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Abstract

A review of the literature on chronic
inhalation studies in which rats were
exposed to mineral fibres at known fibre
number concentrations was undertaken
to examine the specific roles of fibre
length and composition on the incidences
of both lung cancer and mesothelioma.
For lung cancer, the percentage of lung
tumours (y) could be described by a rela-
tion of the form y = a + bf + cf?, where f
is the concentration of fibre numbers and
a, b, and c are fitted constants. The cor-
relation coefficients for the fitted curves
were 076 for >5 um fiml, 0-84 for >10 ym
fiml, and 0-85 for >20 um fiml. These
seemed to be independent of fibre type. It
has been shown that brief inhalation
exposures to chrysotile fibre produces
highly concentrated fibre deposits on
bifurcations of alveolar ducts, and that
many of these fibres are phagocytosed by
the underlying type II epithelial cells
within a few hours. Churg has shown that
both chrysotile and amphibole fibres
retained in the lungs of former miners
and millers do not clear much with the
years since last exposure. Thus, lung
tumours may be caused by that small
fraction of the inhaled fibres that are
retained in the interstitium below small
airway bifurcations where clearance
processes are ineffective.

By contrast, for mesothelioma, the
(low) tumour yields seemed to be highly
dependent upon fibre type. Combining
the data from various studies by fibre
type, the percentage of mesotheliomas
was 0:6% for Zimbabwe (Rhodesian)
chrysotile, 2:5% for the various amphi-
boles as a group, and 4:7% for Quebec
(Canadian) chrysotile. This difference,
together with the fact that Zimbabwe
chrysotile has 2 to 3 orders of magnitude
less tremolite than Quebec chrysotile,
provides support for the hypothesis that
the mesotheliomas that have occurred
among chrysotile miners and millers
could be largely due to their exposures to
tremolite fibres. The chrysotile fibres
may be insufficiently biopersistent
because of dissolution during transloca-
tion from their sites of deposition to sites
where more durable fibres can influence
the transformation or progression to
mesothelioma.

(Occup Environ Med 1994;51:793-798)
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All inhaled particles have non-uniform depo-
sition patterns within lung airways. In the
large airways, large particles (diameter >2
pm) deposit preferentially on airway bifurca-
tions due to their momentum.' In all airways
and for all particle sizes, the greater concen-
tration of high velocity streamlines of flow
around bifurcations results in enhanced depo-
siion on such surfaces.? Furthermore, in
small airways, the axial core flow in the distal
direction that is superimposed on the tidal
flow during multiple breathing cycles leads to
preferential deposition on the bifurcations of
small airways.>*

Detailed information on particle deposition
and the initial stages of translocation from the
sites of deposition to other locations within
the lungs and beyond has been obtained in
studies in which laboratory animals were
briefly exposed to airborne particles shortly
before they were killed. Microscopic evalua-
tion of airway sections collected by microdis-
section provided quantitative information
about the distribution of particles on the sur-
faces of the fluid layers above the epithelial
cells, as well as the distribution of particles on,
within, and beyond the epithelial cells at the
time of death. By killing laboratory animals at
various times after the end of inhalation, one
can characterise the distribution of retained
particles at various anatomical sites as a func-
tion of time after the end of exposure. This
can provide estimates of the kinetics of parti-
cle migration into and through the epithelium
and along translocation pathways. Studies of
local particle deposition and retention within
the first day after particle inhalation have been
performed at the respiratory acinus®>’ and
within the trachea.®*'® The concentrations of
particles in these laboratory studies were
much higher than those encountered in occu-
pational exposure, but the exposure duration
was much shorter. Although interpretations of
studies of high doses need to be made with
caution, the microscopic assays performed in
these studies show individually identifiable
particles and fibres, and the translocation
pathways found may well be applicable to
comparable integral doses delivered over
longer periods of time.

Brody and Yu provided a theoretical basis
for the highly concentrated fibre deposition at
alveolar duct bifurcations in the rat, and
noted that the deposition pattern in humans,
with highly developed respiratory bronchioles,
may differ.!! On the other hand, they also
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noted that early pneumoconiotic lesions are
found at the bronchoalveolar junctions in the
lungs of humans.

Valuable information has also been found
in human lungs obtained at necropsy, espe-
cially when a reliable history of occupational
or environmental exposure to the airborne
particles of interest was also available.'?'* For
long fibres (length >10 um), there was a sig-
nificant enhancement of bifurcation deposi-
tion due to the interception mechanism.'
Thus, there is preferential deposition of
inhaled fibres at airway bifurcations through
the combined actions of all of these mechanisms.

