levels of respiratory
particulates (commonly called PM10) with increases in population morbidity and
mortality, though the mechanisms for such effects are unclear. Whether ultrafine
particles should be considered as part of a generic group of ‘low-toxicity dusts’ or
should be considered separately from other particles because of their special
properties is a matter of debate. New materials with ever smaller particle size are
certainly being generated.



How to approach mixtures of dusts is also problematic, and this affects the
interpretation of some epidemiological studies. For example, most occupational
exposures are to mixed dusts, with quartz frequently being one (even if only small)
component. Yet until the effects of specific individual dusts can be better
understood (largely from experimental studies) it will be difficult to evaluate
mixed dusts.

Next it is important to identify which are the health effects of concern.
Understanding likely health effects in the human population is dependent, in part,
on clarifying to what extent experimental studies in animals, particularly those in
the rat, can be used to predict the human response. When considering low-toxicity
dusts the first observed effect to be noted in rat studies is that of impaired
clearance, associated with an overloading of the lung with particulate material. In
terms of predicting final outcome it is necessary to determine which is the most
relevant effect — impaired clearance or the associated inflammatory response.

Once the effects most predictive of an adverse outcome in humans have been
identified, whether observed in experimental studies, volunteer studies of lung
function or epidemiological studies, there will be the possibility of establishing an
effects-based relative ranking of ‘low-toxicity’ dusts. New dusts or dusts with few
toxicological data could be ranked, based on physicochemical similarities and
toxicity in in vitro or short-term tests, relative to some ‘benchmark’ dusts for which
a more complete data set on effects is available. It may then be possible to use such
a relative ranking to support the regulation of ‘low-toxicity’ dusts.

Traditionally only occupational groups have been investigated for the effects of
exposure to dusts. However, there is increasing concern about groups in the general
population at risk from ‘low-toxicity’ dusts. Such groups include children, and
people with chronic obstructive pulmonary disease, chronic emphysema or asthma.
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3 .2  A  SCIENTIF IC APPROACH

TO STANDARD SETTING

As described previously, one focus of this report is setting standards for the many
‘low-toxicity’ dusts currently regulated in the UK and elsewhere as a group, even
in the absence of specific toxicity data. Nonetheless, it should be recognised that
some individual dusts, such as talc and kaolin, are regulated individually, and in
such cases standards are based on knowledge of the toxicology of the specific
dusts in question.

The problem of how to evaluate ‘low-toxicity’ dusts for which few toxicological
data are available, applies, in principle, more to existing than new chemicals, as
specific regulations require toxicity testing for new chemicals. Approaches to
dealing with a lack of toxicological data on which to base standards range from
the requirement to generate new data, in which case appropriate testing strategies
must be established, to the possibility of extrapolating toxicological findings from
one dust to another by using a ‘benchmarking’ approach. In this approach
specified dusts with well characterised physicochemical properties and toxicology
are considered as benchmarks; other dusts, for which fewer data are available, are
then compared with the best fitting benchmark for the purposes of setting
exposure standards.
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3 .3  EXPER IMENTAL  STUDIES

An important issue in determining the relevance of various animal studies to
humans is that of lung overload, as discussed in Section 2.3. Lung overload,
resulting from exposure to particulate material, is a phenomenon that can occur
in all species, not just the rat, although the rat is the best understood species in this
respect. The proliferative inflammatory response associated with lung overload is
greater in the rat than other species. This enhanced proliferative response is
probably responsible for the lung tumours seen in the rat but not other species.

As described previously (Section 2.2 and 2.8) the surface area of particulates,
whether ultrafine or larger particles, correlates better with the inhibition of
alveolar macrophage-mediated clearance of particles from the lung, the
inflammatory response in the lung, and lung tumour incidence than does particle
mass or volume. For this reason it may be more appropriate to compare dusts
using a metric based on surface area rather than on volume or mass (although the
latter is clearly more practical for regulatory purposes). Such an approach would
imply the acceptance that there is a continuum of effect between ultrafine and
other particles and therefore a common mechanism; however this is not necessarily
generally accepted. In practice, the correlation between surface area and response
is an observation rather than a causal explanation of effect. It is not clear how
surface area could be causally associated with the phenomena associated with lung
overload. Furthermore, there appears to be a wide variation in response to
ultrafine particles, which leads to caution about adopting a generic approach and
also to the conclusion that ultrafine particles should be considered separately from
other particles because of their special properties. If ultrafine particles are to be
considered separately, a clear definition of what constitutes such a particle must be
agreed. As yet there is no clear definition, although there is some general
acceptance that ultrafine particles are those that are smaller than 50 nm in
diameter (the German MAK* considers ultrafine particles to be less than 0.1 µm).

