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An overload hypothesis for pulmonary clearance of
UICC amosite fibres inhaled by rats
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From the Institute of Occupational Medicine, Edinburgh, UK

ABSTRACT Two types of experiments were carried out to examine the effects of deposition and
clearance on the accumulation in the lungs of rats of inhaled fibres of UICC amosite. In the first
experiment the mass lung burdens of the dust in question were measured as a function of the time
at which animals were killed after the cessation of the six week exposure period, and in the
second the masses were measured for rats removed from exposure and killed at intervals during
the exposure period itself. The experimental conditions were chosen to complement those of
earlier work. Taken together with the results of that earlier work, the new results provide the
basis for a simple mathematical model of the kinetics of deposition and clearance which appears
to account for the major observed trends. Most significantly, there is strong evidence for an
overload of clearance at high lung burdens (exceeding about 1500 Ag/rat), in which a breakdown
occurs of the intermediate rate clearance mechanisms (time constants of the order of 12 days).
This hypothesis is supported for inhaled asbestos dust, quartz dust, and diesel fume by results
obtained elsewhere. Biological explanations for the clearance overload hypothesis are at present
speculative, involving discussion of the role of the macrophage in pulmonary clearance. It is
believed that the clearance overload hypothesis could have possible consequences for people
occupationally exposed to airborne dusts.

Animal inhalation studies are useful for examining
the potential consequences in man of asbestos
exposure under defined conditions. Several investig-
ations into the pathological effects of the long term
exposure of rats to asbestos minerals have been
reported as part of a continuing programme. 1-3
Complementary studies to examine the kinetics of
the deposition and clearance of inhaled asbestos
fibres are also being carried out, and the present
paper follows on from earlier work reported by
Middleton et al.45

Several studies into the pulmonary deposition and
clearance of inhaled asbestos fibres have been
reported. The earliest was by Wagner and Skid-
more, who examined the clearance of chrysotile,
crocidolite, and amosite in separate groups of rats
exposed in inhalation chambers, and reported
approximately exponential clearance over a two
month period of observation.6 The results for
chrysotile differed from those for the amphiboles,
having apparently both a smaller deposition fraction
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and a faster clearance rate. Using "nose-only" inha-
lation techniques and brief exposures (up to 30
minutes), Morgan et al failed to confirm either the
lower initial retention or the faster clearance of
chrysotile.78 Using exposure chamber.facilities simi-
lar to those of Wagner and. Skidmore,6 Middleton
et al confirmed the relatively lower retention of
reported chrysotile but showed similar overall clear-
ance rates for all three dusts examined (UICC
chrvsotile, crocidolite, and amosite).45
One interesting finding of the deposition and

clearance studies described by Middleton et al45 was
that the clearance rates calculated from the data for
the short term (six weeks) exposures seem substan-
tially to underestimate the magnitudes of the lung
burden found when similar groups of rats were
exposed to the same dusts for one year as part of a
chronic toxicity study.' It was suggested that the
observed higher than expected lung burdens could
result from the sequestration of a greater proportion
of inhaled dust in a supposed slower clearing pul-
monary "compartment."5 In the present work we
have set out to investigate further the deposition and
clearance of inhaled asbestos fibres, in particular to
examine the competition that exists between those
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An overload hypothesis for pulmonary clearance of UICC amosite fibres inhaled by rats

processes during continuous exposure and whether
clearance itself is affected by the actual magnitude
of the lung burden (especially at high burdens).

