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Pulmonary clearance of UICC amosite fibres inhaled
by rats during chronic exposure at low concentration
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ABSTRACT Clearance ofUICC amosite asbestos from the lungs during chronic-that is, repeated-
exposure was investigated by using the scanning electron microscope to measure lung burdens from
rats which had inhaled amosite asbestos at an approximately constant concentration of 0- 1 mg/m3 or,
equivalently, 20 fibres/ml for seven hours a day, five days a week for up to 18 months. The lung
burdens were compared with previous results for higher exposure concentrations of 1 and 10 mg/m3.
Those previous lung burdens had been measured using other analytical methods (infrared
spectrophotometry) that were not suitable for the new lower lung burdens. Taken together, these
results showed lung burdens rising pro rata with exposure concentration and exposure time. This
accumulation of lung burden has been described by a kinetic model that takes account of the
sequestration ofmaterial at locations in the lung from where it cannot be cleared. Unlike some earlier
models in which lung burdens eventually reach a plateau with equilibrium between deposition and
clearance during chronic exposure, this sequestration model shows lung burdens continuing to rise
with exposure time. The latest results reported here support the application of such a model to lower
exposure concentrations closer to those of asbestos in workplaces.

The amount of material retained by the lung during
and after exposure to airborne dusts is determined by
the physical processes governing inhalation and
deposition and the biological processes governing
clearance. In some circumstances the dust may be
inhaled on a single occasion (which is often the
concern with, for example, radioactive aerosols) and
the amount of material retained (at any subsequent
time) may be estimated from mathematical models
describing the clearance of particles from the lung.
More typically, however, in most occupational set-
tings the dust may be received as a prolonged series of
repeated exposures (over a working lifetime). The
mathematical model that describes deposition and
clearance for a single exposure should, in principle,
also be sufficient to describe the accumulation of
material during chronic exposure, provided that the
performance of the lung clearance mechanisms
remains unchanged. Middleton et al, however, found
that the application ofa simple model with coefficients
derived from data for clearance of amosite asbestos
from lungs of rats exposed for short periods (up to six
weeks) led to an underestimate of the amount of dust
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retained after a year of exposure to the same dust.' 2
Several other studies dealing with various inhaled
particles suggested that the rate of clearance of dust
after a short period of exposure depends on the
amount deposited in the lung.?5 More precisely, the
normalised rate of clearance (R, the amount cleared
per unit time at time t/the lung burden at time t) was
considerably lower for lung burdens B above some
critical level. These findings formed the basis for the
adoption of a clearance overload hypothesis6 for lung
clearance during continuing chronic exposure.

In a previous paper we reported the results of an
experiment in which two groups of rats were exposed
to amosite asbestos at two respirable concentrations (1
and 10 mg/m3) for periods up to one year.7 Under the
overload hypothesis it was expected that, for the lower
concentration, the lung burden would not reach the
critical level at which clearance mechanisms were
expected to be overloaded. Moreover, for the lower
concentration, it was expected that the rates of
deposition DL into, and clearance from, the lung
would eventually reach equilibrium and the lung
burden BL would reach a plateau during continued
chronic exposure at constant concentration. When
this occurs,
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RBL = DL (1)

For the higher concentration, it was expected that the
lung burden BH would reach the critical level for
clearance mechanisms to be overloaded and that
consequently the normalised clearance rate R would
diminish (to RH) such that the clearance rate would
always be exceeded by the deposition rate DH, that is

RHBH < DH (2)

In this case the lung burden BH should continue to
increase throughout the exposure period.
The results from the experiment, however, showed

that the lung burdens continued to increase pro rata
with exposure time and exposure concentration for
both groups, without any sign of the lung burdens
reaching a plateau.7 The apparent absence of any
dependence of clearance on the lung burden through-
out the chronic exposure led to the proposal to include
a sequestration compartment (as suggested by Chan et
al8) in the mathematical model of clearance.7 This
sequestration compartment was designed to take
account of some fraction of the deposited material
becoming sequestered in parts of the lung from which
clearance is negligible. The modified model satisfac-
torily described the experimental results which showed
the lung burden increasing in almost linear proportion
to the time of exposure and in direct proportion to the
respirable dust concentration.
The inclusion of a sequestration process in the

model of the deposition and clearance kinetics of
inhaled particles has considerable implications for
occupational epidemiology, since any examination of
data for the relation between dust exposure, dose
received by the lung, and the incidence of respiratory
disease will be influenced by the choice of model of
deposition and clearance. Exercises of this type have
already been conducted by Smith using a model in
which clearance rates during chronic exposure were