While (in rats), lung overload, impaired clearance and inflammation are all clearly
associated, it is not clear that impairment of clearance by alveolar macrophages

* The MAK value (maximum workplace concentration) is defined as the maximum
concentration of a chemical substance in the workplace air which generally does not have
known adverse effects on the health of employees, given a 40-hour working week.
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causes the inflammatory response, it may be that a developing inflammatory
response impairs the function of alveolar macrophages. Thus lung overload may
be the effect of impaired macrophage function rather than the cause.

Rats are the only experimental animals in which lung tumours have been
associated with exposure to ‘low-toxicity’ dusts. Rat lung tumours arise mainly in
the alveolar region from type II epithelial cells, the proliferation of which is
associated with the inflammatory response. In many studies tumours have been
observed exclusively in females, and the inflammatory response in the female rat
does seem to be more pronounced than in the male, again indicating the
importance of this response for tumorigenesis. Most lung tumours found in the
rat after exposure to ‘low-toxicity’ dusts are benign, and any malignant tumours
rarely metastasise and are usually non fatal.
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3 .4  STUDIES  IN HUMANS

As described in Section 2.4, most human tumours are bronchial in origin as are
many non-malignant signs and symptoms associated with exposure to ‘low-
toxicity’ dusts, whereas in experimental studies in rats most responses are alveolar.
Alveolar tumours account for only about 1% of human lung cancers. However
occupational studies on ‘low-toxicity’ dusts have not generally looked for such
tumours; future studies should probably address this. Lung function
measurements can characterise both alveolar and bronchial responses; most
studies have used FEV1, which measures airway obstruction. Radiology can
identify small opacities and inflammation as well as actual pneumoconiosis;
mortality, for example from coalmine dust (with low quartz content), is associated
with chronic bronchitis and emphysema.

To investigate potential risks of low-level exposure to ‘low-toxicity’ dusts, good
quality exposure data are very important, and in exposure studies it is important
to measure the dust fraction of most relevance to the end-point of concern. For
bronchial disease, the thoracic fraction is a better measure of relevant exposure
than the respirable fraction, whereas for responses in the nasal or upper
respiratory tract the inspirable fraction is the better measure. In general, all
studies should include good particle size characterisation to facilitate comparison
between different exposure studies.

Cumulative exposure is a particularly important measure, but the effects of peak
exposures are little understood, and more data on such short-term high level
exposures will facilitate a better understanding of their influence on the chronic
response in the lung. The relative importance of peak high level exposures versus
long-term low-level exposures is not well established. As described in Section 2.10,
German regulations, allow occasional exceedances of the MAK value in a single
shift, as the MAK values are based on average exposures over an extended period.
However, as suggested in Section 2.9, as clearance mechanisms can be severely
impaired at high lung burdens, exposure to high concentrations of dust for a short
period may produce greater impairment of clearance than exposure to a lower
concentration of dust for a longer duration.
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Few ‘low-toxicity’ dusts have been investigated in epidemiological studies because,
by definition, until recently they were assumed to be relatively harmless. To
characterise exposure, prospective studies, measuring exposure by occupational
groups and including smoking histories, are the most informative but also the
most expensive. Cross-sectional studies, with exposures based on current
measurements or occupational histories, and retrospective studies, also with
largely historical exposure data or data based on current exposure measurements,
are more frequently undertaken and are less expensive, but are also less
informative.

Most epidemiological data are derived from occupational studies of workers
exposed to mixed dust and such studies may not be particularly helpful in assessing
risks associated with individual dusts. Although it is accepted that interactions
between dusts are likely to influence any adverse health outcome, interactions
between mixtures are little understood in other more extensively researched areas
of toxicology. It is not, therefore, realistic to expect to be able to evaluate the
relative contributions of individual dusts and mixtures of dusts at the present time.