Methods

Five experiments were carried out, using groups of
48 outbred male SPF Wistar rats of the AF/HAN
strain. The inhalation and dusting facilities and pro-
cedures were similar to those described else-
where.4s9 Clouds of UICC amosite (chosen because
it is relatively easy to evaluate and chemically more
stable than, say, chrysotile) were generated in a 1 m3
experimental chamber, and the rats in each separate
experiment were exposed for up to 210 hours, com-
prising seven hours a day, five days a week, over six
weeks. Dust exposure levels were defined for each
experiment in terms of the average mass concentra-
tions of so-called "respirable" dust as measured
using a Casella type 113A gravimetric sampler.'0 In
the first two experiments, carried out at high target
dust concentrations of 30 and 90 mg m-3 respec-
tively (corresponding to number concentrations of
about 1500 and 4500 optically visible fibres ml-'
respectively, and referred to here as amosite 30 and
amosite 90), exposure took place under normal day-
light conditions, when the animals were at their least
active. In the next two experiments, carried out at
lower target concentrations of 5 and 10 mg m-3
(corresponding to about 250 and 500 optically vis-
ible fibres ml-' respectively), exposure took place
under reverse daylight conditions, when the
chamber was blacked out by day while dusting was
taking place and artificially illuminated at night. We
refer to these experiments as reverse daylight amo-
site 5 and reverse daylight amosite 10. The condi-
tions for all these four experiments were chosen so
as to complement those of the earlier experiments
reported by Middleton et al.45

In these four experiments the rats were exposed
for the full six week inhalation period. At the end of
that time they were killed in subgroups of eight ani-
mals at roughly monthly intervals, the first at three
or four days after the cessation of exposure to allow
near completion of the fast phase of ciliary clearance
from the trachea and the bronchi. The lungs were
excised from the animals at necropsy, and most were
used for subsequent quantitative asbestos mass bur-
den analysis. Lungs from a few animals from each
experiment were inflated with formol saline and
processed for histological examination.

In the fifth experiment, carried out at a target
respirable dust concentration of 10 mg m-3, the
inhalation history was modified in that rats were
removed from the chamber in subgroups of eight at
regular weekly intervals during the inhalation

period. For each subgroup, four animals were killed
at three days after removal from the chamber and
the other four at 38 days. We refer to this experi-
ment as "build-up" amosite 10.
The lung burden recovery and mass estimation

procedures have evolved from those used by Mid-
dleton et al.4 5 The excised rat lungs were weighed,
dried for 36 hours at 120°C, reweighed and inciner-
ated in a low temperature radio frequency oxygen
plasma" for about 100 hours (Nanotech, model
No P100). The resulting ashes were weighed,
immersed in 0.1 M HCl for 20 minutes, and briefly
ultrasonicated. The insoluble residues were col-
lected by filtration on 0-2 ,um pore size polycarbo-
nate (Nuclepore) filters. These residues were then
washed off the filters into platinum crucibles by
further ultrasonication in alcohol, dried, and
reweighed. About 250 mg of potassium bromide
(KBr) was accurately weighed, added to the cruc-
ibles, and mixed with the residues by hand-grinding
under alcohol, using an agate pestle and mortar, for
about 15 minutes. The mixtures were finally dried at
120°C for several hours before pressing into KBr
discs for infrared spectrophotometry. The infrared
absorption spectra were recorded and the absor-
bances measured at a wavelength of 10 ,um (wave
number 1000 cm-'). The masses of amosite in the
discs were obtained by comparison of the measured
absorbances with those of calibration discs prepared
with respirable amosite collected from the exposure
chamber using a Casella type 1 13A gravimetric dust
sampler. In some preparations total extinction of the
infrared spectrum occurred as a result of excessive
mineral in the disc. In such cases a second disc was
prepared by taking an aliquot of the first and adding
KBr to make up the weight to about the required
250 mg.

Results

CLEARANCE STUDIES
For the amosite 30 and amosite 90 experiments, the
average respirable dust concentrations over the
actual periods of dusting were 28-4 and
91 9 mg m-3 respectively. Those for the reverse
daylight amosite 10 and 5 experiments were 10-8
and 6-0 mg m-3 respectively. The lung burden data
from these experiments are summarised in table 1
together with the earlier data of Middleton et al,45
for amosite 1, 5, and 10 respectively. From the table
it appears, as expected, that the greater the level of
dust exposure, the greater the lung burden, and the
lung burden, for a given exposure level, falls with
time of postexposure. Furthermore, the lung bur-
dens for reverse daylight exposure are substantially

265

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.40.3.264 on 1 A
ugust 1983. D

ow
nloaded from

 

http://oem.bmj.com/


Bolton, Vincent, Jones, Addison, and Beckett

greater than for the corresponding daylight expos-
ure.

