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ABSTRACT

Lung clearance studies after the inhalation of monodisperse, radiolabelled test parti-
cles including lung retention measurements and excretion analysis allow for estimates of
the kinetics of long-term particle transport out of the thorax into the gastro-intestinal tract.
Data of several interspecies comparisons using either radiolabelled fused aluminosili-
cate particles or 57Co3Qs particles were reviewed and compared. Species included
were: man, baboon, beagle dog, guinea pig, HMT rat, F-344 rat, Long-Evans rat, ham-
ster, mouse.

Particle transport M(t) after the first days after inhalation is a slow clearance mecha-
nism which is independent of the particle material and size used (0.5 - 4 pm geom. diam-
eter). M(t) was reproducible in the experimental species studied. In man, baboon, and
dog the initial daily fraction Mo of the contemporary lung burden transported out of the
thorax is 0.001 d' which is an order of magnitude less than the initial rates in rodents.
Particle transport rate decreases rapidly from its initial value in all species studied. The
decay of particle transport varies considerably between the species and strains. The
half-life of the decreasing transport rate is slower in man, dog, F-344 rat, hamster and
mouse (100 - 200 days) than in baboon, HMT rat and Long-Evans rat (< 50 days). From
these studies estimates of lung retention during chronic aerosol exposure showed no
equilibrium value indicating that long-term particle transport is not a sufficiently effective
clearance mechanism to keep the lung burden from continuousy increasing during
chronic exposure.

INTRODUCTION

Interspecies comparisons of lung clearance including human studies provide a poten-
tial tool to estimate the relevance of results obtained from experimental animal species
with respect to their extrapolation to the human lung. In this paper data obtained from a
few interspecies comparisons and studies on lung clearance of inhaled test aerosol par-
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ticles are reviewed with a special emphasis on the removal of intact particles from the
lungs.

Aerosol particles deposited in the lungs are subject to two major clearance mecha-
nisms out of the thorax depending on physical and chemical properties of the particles:
mechanical transport M(t) of entire particles and/or translocation S(t) of dissolved materi-
al from the particle. Both clearance mechanisms are believed to be time dependent and
competitive and independent (Cuddihy, 1984,1988). This differentiation of particle clear-
ance from the lung parenchyma applies to man and a variety of experimental animal spe-
cies (Bailey et al., 1989). The total rate of clearance A(t) is a fraction of the contemporary
lung retention L(t):

M) = - — Aty = M) + S(t) (M)

Soluble particies or soluble compounds of particles are mainly cleared by absorptive
mechanisms consisting of transepithelial permeation and subsequent elimination via the
blood. However, the dissociated material might bind to distinctive constituents of the var-
ious fung and cell fluids which will be translocated or retained in the lungs at time con-
stants specific for these constituents. As a result, water soluble aerosol particles will dis-
integrate readily in the epithelial lining fluid but the material may or may not be cleared
from the lungs.

It is generally recognized that particles which are not dissolved in the epithelial lining
fluid, are phagocytized by alveolar macrophages within a few hours (Brain, 1985).
Hence, long-term clearance from this region must involve these cells. Particles may be
moved by macrophage mobility to the ciliated conducting airways to be cleared by mu-
cociliary transport. Macrophage migration is effected by chemotactic and other bio-
chemical factors, as was reviewed recently by Oberddrster (1988). Particles also will be
transported across the epithelial barrier to be stored in interstitial tissue or to be carried
on for storage in tracheobronchial and bifurcational lymph nodes (TBLN).

Moreover, particles which are negligibly soluble in water might be cleared from the
lungs by translocation of dissolved particle material (Kreyling et al., 1986,1988, Bailey
et al., 1989). Since the retained particles are incorporated in phagolysosomal vacuoles
of alveolar macrophages on the epithelium almost all the time, the solvent is the aqueous
vacuolar sol which also contains oxygen radical species, lysosomal, proteolytic and
other enzymes, mediators, chelators and protons at a pH of about 5. Therefore, this sol-
vent is different from extracellular lung fluids which eventually results in a more effective
dissolution of various particle compounds in the lungs. Clearance of long-term retained
particles out of the thorax by particle transport and translocation of dissolved particle ma-
terial is shown schematically in Figure 1.