dependent on concentration9 and Rappaport using a

model in which the lung burden approaches a

plateau. ' The sequestration model, by contrast,
predicts neither the concentration dependence for lung
clearance nor a plateau for the lung burden during the
chronic exposure, but rather a lung burden increasing
approximately pro rata with cumulative exposure.
Our earlier results on chronic exposure which

formed the principal basis for the sequestration model7
were obtained at two airborne dust concentrations of
UICC amosite asbestos, 1 and 10 mg/g3. It is clearly
desirable to widen the span of concentrations against
which to test a model predicting proportionality of
lung burden on concentration, and particularly valu-
able to do this with a low concentration where
clearance overload would not be expected. In the
present paper we report the results ofa further study of
chronic exposure that extends the range of airborne

concentrations downwards by another decade to a
target concentration of 0 1 mg/m3 (equivalent to 15
fibres/ml for fibres longer than 5 gm). The aim is to
examine the extent to which ideas developed at higher
concentrations may be applied at much lower ones
that are more akin to exposure to asbestos at the
workplace.

Methods

The experiment was conducted using outbred male
SPF Wistar rats of the AF/HAN strain, exposed to
airborne dust of UICC amosite in a 1 m3 inhalation
chamber in separate groups of 12 animals (with up to
48 in the chamber at any given time). The details of the
inhalation chambers have been described elsewhere."
The amosite asbestos was dispersed into the inhalation
chamber using a rotating table air venturi dust dis-
penser which (for reasons of safety) was enclosed in a
dust tight container with a high efficiency filter on the
air entry. The required constant daily average dust
concentration was obtained by placing at the start of
each day a fixed amount, 100 mg, of amosite asbestos
on the rotating table which was geared to rotate just
once during the daily exposure period. The dusting
regimen and times of insertion into the chamber of
individual rats were chosen so that the rats could be
exposed for durations of up to 20 months (for seven
hours a day on five days a week). Dust exposure levels
were defined in terms of the average respirable dust
concentrations as measured using Casella Type MRE
1 1 3A gravimetric dust samplers. Each dust sample was
collected over five days ofdusting and with, as a check,
two samplers sampling simultaneously. The samples
were taken on vinyl metricel (VM 1) filters, and
evaluated both gravimetrically and using on-filter
infrared absorption spectroscopy to assess the amount
of asbestos in each dust sample. Thus account was
taken of the presence of background dust arising from
the animal food and the activity of the animals. This
background respirable dust concentration was of the
order of 0-02 mg/m3 (an amount that had been trivial
in all previous experiments conducted at higher test
dust concentrations).
The number concentration of airborne fibres in the

exposure chamber was determined by sampling, with
an open face (Gelman) sampler head facing down-
wards, at a sampling flowrate of 50 ml/min. These
samples were collected on membrane filters over full
seven hour periods of dusting; the fibres on the filter
were counted using phase contrast optical microscopy
and standard counting procedures.'2
Animals were removed in groups of 12 after

preselected exposure times (T) and killed in subgroups
of six at postexposure times (AT) ofthree and 38 days.
After the lungs (including the associated mediastinal
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and hilar lymph nodes) were excised in toto, the
burdens of dust were recovered using the low tem-
perature plasma ashing method described elsewhere.6
In the previous experiments of this type conducted at
higher dust concentrations the lung burdens had been
assayed using the infrared spectrophotometric
method. This analytical method, however, was found
to be not sensitive enough to allow detection of the
lung burdens from the exposure at the target level of
0 1 mg/m3. Instead, therefore, an electron microscope
technique was used. In this technique the ashed lung
residue was washed into a plastic bottle with 5 ml of
0 2 M HCL and 15 ml of filtered, distilled water and
then ultrasonicated for one minute. Next, an aliquot
was taken, washed in dilute acid, and the fibres
collected on a 0-2 pm pore size Nuclepore filter. Then
the filter was mounted on an electron microscope
specimen stub using conductive colloidal graphite and
coated with a layer of gold. The fibres were counted
and sized using the scanning electron microscope at
magnifications of 10 000 x and 4000 x for fibres
longer than 0 4 gm and for fibres longer than 5 pm
respectively. This two stage counting and sizing
procedure was adopted both to provide data for as

wide a range of sizes as possible and to direct the
greater part ofthe counting effort to the part ofthe size
range (longer than 5 pm) which contained the greater
proportion (-70%) of the mass. The volume of the
fibres was calculated from the width and length
measurements using a shape factor determined by
Burdett,'3 and this volume was converted to mass

using the density of UICC amosite (3 6 x I03 kg/m3).
The validity of this conversion process was confirmed

by assessing a sample laden with a known amount of
asbestos.