An appropriate way to portray these data graphi-
cally is to plot, as a function of time postexposure,
the total measured lung burden per rat per unit
average level of respirable dust exposure for normal
breathing minute volume (Z, expressed in units of
,ug/mg m-3). The latter requires for the reverse day-
light experiments that the lung burdens should be
adjusted to the same minute volume as for normal-
daylight experiments-that is, based on the rat
oxygen-uptake experiments of Middleton et al,45
they are scaled downwards by a factor of 1.25. The
full results are shown graphically in fig 1. Assuming
the most simplistic model, that deposition is directly
proportional to the level of dust exposure and the
rate of clearance is independent of the accumulated
lung burden, then all the data should be described
by a single unique relationship. This is clearly not
the case. Despite the scatter on the data points, two
main broad trends may be identified (as indicated by
the eye-drawn broken lines on the graph). These are
that (a) for low cumulative lung burdens, clearance

is initially rapid but then slows down, and (b) for
high cumulative lung burdens, clearance is appar-
ently slower right from the first killing date. The
transition between these two broad trends takes
place for a lung burden in the range 800 to 1500 ug.

"BUILD-UP" STUDIES
For the "build-up" amosite 10 experiment, the final
average respirable dust concentration at the end of
six weeks was 9.9 mg m-3. The weekly averages
were also close to that target. Table 2 summarises
the data for the average lung burdens of the animals
removed from the chamber at regular intervals dur-
ing the exposure period (and killed in equal sub-
groups at three and 38 days respectively after
removal). Lung burden per unit dust level (Z) is
shown as a function of time after the start of expos-
ure in fig 2.

PATHOLOGY
Histological examination of sections taken from a
representative selection of rat lungs showed no
major structural changes. The only widespread and

Table 1 Data from asbestos clearance studies.

Experiment (mean Days after cessation Average total lung burden Source
respirable dust level) of exposure

( stan'Zrd error)

Amosite 30 4 2240 ± 178
(28.4 mg m-3) 35 2191 ± 322

66 2353 ± 334
105 2149± 288
137 1710 272

Amosite 90 3 10091 + 1109
(91.9 mg m-3) 41 6449 749

70 7080 ± 518
125 8599 ± 1350
280 4407 + 340 This work

Reverse daylight amosite 5 3 947 ± 39
(6-0 mg m-3) 34 872 ± 66

70 565± 37
125 352 ± 94
278 299± 98

Reverse daylight amosite 10 4 1873 ± 77
(10-8 mgm-3) 34 1557± 95

71 1243 120
96 966 113
124 1067± 52

Amosite 1 5 79± 6
(1-3 mg m-3) 32 69± 7

66 46± 18
102 45± 8
128 43 ± 21 Middleton et al5

Amosite 5 5 693 ± 56
(4-6 mg m-3) 32 309 ± 39

66 160± 18
102 138 ± 18
128 124 ± 12

Amosite 10 5 1448 ± 169
(9-3 mg m-3) 32 605 ± 54

66 410± 48
102 332± 19
128 385 ± 43
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An overload hypothesis for pulmonary clearance of UICC amosite fibres inhaled by rats
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Fig 1 Lung burden per unit level ofdust exposure (Z, in
jAg/mg m-3) as a function oftime postexposure (t, in days).

consistent histopathological evidence of dust expos-
ure was the presence of dust-laden macrophages in
parenchymal lung of all animals.

Discussion

The present work provides evidence that the
mechanisms of pulmonary clearance undergo a
change when the lung burden exceeds a threshold in
the range 800-1500 .&g/animal. The suggestion that
such an observed slower overall rate of clearance is
associated with an overload of "normal" pulmonary
clearance finds support in other published studies
relating to other types of dust. For example, the
results of Klosterkotter and Buneman for the clear-
ance of quartz dust inhaled by rats show a pro-
nounced similarity to our results for amosite,2
although it was Ferin who pointed out that in their
experiments the clearance rate of quartz started to
decrease considerably for initial lung burdens
exceeding 1000,ug.'3 Le Bouffant also produced

0 10 20 30 40

T

Fig 2 Lung burden per unit level ofdust exposure (Z, in
.glmgm -3) as a function oftime after start ofexposure (T,

in days).