MECHANICAL PARTICLE TRANSPORT

The kinetics of mechanical particle transport from the alveolar region via the mucocili-
ary escalator to the larynx cannot be determined directly. From lung retention measure-
ments, total lung clearance is determined which is the sum of the clearance mechanisms
from the alveolar region and from the tracheobronchial tree and the extrathoracic air-
ways which might be superimposed even after extended times of retention (Gore et al.,
1982; Stahlhofen et al. 1980). However, for this investigation data of fast clearance dur-
ing the first few days after inhalation were excluded. Thereafter, it was assumed that
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Figure 1. Lung clearance of long-term retained particles out of the thorax by particie
transport and translocation of dissolved particle material.

long-term clearance from the tracheobronchial tree and the extrathoracic airways is a
minor fraction of long-term clearance from the alveolar region.

According to equation 1, M(t) can be evaluated from lung retention measurements as
long as S(t) is negligible, i.e. the test particles are negligibly soluble in the lungs over the
entire time of observation. It is emphasized, however, that in vivo dissolution might be dif-
ferent from in vitro dissolution in simulant solvents (Lundborg et al., 1984, Kreyling et al.,
1986,1988,1990b). Moreover, translocation from the lungs might vary between the spe-
cies (Bailey et al.,, 1989). Although it is not necessarily required to study clearance of
monodisperse test particles, their use is desirable to test the size dependence of particle
transport. Additionally, particle dissolution and hence, translocation, becomes more
complicated since particle dissolution extracellularly and intracellularly is particle size
dependent (Mercer, 1967; Moss and Kanapilly, 1980; Kreyling et al., 1990a,1990b) re-
sulting in erroneous estimates of particle transport. Therefore, this review is restricted to
interspecies comparisons of lung clearance using monodisperse test particles.

In the past several investigators have used Fe20s test particles labelled with various
radio-isotopes in human or experimental animal lung clearance studies (Albert et al.,
1967, Morrow et al., 1967a,1967b; Bellmann et al.,, 1983,1986; Muhle et al., 1988).
Translocation S(t) of dissociated Fe from these particles was generally difficult to deter-
mine due to the metabolism of Fe. However, long-term retention of dissociated Fe in the
lungs and in other organs could not be ruled out. Hence, neither exclusive particle re-
tention in the lungs nor estimates of S(t) were given excluding a proper estimation of
M(t). ~
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Using magnetic Fe3Os particles, retention in the lungs was determined by magnetop-
neumography in man and experimental animals (Cohen et al., 1979; Oberddrster et al,,
1984; Kalliomaki et al., 1985; Freedman et al., 1988). From these data total particle clear-
ance was calculated but the evaluation of the clearance mechanism of patticle transport
M(t) would have required knowledge of S(i). Sensitivity of the magnetometer was anoth-
er limitation of this approach, still requiring a rather high dose of retained magnetic parti-
cles. Since high lung burdens of test particles and/or apparently toxic particles might ef-
fect phagocytic and migratory functions of alveolar macrophages, particle transport
might also be altered (McClellan et al.,, 1982,1986; Vostal et al., 1982). Therefore, the
deposited dose of the test particles should be as low as possible and the material should
not be specified to be cytotoxic.

A better means to estimate the kinetics of mechanical particle transport was the combi-
nation of lung retention measurements and excretion analysis after the inhalation of more
or less insoluble, radiolabelled test particles (Snipes et al. 1983; Bailey et al. 1985a,
1985b, 1989, Kreyling et al., 1986+1988). This method makes use of the fact that parti-
cles which had been transported to the larynx are subsequently swallowed into the gas-
tro-intestinal (Gl) tract and are eventually excreted in feces. The amount of excreted par-
ticles in the feces and the amount of retained particles in the lungs were determined by
radioactivity measurements from which the particle transport rate was determined. How-
ever, the analysis was complicated by the fact that a fraction of the particle material
and/or the radiolabel might have been absorbed during passage through the Gl-tract
which might have been redistributed systemically and not excreted in feces. Another
complication arose from the other clearance mechanism of translocation, i.e. a fraction
of the particle material which was dissociated and translocated from the lungs to blood
might have entered the Gl-tract and was excreted in the feces.