Of the few epidemiological studies conducted to date, potentially the most
informative with respect to ‘low-toxicity’ dusts in general have been those on
coalmine dusts. It may therefore be feasible to use coalmine dust as a benchmark
against which to assess the likely effects in humans of other dusts; however there
are disadvantages. There are many types of coalmine dust, of different particle
size, and coarser coalmine dust, for example, will have a relatively small surface
area, which may preclude its use as a benchmark. Early studies found little
relationship between particle count and observed effects such as lung opacities,
and as indicated above it may be more appropriate to relate effects to surface area
than mass. It may be useful to revisit some earlier studies to see if the available
data can be used to investigate a surface area effect. Furthermore, some dusts are
contaminated with quartz, though it should be possible to estimate the influence
on toxicity of any quartz contamination; generally no effect of quartz can be
detected when its content is less than 10% of the dust.

Other epidemiological studies of considerable current interest include the recent
studies that have shown a consistent association between ambient exposure to
particulates and asthma, chronic obstructive pulmonary disease and other
cardiopulmonary ailments (see Section 2.5). In general, exposure to ambient
particulates appears to aggravate existing conditions or bring forward the onset of
new symptoms. The explanation for the association is not clear as the levels of
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particulates in ambient air associated with such effects would be likely to cause
only very slight increases in deposition of particulates in the peripheral lung.

In general, the present epidemiological database on ‘low-toxicity’ dusts is deficient
and unreliable. Generation of better human data, with good exposure and
outcome measures, will require large populations that have been heavily exposed
to dusts, and re-investigation of historical occupational populations with heavier
dust exposure than occurs at present may the only feasible approach. Any
prospective studies will necessarily address lower exposures than have occurred in
the past and small and subtle changes in health outcome; thus as well as using
high quality exposure measurements, these studies will need to take careful
account of confounding factors.

Both the association between ‘low-toxicity’ dusts and lung function and the
impact of lung function changes need further investigation. It does appear that
most if not all inhalable dusts can cause lung function changes at high enough
concentrations and that, for example, the combined effects of tobacco smoke and
other dusts are additive rather than multiplicative. There is a considerable range
in normal lung function and in age-related lung function; also in any individual,
lung function is variable. On average, people will experience a decline in lung
function of about 30 ml per year, from their mid-twenties. It is suggested in the
USA that any decline greater than 15% of baseline forced expiratory volume in
1 second (FEV1) warrants some kind of intervention. As described in Section 2.5,
the National Institute for Occupational Safety and Health is now recommending
lung function testing as a measure to facilitate early identification of possible
particle-induced lung disease.
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3 .5  IN VITRO ASSAYS BASED

ON MECHANISMS OF

ACTION

Normal clearance of particles by alveolar macrophages can be impaired by ‘high’
exposure to toxic particles (e.g. quartz) causing death of the macrophages, by
‘low’ exposure to toxic particles causing gene activation and expression, and by
‘high’ exposure to dusts with low toxicity causing lung overload, leading to
secretion of inflammatory mediators, inflammatory responses and cell-mediated
injury. When clearance is impaired, macrophages accumulate on the lung surface
and particles become transferred to the interstitium.

As described in Sections 2.6 and 2.8, there are a number of in vitro assays that
could potentially be developed to investigate some of the mechanisms associated
with lung overload and could be used to evaluate ‘low-toxicity’ dusts and assign
them to categories according to mode of action or relative toxicity. Such a battery
of in vitro tests might reduce the need for extensive in vivo testing and could also
be used as the starting point for a screening protocol for new dusts or little studied
existing dusts.

The proposed tests (see Section 2.6) measuring macrophage phagocytosis and
migration might be particularly informative as it appears that macrophages may
be slowed down much more by ultrafine than by fine particles. It is recognised
that, in such studies, it would be necessary to know to what extent particles were
actually internalised rather than simply attached to macrophages. Tests to
investigate interactions between particles and epithelial cells should give some
information about the likely transfer of particles to the interstitium.

Given the uncertainties about the relevance to humans of the rat lung tumour
response to particle overload by ‘low-toxicity’ dusts, there is some debate
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concerning the degree to which results from experimental studies in rats should
influence the development of in vitro tests based on mechanisms of action.
Nonetheless, one approach (Section 2.8) does use the rat as the preferred test
species for short-term dose–response studies on lung response, as it is the species
the most sensitive to inflammatory and proliferative responses.