clear evidence of an overload in rats exposed for
more than five days to high concentrations of coal
dust.'4 More recently, a similar effect has been
described by Vostal and his coworkers (at the EPA
Diesel Emissions Symposium at Raleigh, NC, in
October 1981) for the clearance of inhaled diesel
particles. The results of Wagner and Skidmore6 for
asbestos provide yet further evidence of clearance
overload, and since their clearance data for amosite
were obtained under exposure conditions similar to
our own amosite 30 experiment, they may be
inserted directly into the graph in fig 1. When this is
done, they are seen to exhibit similarly slow clear-
ance. The faster overall rate of clearance that they
report for chrysotile may be due not so much to any
fundamental differences associated with asbestos
type itself but rather to the fact that the lung burden
at the end of exposure fell well short of the overload
threshold. (The question of the relatively low depos-
ition of chrysotile has been discussed by Middleton
et al4 who believed that it could be associated in
some way with the peculiar "curly" nature of
chrysotile fibres.)

Table 2 Data from asbestos build-up studies

Experiment (mean Days after start Average total lung burden
respirable dust level) of exposure

(± standard error)

Killed at 3 days Killed at 38 days

Build-up amosite 10 (9-9 mg m-3) 5 203 ± 66 35 ± 17
12 548 ± 14 291 ± 49
19 678 ± 81 439 ± 55
26 838 ± 124 693 ± 76
33 757 ± 118 779 ± 39
40 1225 ± 80 -

* Amosite 30
1>Present

ciyicght amositelO work
iyligcitamosite 5

Wagner and Skdmore6

} Middleton et aii'
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KINETICS OF DEPOSITION AND CLEARANCE
Discussion of these results can be based on a simple
kinetic model of deposition and clearance, begin-
ning with that first suggested for asbestos fibres by
Morgan et al8 and later modified by Middleton et al.5
In it the respiratory system of the rat has three
notional-that is, mathematical rather than
physiological-compartments into which the fibres
are deposited in the proportions 87:5:8, and from
which they are subsequently cleared exponentially
at rates characterised by time constants of the order
of 0-6, 11-5, and 170 days respectively. The first of
these (the fast clearance compartment) could be
considered to be associated with clearance of fibres
deposited in the ciliated and main conducting air-
ways, and the latter two (the medium and the slow
clearance compartments) with the clearance of
fibres deposited in the respiratory bronchioles or the
alveoli. It was suggested, however, that the medium
and slow phases of clearance need not necessarily
relate to exact anatomical sites of deposition but
rather to the degree of "fixation" of deposited dust
or to the actual route of clearance.
The results from the build-up experiment shown

in fig 2 reflect the competition that exists between
deposition and clearance. We can mathematically
model the accumulation of dust in the kth clearance
compartment by assuming a deposition rate of ak
units of mass per rat per unit dust exposure level per
day's dusting, and a clearance time constant of Tk
days. Assuming that both deposition and clearance
are uniform and continuous, the change in the lung
burden per unit dust level for the compartment in
question during the time interval after start of
exposure T to T + dT is

Zk
dZk = ak dT - - dT. (1)

Integrating and summing over n such compartments,
the total accumulated lung burden per unit dust
level (assuming Z = 0 at T = 0) is

n n

Z = ak Tk -'7 ak Tk exp (-TIrk). (2)
k=l k= 1

Assuming, idealistically, that the biological subject
in question is "constant"-that is, the as and the rs
are independent of T-then this model predicts that
Z will increase monotonically with time but will tend
eventually to level out. The resultant equilibrium
value is

n

Z ak Tk asT X (3)
k= 1

The build-up picture embodied in this model is con-

Bolton, Vincent, Jones, Addison, and Beckett

sistent with that given by Brain and Valberg."5 They
also considered how such a model should be mod-
ified to account for an intermittent exposure
pattern-namely, eight hours out of every day for
five days out of every week, similar to that for the
rats in our experiments. Nevertheless, since the time
scales associated with these periodic transients are
short by comparison with the time constants associ-
ated with clearance in the medium and slow clear-
ance compartments (the main ones of interest) the
effects on the overall shape of the build-up curve
will be small. Thus, to a fair approximation, we can
talk of our experimental data in terms of values for
the as averaged over the whole duration of exposure
(including the days when no dusting took place).