Recently, the importance of translocation of dissolved particle material from the lungs

to blood was clearly demonstrated for 3"Co-labelled fused aluminosilicate particles
(°’Co-FAP) which were considered to be almost insoluble (Kreyling et al., 1988).
During a three year clearance study with beagle dogs not only lung retention measure-
ments and excretion analysis was carried but also a chemical procedure was involved
which separated *’Co-FAP from non-particulate 5’Co in fecal samples. From these mea-
surements and a supplementary study for the absorption of the radiolabel from FAP dur-
ing passage of the Gl-tract after gavage, particle transport M(t) was evaluated. The ini-
tial particle transport rate was 0.0006 d' and decreased monotonically with a rate of
0.004 d' (half-life 170 d). Since S(t) was 0.0005 d! and constant over the entire period
it became the predominant clearance mechanism from the lungs after one year. The frac-
tion of non-particulate 5’Co in fecal samples increased from an initially minor fraction to
a similar amount as the ¥Co-FAP fraction, since 5% of the translocated non-particulate
57Co circulating in blood was not excreted in urine but in feces.

Bailey et al. (1989) proposed a simple model (Figure 2) taking these metabolic effects
into account from which particle transport was evaluated:

U(t) = bu S(t) + gu M(t) F(t) = gt M(t) + br S(t) )

where U(t) and F(t) were the urinary and fecal excretion rates, i.e. the amounts of radio-
activity excreted per day as fractions of the contemporary lung content L(t); bu and bt
were the fractions of the radiolabel in urine and feces, respectively, following transloca-
tion of the radiolabel from the lungs to blood; and gu and gr were the fractions of the radi-
olabel excreted in urine and feces respectively, after particles had entered the G! tract.
The transfer coefficients bu, br, gu, gr were determined by supplementary excretion anal-
yses after the radiolabel was injected intravenously or the test particles were ingested.
Thus:
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u(t) F(t)

Figure 2. Transfer coefficients for the radiolabel following inhalation of test particles,
showing the fractions of lung content L(t) cleared per day by mechanical particle trans-
port M(t) and translocation of dissolved particle material S(t) at time t.

gru(t) - gu F(t) bu F(t) - bt U(t)
Sit) = M) = 3)
bu gt - bt gu bugf - bt gu

This model allowed systemic uptake of the radiolabel by other organs but it did not
take into account clearance from these organs since it was assumed that rate constants
for those organs would be negligibly small to effect the transfer coefficients b, bt, gu, gf.

INTERSPECIES COMPARISON OF PARTICLE TRANSPORT
Data Base

There were a few interspecies comparisons of lung clearance which were based on
this clearance model and the appropriate measurements. In these studies monodisperse
test particles of two different materials were used: FAP labelled with various radiolabels
and ’Co labelled Co3Oa particles. Lung retention L(t) and both clearance mechanisms
M(t) and S(t) of FAP were estimated in the following species:

man: Bailey et al. 1985b
beagle dogs, Fischer-344 rats, CD-1 mice: Snipes et al. (1983)
Hartley guinea pigs: McClellan et al. (1984)
beagle dogs : Kreyling et al., 1988

HMT rats, Syrian golden hamsters (DSN): Bailey et al. 1985a

In a joint European attempt (Bailey et al., 1989, summary) organized by the European
Late Effects Project Group (EULEP) of the Commission of the European Communities
fung retention L(t) and both clearance mechanisms M(t) and S(t) of two different sizes of
monodisperse, porous 5Cos0a particles were evaluated and compared between:
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man:

baboon:
beagle dog:

Harwell guinea pig, HMT rat,

Syrian golden hamster (DSN):
Fischer-344 rat (SPF):

Sprague-Dawley rat:
mouse (CBA/H):

Particles from the same two batches were also used to determine clearance in Long-
Evans rats. Additionally, lung clearance of monodisperse solid $Co3sO4 particles was in-
vestigated in baboons, beagle dogs and HMT rats (Kreyling et al.,1988,1989b; Collier et
submitted). The solid %"Cos04 particles were chosen to confirm that translocation
S(t) in each species was proportional to the specific surface area of the particles. It also
was chosen to prove reproducibility of particle transport M(t). Particle parameters are
summarized in Table 1. Also incorporated in this interspecies comparison is another hu-

al.,

Table 1.