While there is support for the establishment of a bank of well characterised
standard particles to be made available to all researchers in the field, further
consideration is needed regarding which dusts should be included as ‘low-toxicity’
dust standards.



130

DISCUSSION

3 .6  CONTRIBUTION OF IN

VIV O STUDIES  TO

UNDERSTANDING

MECHANISMS OF ACTION

The in vivo studies summarised in Section 2.7 and 2.8, which demonstrate that
normal clearance of particles from the lung is slower and interstitialisation of
inhaled particles is enhanced in larger mammals (including humans), relative to
rats, appear to go some way to explaining the observed species differences in
pathogenicity. The studies therefore seem to support the suggestion that the rat is
not a good model to predict any potential tumour response to ‘low-toxicity’ dust
relevant to humans. Furthermore, the lung tumour response in rats is related to
inflammation and hyperplasia associated with particle accumulation in the
alveolar region, and the pattern of dust accumulation in humans is quite different.
There are other rodent species that apparently have a similar clearance mechanism
to the rat, but the rat seems to be the only species that develops lung tumours in
response to ‘low-toxicity’ dusts. Impairment of the clearance mechanism does not,
therefore, seem to be the sole explanation for the observed pathology; the
deposition pattern may also be important and there may also be inherent species
differences in response to inflammation. Although there are known species
differences in clearance, deposition and perhaps sensitivity, it is unclear to what
extent the mechanisms that occur in the rat are also operative in humans.

To clarify and confirm the proposed mechanisms underlying the species
differences in pathology, there is clearly a need for further mechanistic and in vivo
studies on ‘low-toxicity’ dusts in different species, including large mammals. It is
particularly important to elucidate which mechanisms are the most relevant to
humans. Such studies should also contribute to a broader examination of the
possibility that an animal model other than the rat would be more appropriate for
predicting human toxicity.
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3 .7  A  BENCHMARKING

APPROACH TO TESTING AND

STANDARD SETTING

The advances that have been made in understanding the mechanisms of action of
‘low-toxicity’ dusts, together with the knowledge that mechanistic differences can
provide a rationale for the species differences in pathogenic response observed
after inhalation of such materials (as described in Sections 2.6–2.8 and 3.5 and 3.6
above), make it possible now to consider the development of a mechanistically-
based testing strategy for ‘low-toxicity’ dusts.

According to the protocol suggested in Section 2.8 for such an approach, the test
strategy would be based on the inflammatory and fibrogenic effects observed in
the rat lung. Although the rat may not be a good model for the human response
in terms of lung tumours, it appears to be the most sensitive species and the most
sensitive indicator of inflammatory and proliferative changes, and is a reasonably
good model for humans in many other respects. Any new dust, or dust for which
toxicological data were limited, would be compared with benchmark dust(s)
having a full range of toxicological information, preferably for humans as well as
experimental animals. As a first stage, the physicochemical properties of the dusts
would be compared. In vitro studies on cytotoxicity and cell activation would then
be conducted followed by short-term dose–response inhalation or intratracheal
instillation studies in rats. Results from such studies on the ‘test’ dust would be
compared with those obtained with the benchmark dust(s). Thus these short-term
‘bridging’ studies would be used to link (or bridge between) two data sets. If the
results from such initial studies indicated that the test dust was very similar to a
benchmark dust, then it would be assumed to have similar toxicology and also be
likely to cause similar effects in humans. It could, therefore, even in the absence of
additional data, be considered in a similar way to the benchmark dust, although
there may be a need to apply higher uncertainty factors in the risk assessment
process leading to exposure standards.
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A major requirement when evaluating relative toxicities in this way is that the
same end-points are compared for the benchmark and test dusts. The way the
results are compared must also be uniform, for example potency must be
expressed in the same way. Another factor to consider in using short-term
bridging tests for risk assessment would be the reproducibility of such tests
between laboratories.

If no suitable benchmark dust could be found then medium-term and, depending
on these results, long-term in vivo tests would have to be undertaken to generate a
more complete toxicology database to support any regulatory action. Additional
medium-term and long-term studies will anyway usually yield results that can be
used to justify a reduction in the uncertainty factors used in risk assessment. In
developing the procedures for the proposed short-term bridging studies (as
described in Section 2.8) it was generally found that a no observed effect level
(NOEL) estimated from a 2-week study was two to four times higher than a
NOEL estimated from a chronic study. If such results are consistent, they may
help determine what a ‘default’ uncertainty factor (i.e. the uncertainty factor used
in the absence of satisfactory toxicological data) should be.