In relation to the three compartment deposition
and clearance model referred to above the lung bur-
den per unit dust level found in rats exposed for a
duration of T days and then killed at t days post-
exposure should be

Z = af Tf (1 - exp (-T/f)) exp (-t/Tf)
+ am Tm (1 - exp (-T/Tm)) exp (-t/Tm)
+ a. T. (1 - exp (-TI;)) exp (-t/r,)

(4)

where the suffixes f, m, and s refer to the fast,
medium, and slow clearance compartments and
where rf = 0 6, Tm = 11-5, and Ts = 170 days respec-
tively.7

Since the smallest value of t in our experiments
was three days, the first term in equation (4) is of no
significance (clearance of dust deposited on the air-
ways being virtually complete after three days) and
may be ignored in the rest of what follows. From
weighted least-squares analysis, the "best fit" of the
remaining expression to both sets of the experimen-
tal data in fig 2 is achieved when the deposition rates
to each compartment are respectively am = 2-80 and
as = 3 05 ug,/mg m-3/day. So, in general,

Z = 32 (1 - exp (-T/11.5)) exp (-t/115)
+ 518 (1 - exp (-T/170)) exp (-t/170) (5)

Using this expression, with appropriate values for T
and t, agreement between the calculated and meas-
ured specific lung burdens is seen in fig 2 to be good.
How plausible are these estimates for the

a-values? A first approximation may be made of the
total daily deposition of dust per unit dust exposure
level (into all three compartments) as being any-
thing up to (volume of air breathed per rat per day
during exposure) x 1 mg m-3. For a typical rat in
our studies, breathing air at about 100 cm3 min-'
during normal daylight conditions, the total mass
inhaled is about 42 ,g/mg m-3 day. Thus the per-
centages of total deposition into the medium and the
slow clearance compartments will be about equal
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An overload hypothesis for pulmonary clearance of UICC amosite fibres inhaled by rats

and could be as high as 7% per compartment. This
estimate is of the same order of magnitude as the
5% and 8% quoted by Morgan et al.8

EFFECTS OF PROLONGED EXPOSURE
What are the consequences of the model in relation
to more prolonged exposure? Assuming that the as
and the rs do not change with time, the first is that
the specific lung burden will tend to level out at Z =
550 ,ug/mg m-3 as T-- 00, reaching 95% of this final
value after about 500 days' exposure. Next there is a
limited amount of published data-notably that by
Davis et all and by Wagner et al'6 with which, along
with our own data, the model may be compared (see
fig 3).
To compare "like with like," these data''6 have

been scaled upwards by a factor of 1-20 to compen-
sate for differences in the various dusting program-
mes that took place in some cases-that is, all the
results are normalised to the five days dusting out of
every seven, characteristic of own experiments and
the model as described by equation (5). In addition,
the experimental data of Wagner et al'6 are further
adjusted to account for the differences in breathing
volumes between male and female rats (while all the
other data shown are for male rats only). From fig 3
we see that, while all the experimental data are
essentially in agreement, the predicted lung burdens
for prolonged exposure fall a long way short of those
actually measured by either group of workers. Such
differences cannot be fully explained in terms of
changes in rat minute volumes as the animals grow
or as pulmonary disease develops, nor in terms of

z

Fig 3 Lung burden per unit level ofdust exposure (Z, in
pglmg m -3) as a function oftime after start ofexposure (T,
in days), indicating comparison between present work,
previous work, and kinetic model.

differences in the recovery and analysis techniques
used by the various groups of workers.
The prediction was revised to take simple account

of one possible version of clearance "overload"
where clearance proceeds normally until the actual
lung burden reaches an arbitrarily chosen critical
level of 1500 ,ug, and thereafter all the dust in the
lung together with that subsequently deposited is
"transferred" (in the mathematical sense) into the
slowest clearing compartment. From fig 3 is seen
that this explanation accounts substantially for the
original discrepancy.
From our build-up model, the results of our own

short term amosite exposure, and the results of the
long term amosite exposures of Davis et al' and
Wagner et al,'6 there emerges more evidence to sup-
port the idea of clearance overload at high lung bur-
dens. It is strengthened yet further by closer inspec-
tion of all the build-up data of Wagner et al; while
for amosite the overload threshold seems to be
reached early on and so the actual lung burden goes
on increasing steadily, for chrysotile that threshold is
not reached and so the actual lung burden levels off
in much the way predicted by the model for "nor-
mal" clearance.