Foster et al., 1989,
Pearman et al., 1990;
André et al., 1989;
Kreyling et al., 1989a;

Collier et al., 1989;
Patrick et al., 1989;

Drosselmeyer et al., 1989;

Talbot et al., 1989).

Parameters of monodisperse test particles and number N of subjects (animals) of each
species for the interspecies comparisons of lung clearance.

Species fused aluminosilicate particles >"Co30s particles
/ strains N radiolabel dgeom (um) N density dgeom (um)
Man 13 B8yt 4.0 4 porous 1.7, 0.8
13 ®sr 1.0
Baboon 4 porous 1.7, 0.8
2 solid 0.9
Beagle dog 2  °Co 15 4,(8)* porous 1.7, 0.8
120 "**Sr 0.5, 1.0, 1.9 4 solid 1.6, 0.9
Guinea pig 49 gy 1.3 24 porous 1.7, 0.8
HMT rat 30 ®gr 1.2 60,(24)* porous 1.7, 0.8
20 solid 0.9
F-344 rat 320 "gr 05, 1.0, 1.9 44 porous 1.7,0.8
Long-Evans rat 8 porous 1.7, 0.8
Syrian hamster 30  %gr 1.2 60 porous 1.7, 0.8
Mouse CD-1 320 **sr 05, 1.0, 1.9
Mouse CBA/H 60 porous 0.8

* repetitive studies
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man study using 4 um monodisperse, 5'Cr labelled Teflon particles (Philipson et al.,
1985).

Evaluation of Particle Transport Rate

Common to all species studied, long-term particle transport rate M(t) from the lungs to
the Gl-tract decreased drastically with time. In those studies where M(t) was not explicit-
ly tabulated or given as a function, M(t) was calculated according to equation 1 from the
given retention function L(t) and the given estimate of S(t). In all species M(t) was ap-
proximated by a sum of two exponential terms:

M() = Mo1exp(- mit) + Moz exp(- mzat) Mo = Mot + Moz (4)

In Table 2 the values of the parameters of M(t) and the number of subjects/animals
studied are given for each particle material and each species / strain. It is emphasized
that the evaluation of a second term clearly depended on the parameters of the first term
and the period of cbservation, i.e. the entire period must have been long enough that the
first term was negligible for a sufficient time to determine the second term. It is notable,
however, that particle transport in dogs followed a single exponential term for almost
1000 days if the most rigid analysis of fecal particle excretion was applied. The measure-
ments of Snipes et al. (1983) confirmed the monotonic decay of particle transport. But the
function of M(t) they gave in the paper was one exponential term and a final constant
rate. This approximation was used for all data sets obtained from three species and 4 par-
ticle sizes. In Table 3 data of the transport rate M(t) are given at various times t during the
first 400 days after inhalation which show the effectiveness of the clearance mechanism
of particle transport in the various species at those times.

The initial transport rate Mo=M(0) was extrapolated from data cobtained during the first
weeks after inhalation of the test particles. Fast particle clearance was not taken into ac-
count in these estimations. As indicated above the latter was predominantly ascribed to
particle removal from the tracheobronchial tree. However, there was no means to deter-
mine at what time and to which extent clearance of particles deposited on the tracheo-
bronchial tree had diminished. Therefore, the extrapolated value of M(0) might have rep-
resented a superposition of both the vanishing clearance from the tracheobronchial tree
and the initial clearance from the alveolar region.

Species differences

Both the initial transport rate and the decay of the transport rate varied considerably
between the species. In the upper pane! of Figure 3 M(t) in man, baboon and dog is
shown for both FAP and CosQs particles. In the lower panel M(t) is shown in guinea
pigs, three strains of rats, hamster and mice. Generally, in man and large animals the ini-
tial transport rate Mo was in the range of 0.001 d' of the contemporary lung content.
This was about an order of magnitude less than in mice, hamsters and the various strains
of rats, where Mo was >0.01 d™'. It was quite astonishing that for each species of the ro-
dents Mo was very similar even though different strains had been studied. The latter was
most striking in the three strains of rats studied. Interestingly, Mo in guinea pigs was clos-
er to man and large animals than to the other rodents. Mo in man and baboon was very
similar but in dogs it was even less according to the most rigid data evaluation for 3’Co-
FAP.