In this paper, I discuss the influence of fibre
length, diameter, and durability of inhaled
mineral fibres within the lungs on their reten-
tion times and clearance pathways in the
lungs, and on their potency in the induction
of lung cancer and mesothelioma. In compari-
son with shorter fibres and more compact
mineral particles, fibres > 10 ym in length are
retained to a greater extent within human
lungs'? and animal lungs.'>'” This is most
likely due to the inability of lung macrophages
(about 12 um diameter) to fully ingest the
longer fibres.'®* Fibre diameter can affect
retention at the respiratory epithelium in a
different way. Fibres <0-15 um in diameter
seem to be able to pass through pores in the
epithelial membrane.!® Similar penetration is
achieved by compact particles of similar small
diameters, such as TiO,.2°

For nominally insoluble fibres not cleared
from the tracheobronchial airways by
mucociliary transport, or from the gas
exchange airways by macrophage mediated
clearance through the tracheobronchial air-
ways, their rates of dissolution within cells
and interstitial fluids can be an important
determinant of their pathogenic potential.
The increasing rate of dissolution in lung fluid
simulants, in which glass wool > rock wool>
chrysotile asbestos > amphibole asbestos is
well matched in reverse order of their abilities to
produce cytotoxicity, lung fibrosis, and cancer.?!

The differential lung clearance between
fibres of chrysotile, a serpentine asbestos min-
eral, and the more rod like amphibole
asbestos fibres, such as amosite, anthophyl-
lite, crocidolite, and tremolite was shown for
rats that underwent chronic inhalation expo-
sures, by Wagner et al.?? Figure 1 shows that
the lung fibre burdens of the amphiboles rose
continuously throughout the two year expo-
sure interval, and they declined slowly in the
rats removed from exposure after six months.
By contrast, the lung burdens in rats exposed
to both Quebec and Zimbabwe chrysotile rose
much more slowly during exposure, and
seemed to decline after 12 months, even with
further exposure.

Similar differential retention has been
found in humans. Churg reported on analyses
of lung tissue for 94 chrysotile asbestos miners
and millers from the Thetford region of
Quebec, Canada.!’* The chrysotile deposit and
exposure atmosphere contained a very small
percentage of tremolite, yet the lungs con-
tained more tremolite than chrysotile (fig 2),
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Figure 1 Mean weight of dust in lungs of rats in relation
to cumulative exposure and duration of exposure time.
Reproduced with permission from Wagner, et al.*
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Figure 2 Predicted fibre concentration as a function of
continuous years of occupational exposure based on
analyses of lung retention of chrysotile and tremolite fibres
Sfor 94 miners and millers from the Thetford region of
Quebec. Reproduced with permission from Churg.'?

and the tremolite content increased rapidly
with the duration of exposure.

Although most of the inhaled chrysotile was
rapidly cleared from the lungs, a small frac-
tion seemed to be retained indefinitely. Figure
3 shows that after exposure ends, there was
little or no clearance of either chrysotile or
tremolite from the lungs of the Thetford
miners and millers.

10+
c
L .
® 5 Tremolite
=
[
]
g Chrysotile
S ol
s 0
o
-
_5 L 1 1 1 1 |

0 10 20 30 40 50 60
Exposure (y)

Figure 3  Predicted fibre concentration as a function of
time since last exposure based on analyses of lung retention
of chrysotile and tremolite fibres for 94 miners and millers
Jrom the Thetford region of Quebec. Reproduced with
permission from Churg.'?



Deposition and retention of inhaled fibres: effects on incidence of lung cancer and mesothelioma

[7, 100 7
§.]
[
£ 804 O Amosite
3 o Chrysotile one
S 604 hit
°
8
.: 40 —
S
o
:E, 20
|_
R o
I I [ T T T T
0 2000 4000 6000

Airborne fibres/ml (length > 5 um)

Figure 4 Total incidence of tumours (lung and
mesothelial) in rats exposed by inhalation to long and short
amosite by Davis et al** and long and short chrysotile by
Davis and Jones® v airborne concentration of fibres >5
pm in length, as presented by Potu.”* Reproduced with
permission.