KINETIC INTERPRETATION OF THE CLEARANCE
DATA
The deposition/clearance model, including its mod-
ification to include a simple clearance overload pro-
cess, may now be applied to the clearance data
shown in fig 1. For relatively low level dust expos-
ures, where the clearance overload threshold is not
reached during the 40 day inhalation period, Z as a
function of time postexposure (t) is given by equa-
tion (5) in which T = 40 days. For relatively high
level dust exposures, equation (5) may be applied
until the chosen threshold actual lung burden of
1500 ,ug is reached, whereupon the overload version
of the model takes over. On this basis, it is to be
expected in this range that Z at t = 0 will increase
appreciably with the level of dust exposure. Figure 4
shows the resultant behaviour which the model pre-
dicts for the clearance data already presented in fig
1.
Comparison of figs 1 and 4 shows that the kinetic

model exhibits the same trends suggested by the
experimental data. That is, the rats with lower initial
lung burden cleared faster over the early stages
postexposure, and those with higher initial lung bur-
den cleared altogether more slowly. The predicted
rates of clearance agree quite well with those meas-
ured. More detailed comparison. of theory and
experiment, however, is less satisfying. For instance,
the predicted difference in the clearance curves (Z
versus t) in fig 4 for the amosite 30 and amosite 90
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z

Fig 4 Prediction ofclearance curves on basis ofkinetic
model.

experiments is not apparent in the measured data.
Probably, however, at such high concentrations par-

ticle agglomeration changes the aerodynamic nature
of the airborne dust so as to affect not only the
measurement of the airborne dust concentration but
also the regional deposition in the lungs of the rats.
Electrostatic effects might also contribute.'7
The clearance curves for the reverse daylight

experiments seem to behave as if the overload
threshold has been reached and passed during the
exposure period, even though -the magnitudes of the
mean lung burdens (table 1) are more consistent
with those associated with normal clearance. This
too could be due to the differences in the regional
deposition of the inhaled dust, this time between
normal daylight (rats inactive) and reverse daylight
(rats active) conditions. Nevertheless, in the absence
of more detailed information about breathing pat-
terns and regional deposition in rats for the condi-
tions of interest it is not possible to offer a more

comprehensive explanation.

BIOLOGICAL INTERPRETATIONS OF THE KINETIC
MODEL
It is important to note that in the present study the
overload condition was identified in the absence of
any observed major structural changes to the lung.
The only widespread and consistent histopathologi-
cal evidence of dust exposure was the presence of
dust laden macrophages in parenchymal lung of all
animals. No specific attempt is made to relate the
extent of such accumulations to specific dust treat-
ment in the present paper, although such assess-

ments will be undertaken and reported separately.
While there is a suggestion from relating the kinetic
model to the measured lung burdens that clearance

Bolton, Vincent, Jones, Addison, and Beckett

is mediated by retardation of the medium clearance
phase, it is not possible from present information to
determine whether this results from a failure of mac-
rophage recruitment, a restriction of dust laden
macrophage mobility, or simply that a greater prop-
ortion of deposited dust obtains direct entry to the
notional fixed tissue compartment.
A detailed discussion of the significance of these

interrelated, but functionally distinct, aspects is
beyond the scope of the present paper and will be
examined elsewhere (RE Bolton, D Hannant,
unpublished observations). Nevertheless the role of
the macrophage in pulmonary clearance has been
examined by many workers.'8-20 It is known, for
example, that alveolar macrophages are produced in
increased numbers after dust challenge,2124 that the
increase seems to be related to the number of dust
particles available for phagocytosis,2526 and that
both monocyte recruitment and maturation and cell
division, 27-29 both interstitially29 and in the alveolar
free space,3032 can contribute to the overall increase
in cell numbers. The role of the macrophage in cell
recruitment at inflammatory sites has been widely
studied,33 although the specific capabilities of the
alveolar macrophage have been examined only
comparatively recently.34 35 The process of
phagocytosis has been shown to be associated with
macrophage activation.363' More specifically,
phagocytosis of asbestos has been shown to produce
activation of macrophage in vitro38 39 and in
vivo.40-42 Macrophage activation is known to induce
varying degrees of involvement of inflammatory and
immune response, including the production and
release of chemotactic factors.4344 Since the degree
of alveloar macrophage recruitment in the lung is
related to the number of dust particles (and there-
fore the number of phagocytic events), and
phagocytosis results in activated macrophages which
may be capable of producing chemotactic and other
factors, a role for cell recruitment in normal pulmo-
nary clearance can be envisaged.
The existence of a condition of clearance overload