Currently proposed in vitro and short-term in vivo tests for inclusion in such a
benchmarking approach measure factors associated with the impact of the
respirable dust fraction in the deep lung; it should also be possible to develop tests
to assess impacts of the inhalable dust fraction on the upper airways.

Ideally a full set of toxicological information, from in vitro tests and animal studies
(such as those described in Sections 2.2, 2.3, 2.6 and 2.8) as well as clinical or
epidemiological studies or autopsy data, should be available for a benchmark dust.
Human data should include information on markers and symptoms of adverse
health outcomes generally accepted as likely to be associated with exposure to dusts.
These include wheeze, breathlessness, acute respiratory episodes and chronic
bronchitis, decrements in lung function, radiologically identifiable small opacities,
pneumoconiosis and fibrosis, cardiovascular effects, and mortality from non-
malignant respiratory disease, chronic bronchitis or emphysema. However, all such
effects can have causes other than dust exposure, and epidemiological studies will
have to address such alternative associations and possible confounding. Lung
cancer in humans is not thought to be an end-point of concern with respect to ‘low-
toxicity dusts’; in addition, epidemiological studies on lung cancer are confounded
by smoking, which is the dominant cause of the disease.



A number of benchmark substances should be chosen to cover a range of
toxicities, from highly toxic materials such as quartz, to coalmine dust, carbon
black and the lower toxicity titanium dioxide and zeolites. Pigment grade titanium
dioxide is well accepted as a good representative of a ‘low-toxicity’ dust, but more
data on human exposure and response would be required for it to be used as a
benchmark dust.

It is not only the toxicological end-points that should be similar when test
substances are compared with benchmark substances; benchmarking works
optimally when materials that are chemically and physically similar are compared.
For example, the best candidate benchmark substance for a new or untested
zeolite would be a benchmark zeolite.

The benchmarking approach cannot only be used to establish relative potencies
and hence support regulation, it can also be used to predict, with varying degrees
of confidence depending on the available experimental studies, likely human
health impacts. As new data on human responses to dusts become available they
can be used to test the predictive value of the benchmarking approach and hence
help refine and strengthen it further. The weaknesses of the present
epidemiological database are discussed above.

The benchmarking approach is not intended to be used to extrapolate from short-
term high-level exposure of experimental animals to long-term low-level exposure
of humans per se. The concept is that the effect of short-term high-level animal
exposure to a test substance is compared with the effect of similar exposure to a
benchmark substance for which human toxicological data are available; from the
latter a prediction of adverse effect in humans is made for the test substance.
However, it should be noted that animal studies often use pure materials, whereas
humans are exposed to materials of varying type and origin, for example from
different geological sources or with different size ranges; moreover, exposure is
often to mixtures.

In collecting relevant data for use in benchmarking it would be useful to establish
a matrix of existing in vitro, in vivo, clinical, autopsy and epidemiological data for
existing ‘low-toxicity’ dusts, and to use such a matrix to identify data gaps. The
matrix could also be used to evaluate how well experimental data, in particular
those derived from rat studies, predict toxicity in humans. In so doing, a better
estimate could be made of how much more sensitive the rat is than humans to
‘low-toxicity’ dust.
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3 .8  MATHEMATICAL

MODELL ING

Models, such as those presented in Section 2.9 to predict deposited dose of
inhaled particles, could be incorporated into a benchmarking approach to
evaluate the toxicity of particulates. Results from modelling studies would
contribute to a preliminary assessment of toxicity, and in an iterative process, new
information on toxicity and mechanisms obtained from testing could be
incorporated to refine the mathematical models.

Although the models presented herein concentrate on effects leading to the
initiation of inflammation, other models may be useful to predict other end-
points.

Such mathematical models could become useful tools to predict the relative effects
of different kinds of exposure (e.g. peak exposures, short-term high exposures,
long-term low exposures). Modelling also highlights the issues that are important
in extrapolating outcomes from one species to another.
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3.9 FACTORS THAT INFLUENCE

STANDARD SETTING

3 . 9 . 1  S U S C E P T I B I L I T Y

Within the population, individuals will have a range of responses to exposure to
particles, determined, in part, by differences in susceptibility. Different
susceptibilities to ‘low-toxicity’ dusts may arise for a variety of reasons, including
genetic differences, sex, age, lifestyle, diet, psychosocial factors, smoking, other
exposures, previous illness, and so on.