Fibre deposition retention and lung
cancer

If most of the inhaled chrysotile fibres are
rapidly cleared from the lung, but most of
inhaled amphibole fibres are retained, then
one would expect that the risk of lung cancer
would be much greater for the amphiboles,
assuming that fibre count and size were similar.
It is not clear from human experience,?® or
animal inhalation studies, that this is so. A
recent paper by Pott, based on data from rat
inhalation studies, performed by Davis and
colleagues,? 2 suggests that once normalised
for the airborne concentration of fibres >5
pm long, amosite and chrysotile are equiva-
lent in potency (fig 4).%

To determine whether the alignment of the
three positive points on fig 4 was fortuitous, I
assembled the results of all of the available
data from inhalation studies in which rats
were exposed for >12 months to mineral
fibres (table 1). Whereas Pott had plotted
both lung and mesothelial tumours in his fig-
ure,?* I restricted my examination to lung
tumours on the basis that different mecha-
nisms apply to risks of mesothelioma and lung

Table I Summary of lung tumours in rats chronically exposed by inhalation
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Figure 5 Total incidence of lung tumours in rats
chronically exposed by inhalation to various mineral fibres

as a function of the concentration of fibres >5 um in
length.

cancer.”” The data on airborne fibre concen-
tration are those reported by the investigator,
estimated by the original investigator for other
cut off sizes based on their interpretations of
the data on the distribution of fibre size, or
estimated by me in a similar way. For the data
of Davis et al,?> 26283 and Wagner et al*' 32 the
direct measurements of concentration were
made by phase contrast optical microscopy,
and the data on size distribution were
obtained by scanning electron microscopy.
McConnell’s data were based on transmission
electron microscopy.

Figures 5, 6, and 7 plot the data in table 1.
They show that the airborne concentrations of
fibres >5 um long (fig 5), >10 um (fig 6) and
>20 um (fig 7) all indicate a clear and signifi-
cant trend of increasing incidence of tumours
with increasing exposures. The quadratic

Adenoma Lung cancer Total lung tumours
fiml > 5 um flml>10um flml>20um n (%) n (%) n (%)

Davis, ez al®:

Chrysotile-10 1950* 1000+ 360 7/40 17-5 8/40  20-0 15/40 375

Chrysotile-2 390 200t 72 6/42 14-3 2/42 4-8 8/42 19-0

Crocidolite-10 860* 250t 34 1/40 25 0 0 1/40 25

Crocidolite-5 430 125¢ 17 2/40 5-0 0 0 2/40 5.0

Amosite-10 550 87t 6 2/43 47 0 0 2/43 47
Davis, ez al?:

Chrysotile-peak 390t 200t 72% 4/43 93 2/43 4.7 6/43 14-0

Amosite-peak 550t 87t 61 4/44 9-1 2/44 91 6/44 18-2
Davis, et aP:

Amosite-short 70 12 11 0 0 0 0 0 0

Amosite-long 2060 1110 4001 3/40 75 8/40  20-0 11/40 275
Davis, er al:

Chrysotile-short 1170 330 33 1/40 25 6/40  15-0 7/40 175

Chrysotile-long 5510 1930 670 8/40  20-0 11/40 275 19/40 475
Davis, ez al:

Brucite 230 871 32t 3/38 79 2/38 5-3 5/38 13-2

Tremolite 1600 750t 250t 2/39 51 16/39 410 18/39  46°1
Wagner, et al*' 3

Crocidolite 1630 356 15 — — — — 2/24 84

Erionite 354 60 6 — — — — 2/27 74
McConnell (personal communication):

Crocidolite 1610% 678% 236% 11/108 10-2 6/108 56 17/108 15-7

*Estimated by authors of paper with fibre size distribution data from scanning electron microscopy.

+Estimated for this analysis with technique used by the other authors or extrapolation from related studies in same laboratory.
}Based on analysis by transmission electron microscope.
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Figure 6 Total incidence of lung tumours in rats
chronically exposed by inhalation to various mineral fibres
as a function of the concentration of fibres >10 um in
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Figure 7 Total incidence of lung tumours in rats
chronically exposed by inhalation to various mineral fibres
as a function of the concentration of fibres >20 um in
length.

regression lines shown on these figures have
higher regression coefficients than linear
regression lines, which suggests a similarity to
the dose-response relation for cancers caused
by ionising radiation.