implies a failure of this normal cellular process and,
as we have already stated, several authors have pro-
duced evidence of an overload similar to our
own'2-'4 (TJ Vostal, Raleigh, October 1981).
Adamson and Bowden showed that high doses of
dust can overload macrophage cell division within
the lung.26 Several workers have reported mac-
rophage accumulations around the respiratory bron-
chioles in a dose dependent manner45-47 (TL Chan
et al, at Society of Toxicology Conference at Boston,
USA, 23-26 February 1982), and there is evidence
that aggregations of macrophages may have an
inhibitory effect on each other under certain circum-
stances.4849 Thus published reports provide consid-
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An overload hypothesis for pulmonary clearance of UICC amosite fibres inhaled by rats

erable evidence for a relative failure both in cell
recruitment and in the mobility of recruited cells.
Further work is necessary to examine the details and
consequences of these factors.

Perspective

The weight of the evidence for an overload
hypothesis in relation to pulmonary clearance
mechanisms under certain experimental conditions
is persuasive. The phenomenon in question would
not appear to be specific for any one type of dust
since coal, quartz, diesel fumes, and asbestos have
all been shown to exhibit overload at similar levels
of lung burden. Whether the overload is due to the
exceeding of a critical lung burden, to a high con-
centration of airborne dust (and hence a high depos-
ition rate), or to physiologically mediated changes in
the zonal deposition patterns is arguable. Our evi-
dence, however, provides support for the theory that
lung burden itself can have a profound effect on
particle clearance. Human evidence of clearance
overload is difficult to obtain due to the problems
associated with making realistic estimates of past
exposure and to the likely interfering effects of such
factors as smoking and pre-existing pulmonary dis-
ease. It is interesting to note, however, that pulmo-
nary dust burdens in excess of those found in our rat
experiments (in ,ug dust/gram dry weight of lung)
are regularly found at necropsy in men from indus-
trial environments.505' It is therefore entirely poss-
ible t4at a similar phenomenon pertains to people.
The apparent independence of this overload con-

dition on the nature of the inhaled dusts is particu-
larly interesting since it' implies that in exposures to
complex dust mixtures, the level of total respirable
dust must be taken into account in assessing the
potential effects of exposure, it being the total bur-
den of dust in the lung that will influence the resi-
dence time (and hence potential pathogenicity) of
any of the individual constituents. This could have
important implications for the control in the work-
place of nuisance dusts containing relatively small
proportions of toxic material.
A further implication of the existence of an over-

load condition concerns the design of inhalation tox-
icological studies. The present work has shown that
during exposure to asbestos at high concentrations
(up to three orders of magnitude greater than the
TLV for amosite), the burden of dust in the rat lungs
soon reaches levels at which an overload of the
clearance mechanisms obtains. This highlights the
need for dose response inhalation t9xicological
studies in which the highest doses provide informa-
tion on the worst case consequences of excess
exposure, and lower doses provide information on

the relevance of any demonstrated toxicity under
more realistic conditions. The present work shows
that chronic exposure of rats to respirable asbestos
dust concentrations exceeding 5 mg m-3 for periods
in excess of six weeks may indeed involve impaired
pulmonary clearance and therefore increased persis-
tence of deposited dust. It does not imply, however,
that any resulting pathogenicity is necessarily inap-
propriate. Davis52 has shown that under just these
conditions the rat develops asbestos related pulmo-
nary diseases qualitatively similar in pathology to
those encountered in heavy exposure industries and
described in many epidemiological studies.53
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