An important question for regulators is whether exposure standards can or should
be set at levels that protect susceptible groups and if so which susceptible groups
should be protected. A related question is, if standards cannot be set to protect
every individual, then at what point should a susceptible individual be protected
or removed from a risky exposure. The latter, in particular, may raise ethical
problems in the occupational situation.

The possibility of improving the protection of susceptible groups will be enhanced
by improved understanding of mechanisms of action, and studies in susceptible
individuals, in sensitive animal models and on species differences in response will
in turn improve understanding of mechanisms.
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3 . 9 . 2  C U R R E N T U N D E R S T A N D I N G O F

M E C H A N I S M S O F A C T I O N

Although the rat is not necessarily the best model to predict human response to
‘low-toxicity’ dusts, it is the species most prone to inflammatory and proliferative
responses. Thus previous risk assessments, for example for titanium dioxide, in
both the USA and Germany, have used data on lung overload in rats to establish
a threshold for adverse effects in humans, and there is general agreement that, in
the absence of epidemiological or clinical data, such a conservative approach
should lead to an adequate level of protection for exposed populations.
Furthermore, exposure standards that protect against the inflammatory and
fibrogenic effects in man implied by the results from long-term dust inhalation
studies in rats should also protect against any possible cancer hazard. However, it
is recognised that reliance on experimental studies, in the absence of human data
to confirm the predictive value of such studies for human health effects (as
outlined above), may lead to exposure standards that are set at unrealistically or
unnecessarily low levels.

3 . 9 . 3  I N H A L A B L E V E R S U S

R E S P I R A B L E F R A C T I O N

Whether to consider control measures on the basis of the inhalable or the
respirable dust fraction depends on the health end-points considered most
important. Non-respirable dust can give rise to rhinitis, cough, sputum and so on.
In the absence of any clear understanding about the site of action of low-toxicity
dusts, it is arguable that regulating total inhalable dusts at levels that would
protect from the effects of respirable dusts might well be the safest option.
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3 . 9 . 4  A G E N E R I C S T A N D A R D

Particle-induced lung overload seems, as outlined above, to be an appropriate basis
for setting a generic dust standard; that is, in the absence of a specific toxicological
effect, a generic standard could be based on a particle-specific response. Lower or
higher control levels could then be set for individual dusts, if appropriate, as new
data on specific toxicity (particularly in humans) became available.

Such a generic approach, especially one based on setting limits defined by
response to the respirable fraction (as above), would provide an incentive to
industry to conduct further tests or other investigations to justify relaxation of the
generic standards for individual dusts on a case by case basis.

However, whether or not it is appropriate, in the absence of specific toxicological
data, to consider ‘low-toxicity’ dusts as a generic group is a matter for debate. No
other group of substances (e.g. gases, solvents etc.) is regulated generically. The
proposal to use a benchmarking approach to evaluate the toxicity of dusts is
considered to be a positive move forward to facilitate extrapolation from one
substance to another, while still setting individual standards for each substance,
many of which may be the same. It is not recommended that benchmarking
should be used to assign dusts to categories of similar materials regulated by a
series of generic standards. Even if ‘low-toxicity’ dusts continue to be regulated as
one generic group, there is general consensus that ultrafine particulates need to be
considered separately.
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4 Recommendations

Taking into account the reviews presented in Section 2 and the general discussion
summarised in Section 3, a number of recommendations are made for future
actions and for research into the mechanisms of action and toxicity of ‘low-
toxicity’ dusts. Recommendations about methodological aspects of some of the
proposed work are also included. No attempt has been made here to set priorities
for the proposed actions.

❐ A multidisciplinary approach both to the evaluation of existing data and to
future work, involving toxicologists, clinicians and epidemiologists, should be
encouraged.

The group of materials designated as ‘low-toxicity’ dusts is very large, and for
many dusts existing data are insufficient to make a rigorous risk assessment.
Efforts need to be made to improve the understanding of particle-related toxicity
and to maximise the use of data that are available.

❐ Studies on specific dusts should be undertaken in such a way that generic
issues relating to particle toxicity can also be addressed and, as far as
possible, the outcomes applied to other dusts.