Results and conclusions

The dust recovery procedures were designed to
produce homogeneity in the dust residue to ensure that
any aliquots would contain representative amounts of
asbestos. The procedure was believed to cause negli-
gible breakage of fibres (but was not designed
specifically to preserve the size distribution of the
fibres). It was interesting, therefore, to find that there
were no observable differences in the mean size
distributions for fibres recovered after three, six, 12,
15, and 18 months of exposure respectively. This
apparent absence of any change in size distribution is
in contrast with results from other studies'4 '5 that have
shown preferential clearance of the shorter fibres.
The results obtained for the masses of asbestos in

the lungs are summarised in the table. The mean mass
estimates are based on evaluations of 100 fibres from
each of three or more lung samples. In all cases at least
three such evaluations were made of the fibres longer
than 5 pm. In most cases evaluations were made also
of the fibres longer than 5 pm. On average, 68% of the
total mass consisted of fibres longer than 5 pm. This
factor (68%) was used to calculate the total mass in the
four cases for which data were obtained only for fibres
longer than 5 um.
The respirable dust concentration was kept as

constant as possible for the duration of the exposure
but there was some variation which shows in the time
weighted average exposure concentrations given in the

Summary of the resultsfor the amounts ofamosite asbestos in the lungs ofrats exposed to amosite asbestos at 0 1 mg/m3

T A T No of evaluations ofsamples* Mass ofasbestos in lungs, mean and (SD)/lg Normalised
Exposure Time Exposure lung
period postexposure Fibres longer Fibres shorter Fibres longer Fibres shorter Total concentration burden
(weeks) (days) than 5 Am than 5 um than 5 jum than 5,m mass (mg/m3) (Pg/mg/m3)

13 3 3 7 165 11-3 278 0-0836 332
(1-2) (2 9)

13 38 5 5 110 65 175 00836 209
(2 9) (2-7)

27 3 4 1 29-9 12 8 42 7 0-0614 695
(8 4)

27 38 5 - 21 7 - 31 9t 00614 520
(50)

53 3 7 2 30 3 14-0 44-3 0-0655 676
(6 2)

53 38 3 - 33-4 - 49 0t 0-0655 749
(28)

66 3 7 4 31 8 14 7 46 5 0-0684 670
(84) (52)

66 38 3 - 26-5 - 390t 0-0684 570
(5*5)

87 3 6 - 37-2 - 54 6t 0 0716 763
(6-5)

87 38 6 5 47-3 12 6 59 9 0-0716 837
(28-0) (4 3)

*Each evaluation consisted of counting and sizing about 100 fibres.
tTotal mass estimated as 1-47 x mass of fibres longer then 5 um.
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UICC Amosite asbestos
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Measurements oflung burden scaled with respect to exposure concentration (Z) as a

function ofexposure time (T) for various postexposure times (A T) andfor three
approximately constant exposure concentrations (0-1, 1, and 10 mg/m3).

table for each exposure period. The standardised lung
burdens (Z) are the mean total masses of asbestos in
the lung divided by the respective mean exposure

concentrations. In terms of concentration by number
offibres longer than 5 im, diameter less than 3 gm and
aspect ratio greater than 3 (as routinely used in
occupational hygiene), the target exposure concentra-
tion of0-1 mg/m3 was shown (by counts on 20 samples)
to correspond to approximately 15 ml.
The standardised mean lung burdens, Z (from

table), are plotted in the figure with results from the
previous exposures at higher (1 and 10 mg/m3) respir-
able dust concentrations. The most obvious feature of
the figure is the extent to which the lung burdens scale
with respect to concentration over the 100-fold range.

Results obtained for all three exposure concentrations
for exposure periods up to 12 months all appear to lie

within the common band of data points. Only the
results obtained at the lowest concentration (0 I mg/
In3) at the longest exposure periods (beyond 12
months) show some possible indication that further
accumulation might do other than follow a unique
trend common to all concentrations. Here, Z appears
to be slightly less than for the higher concentrations.
The main features of the results, however, are that the
lung burden continues to increase approximately pro
rata with time of exposure throughout the exposure
period, and that the rate of increase in actual lung
burden is directly proportional to the exposure con-

centration.
The principal conclusion of this work is that these

most recent results give further support to the kinetic
model of deposition and clearance involving a seques-
tration compartment as being the most appropriate
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description of dosimetry for lungs exposed over a

prolonged period to airborne amosite asbestos. The
same form ofmodel is also supported by recent results
for other relatively insoluble minerals-for example,
coal,'6 quartz and titanium dioxide,'7 and diesel and
carbon black particulate.'89 For one mineral,
chrysotile asbestos, Wagner et al have reported an

appreciably different pattern of results with the lung
burden reaching an equilibrium level (and ceasing to
increase further) for rats exposed at a constant concen-
tration of 10 mg/m3 for one year.20 This is thought to be
due to the nature of the chrysotile mineral (possibly
involving its dissolution in lung fluids), and this is an
area that requires further investigation.
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