There seems to be little difference in lung
tumour potency among amosite, brucite,
chrysotile, and erionite. The crocidolite points
may be about 50% below the curves, whereas
the tremolite point may be about 50% higher.
These are relatively small differences consid-
ering the uncertainties in determinations of
fibre counts (or extrapolations in some cases)
and substantial statistical uncertainties in the
cases where none or only one or two tumours
were reported. The best fits overall seem to be
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for the concentration of airborne fibres >10 or
>20 um long, consistent with my previous
recommendation for an optimal cut off size
for risk of lung cancer.” The intercept
between 0 and 5% is consistent with the small
background (control animal) incidence in
these studies. In any case, the fit for the 5 yum
cut off is not much worse than those for 10 or
20 um, and it seems that the conventional
occupational health exposure limit, with its
phase contrast optical measurement tech-
nique and 5 um cut off size, provides a rea-
sonable index of lung cancer risk for rats.
Whether this conclusion applies to humans
remains an open question, as is the question
of what mechanism could account for the lack
of any major influence on the composition,
surface properties, and biopersistence of min-
eral fibres on risk of lung cancer in rats. The
invocation (fig 4) by Pott of the one hit model
suggests that any common biological response
related to induction of lung cancer must take
place before retention time differences
emerge.** One such possibility for an early key
event in response to inhaled fibres is phagocy-
tosis by epithelial cells. Brody et al showed
that for rats chrysotile fibres that deposit pref-
erentially at the bifurcations of small airways
are taken up by underlying epithelial cells
within hours of their deposition.’

Epithelial cells in the larger conductive air-
ways of the rat lung have also been shown to
ingest particles from the airway surface.' The
implications of uptake of such large particles
in airways of human lungs on long term reten-
tion in bronchial airways was discussed by
Fang et al.** As noted previously, there is pref-
erential deposition of fibres >10 um long on
bifurcations of large airways due to the inter-
ception mechanism.'* The biological
responses that the fibres initiate within the
epithelial cells at the bifurcations of airways in
humans may then be promoted by other
agents, such as cigarette smoke. Despite the
enhanced surface deposition at bifurcations,
the fibres that deposit there may be only a
small fraction of those inhaled because the
bifurcation deposits tend to be concentrated
on very small portions of the lung surface.
Being concentrated near limited areas of
deposition, “hot-spots” within interstitial sites
are consistent with the knowledge that a small
fraction of inhaled chrysotile can have long
retention times as clusters in lung tissue, as
discussed by Churg."? The similarity of long-
term retention of previously deposited
chrysotile and amphibole fibres in rats (fig 1)
and humans (fig 3) suggests that the risks of
lung cancer in humans are also proportional
to the airborne concentrations of long fibres of
all types of asbestos.

Fibre retention, translocation, and
mesothelioma

Churg reported on associations between fibres
retained in the lungs of asbestos miners and
millers from Thetford in Quebec with the
incidence of mesothelioma.”> He concluded
that the tremolite content in the lung tissue
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was closely associated with mesothelioma,
whereas the chrysotile content was not. This
conclusion was consistent with the results of a
multivariate analysis reported by McDonald et
al, which indicated that two thirds of the cases
of mesothelioma for this population could be
attributed to long (>8 um) amphibole fibres,
including tremolite, but that the chrysotile
itself made no significant contribution.>
These, and other epidemiological associations
between a variety of biopersistent fibres in
lungs and mesothelioma, lead to the conclu-
sion that exposure to chrysotile fibre on its
own, even the extraordinarily high exposures
of the miners and millers in Quebec, have little
if any role in the induction of mesothelioma,
and that most of the 33 mesotheliomas known
to have occurred in thé cohort of >11 000
Quebec asbestos workers were at least in part
caused by their exposure to the small fraction
of fibres in their worksites that were tremolite.
The very long residence times of tremolite
fibres in lung tissue suggests that the tremolite
fibres were acting as promoters of mesothelial
tumours, if not as a whole carcinogen. An
important open question is whether fibres
retained in parenchymal lung play a part in
promoting mesothelial tumours, or whether
they provide a good index for the presence of
biopersistent fibres in or adjacent to mesothe-
lial cell surfaces.