❐ A benchmarking approach is proposed, whereby experimental toxicity data
(including results from short-term bridging studies) on dusts for which the
available toxicological data, including human data, are scarce, are compared
with similar data from a small number of selected benchmark dusts for which
human toxicity is well characterised. The benchmarking approach can be used
to assess relative toxicities of dusts and, with varying degrees of confidence
depending on the available data, to predict likely human health impacts.

❐ The benchmarking approach, incorporating a comparison of experimental
and human data, should be used to investigate the relevance of experimental
data to the prediction of human toxicity. In particular this process can be used
to establish whether quantitative, rather than merely qualitative, predictions
can be made about the likely human response.



140

RECOMMENDATIONS

Short-term bridging studies are proposed as a first stage in the benchmarking
approach to assessing relative toxicities. Physicochemical properties of the dusts
and results from in vitro studies on cytotoxicity and cell activation, as well as
short-term dose–response inhalation or intratracheal instillation studies in rats
would be compared.

❐ Interlaboratory comparisons of short-term bridging studies to be used in the
benchmarking approach should be encouraged. Studies should be designed in
such a way that comparisons of potency and internal dose, not simply
exposure concentrations, can be made.

When compared with particle mass parameters, the surface area metric for
particulates, whether ultrafine or larger particles, appears to correlate better, in the
rat lung, with alveolar macrophage-mediated particle clearance, pulmonary
inflammation and lung tumour incidence.

❐ The relative importance, for predicting toxicological outcome, of particle
surface area versus volumetric or gravimetric measures, and possible
relationships between different measures should be further investigated.

Whether or not there is a common mechanism of toxicity for all particles,
irrespective of size, is unclear; ultrafine particles do not appear to act in the same
way as other particles.

❐ Further studies, including mechanistic and monitoring studies, should be
conducted. In particular, studies should be conducted on ultrafine particles to
investigate whether they are more toxic than other ‘low-toxicity’ dusts in
larger mammals and humans.

Other rodent species apparently have a similar clearance mechanism to the rat,
even though the rat seems to be the only species sensitive to the induction of lung
tumours by particles. Impairment of the clearance mechanism does not, therefore,
seem to be the sole explanation for the observed pathology; the deposition pattern
may also be important and there may be an inherent species difference in response
to inflammation. It is not clear to what extent, if any, the mechanisms that operate
in the rat also operate in humans.

❐ The mechanistic reasons for interspecies differences in susceptibility to ‘low-
toxicity’ dusts and the phenomena associated with lung overload merit further
investigation in both in vitro and in vivo studies. In particular whether the rat
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is uniquely sensitive and whether a different animal model might be more
appropriate should be investigated. Furthermore, in order to provide a more
precise indicator of what health outcomes should be investigated in
epidemiological studies, species differences in the site of deposition of
particulate material in the lung and the influence of the site of deposition on
toxic effect (including the importance of the interstitial compartment) should
be investigated further.

To investigate potential risks of low-level exposure to ‘low-toxicity’ dusts, good
quality exposure data, including particle size characterisation to facilitate
comparison between different exposure studies, are very important. It is also
particularly important to measure the dust fraction of most relevance to the end-
point of concern.

❐ Better physicochemical and size characterisation of particles should be
undertaken for workplace exposures in order to develop a more robust
database with which new substances can be compared.

While recognising the need for further studies (as outlined above), general
conclusions can be made, based on current knowledge, about the process of
evaluating ‘low-toxicity’ dusts.

❐ The term ‘low-toxicity dust’ is not appropriate to describe the materials of
concern and further consideration should be given to developing better
terminology.

❐ The proposal to use a benchmarking approach to evaluate the toxicity of
dusts is considered to be a positive move forward. Such an approach could be
used to establish relative toxicities leading to individual standards for each
substance.

❐ Even if ‘low-toxicity’ dusts continue to be regulated as a generic group, there
is a general consensus that ultrafine particles should be considered as a
separate class from otherwise unspecified ‘low-toxicity’ dusts.

❐ Although ‘low-toxicity’ dusts should be considered where possible as individual
substances, a generic approach could provide a default position when lack of
data precludes the setting of specific standards. Such an approach would
provide an incentive for further research to justify any modification of the
generic standard for an individual dust.
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