Results of the chronic rat inhalation tests
with mineral fibres provide some relevant sup-
port for the hypothesis that inhaled chrysotile
fibres by themselves pose relatively little if any
risk for mesothelioma. Table 2 summarises
the results of the chronic rat inhalation studies
with mineral fibres and their induction of
mesothelioma. In this table, I have separated

Table 2 Mesotheliomas produced by asbestos in chronic rat inhalation studies

Type of Asbestos Source Tumours/animals
Zimbabwe chrysotile
Wagner, et a’>—10 mg/m? UICC 0/44
Davis, et a”*—10 mg/m’ UICC 0/44
— 2 mg/m’ UICC 1/42
Davis, ez a?—10 mg/m?® (1 day/week) UICC 0/43
Overall 1/169 (0-6%)
Quebec chrysotile
Wagner, et a?>—10 mg/m’ UICC 4/44
Davis, et a?*—10 mg/m>® Short 1/40
—10 mg/m’ Long 3/40
Hesterberg, et al>—10 mg/m?® NIEHS 1/69
Overall 9/193 (4-7%)
Davis-Wagner subset 8/124 (6:5%)
Amphiboles
Wagner, et al*:
Crocidolite —10 mg/m? UICC 2/44
Amosite—10 mg/m’ UICC 0/46
Anthophyllite—10 mg/m’ UICC 2/46
Davis, er al®:
Crocidolite—5 mg/m’® UICC 1/43
Crocidolite—10 mg/m?* UICC 0/40
Amosite—10 mg/m’® UICC 0/43
Davis, et al:
Amosite—50 mg/m’ (1 day/week) UICC 0/44
Wagner, ez al’':
Crocidolite—10 mg/m® UICC 1/24
Davis, et al:
Tremolite—10 mg/m’ Korea 2/39
Davis, et al?:
Amosite—10 mg/m’ Short 1/42
—10 mg/m? Long 3/40
McConnell (personal communication):
Crocidolite—10 mg/m? UICC 1/69

Overall
Davis-Wagner subset

13/520 (25%)
12/451 (2:7%)

UICC = International Union Against Cancer, Lyon. NIEHS = National Institute of Environ-
mental Health Sciences, Research Triangle Park, NC, USA.
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the studies into three groups. One is the
amphiboles, which are associated with most of
the mesotheliomas in exposed human popula-
tions. Another is chrysotile from Zimbabwe
(formerly Rhodesia), which contains at least
two orders of magnitude less tremolite than
chrysotile from the Asbestos region in
Quebec, and three orders of magnitude less
tremolite than chrysotile from the Thetford
region of Quebec (Pooley F, personal com-
munication). The third group is the chrysotile
from Quebec. It is clear that the essentially
tremolite free chrysotile from Zimbabwe pro-
duces much less mesothelioma in rats than
either Quebec chrysotile or the amphiboles.
The results also suggest that tremolite is more
potent than the other amphiboles, although it
is clearly less potent in rats than erionite, a
fibrous zeolite mineral, which produced 27
mesotheliomas in 28 rats (96%) in the inhala-
tion study of Wagner ez al.*!

If the risk of mesothelioma could be shown
to be closely associated with the inhaled dose
of airborne fibre that is biopersistent in lung
tissue, then a research program might be able
to establish a logical air sampling and analytical
protocol for risk assessment. It might include:
(a) a respirable dust pre-collector to keep
oversized particles and fibres from obscuring
the fibres of interest on the filter surface; (b)
laboratory downflow circulation through the
horizontally mounted air sampling filter of a
particle free solvent to dissolve chrysotile
asbestos (and other soluble particulates), leav-
ing biopersistent amphibole fibres undis-
turbed on the filter surface; (¢) transmission
electron microscope analysis of the bivariate
distribution of length and diameter and count
of the biopersistent fibres on the filter or
replica surface.

Discussion

The implications of the results discussed
above should be considered in the design of
new research studies. At the same time, many
other research questions remain unresolved,
including the ranges of fibre length and diam-
eter that determine translocation pathways,
retention times at critical sites, and biological
responses within cells. The roles of the cellu-
lar products stimulated by the presence of the
fibres within the cells, and of the cellular
products discharged from the cells, need fur-
ther investigation. The nature of any DNA
transformations induced by the fibres or the
reaction products that may be critical to the
development of tumours also need to be
investigated. For the present, it is encouraging
that the state of the knowledge about the
health risks associated with chrysotile and other
mineral and vitreous fibres has advanced to
the point where we have (a) a much better
ability to pose the key questions; and (b) more
powerful techniques to answer them.

This research was supported by Grant ES00881, and is part of
a center program supported by Grant ES00260, both from the
National Institute of Environmental Health Sciences. This
work was presented as “The fate of aerosol particles in the air-
ways”, at a symposium in honour of the retirement of Dr Willi
Stahlhofen; Frankfurt/Main; 25, 26 March 1994.
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