The rate at which the particles reached the distal end of the mucociliary escalator of
the tracheo-bronchial tree depended on the velocity of migration of the laden macroph-
ages and the distance they had to travel. As was reviewed recently (Oberddrster, 1988)
the velocity was effected by chemotactic and other biochemical factors eventually re-
sulting in different velocities in different species. Interestingly, there were fewer airway
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Table 2.

Parameters of the exponential terms of the particle transport rate M(t) according to equa-
tion 4 for man and various experimental animal species and for two different particle ma-
terials, FAP and Co30s. Additionally, human data are given for Teflon particles. The pe-
riod of observation is also given.

Species Particle Days of Mot mi Moz m2
Observ.

Man 853r-FAP/
88Yt-FAP 400 .0031 .013 .00031 .0001
57C0304 700 .0018 .0059 .00040 .0016
S1Cr-Teflon 300 .0090 .026 .00041  <.0001

Baboon FAP - -
57C0304 200 .0017 .013

Dog $’Co-FAP 1000 .0006 .0042
134Cs-FAP 800 .005 .03 .0001 <.0001
57C0304 800 .0019 .067 .0004 .0039

Guinea pig 134Cs-FAP 200 .005 .03 .0001 <.0001
57C0304 400 .0036 .0016

HMT-rat 853r-FAP 400 .019 .018 .0045 .0039
57C0304 400 .019 .028 .0066 .0056

F-344-rat 134Cs-FAP 200 .020 .007 .001 <.0001
5"C0304 200 .024 .009

Long-Evans FAP = --

rat 57C0304 200 .021 .019

Hamster 853r-FAP 500 .010 .014 .004 .0031
57C0304 400 .0022 .033 .0082 .0031

Mouse 134Cs-FAP 200 .02 .006 .0015 <.0001
57C0304 300 .018 .0042

generations in the zone of alveoli to respiratory bronchioli in rodents than in dogs, mon-
keys and man (Phalen et al., 1983), i.e. the distance from an alveolus to the terminal
bronchiolus is shorter. This structural difference might have contributed to the larger ini-
tial transport rates Mo and the subsequent, more effective transport in rodents compared
to man and the large animals.

The decay of particle transport was even more variable between the various species
than its initial value (Figure 3). In man and dog M(t) decreased in parallel but in baboons
it vanished faster. In the latter species, the period of observation was to short to deter-
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Table 3.

Data of the particle transport rate M(t) at various times t for man and various experimen-
tal animal species and for two different particle materials, FAP and Co3Oas. Additionally,
human data are given for Teflon particles. The period of observation is also given.

Species Particle Days of M(0) M(100) M(200) M(400)
Observ.
Man 85Gr-FAP/
8Yt-FAP 400 .0034 .0012 .00053 .00031
57C0304 200 .0022 .0014 .00086  .00034
SICr-Teflon 300 .0094 .0011 .00048  .00041
Baboon FAP - --
57C0304 200 .0017 .00046  .00013
Dog 5’Co-FAP 1000 .0006 .00039 .00026 .00011
134Cs-FAP 800 .0051 .00035 .00011  .00010
57C030a4 800 .0023 .00027 .00018 .00008
Guinea pig '3*Cs-FAP 200 .0051 .00035  .00011
57C0304 400 .0036 .0031 .0026 .0019
HMT-rat 83r-FAP 400 .024 .0062 .0026 .00096
57C0304 400 .026 .0049 .0022 .00070
F-344-rat  '3Cs-FAP 200 .021 .0109 .0059 .0022
57C0304 200 .024 .0098 .0040
Long-Evans FAP -- -
rat 57C0304 200 .021 .0031 .00047
Hamster 853r-FAP 500 .014 .0054 .0028 .0012
57C030a 400 .010 .0061 .0044 .0024
Mouse 134Cs-FAP 200 .022 .013 .0075 .0033
57C0304 300 .018 .012 .0078

mine a second term of M(t) (equation 4) indicating a slower decay or a final, more con-
stant transport rate. The longest studies including excretion analysis up to 700 days in
man (Foster et al. 1989; Pearman et al., 1990) and 850 days in dogs (Kreyling et al.
1988) suggested that there was no final constant transport rate but M(t) continued to de-
crease.

In guinea pigs, different decays of M(t) were observed for the two particle materials of
FAP and CosOa. In the 250 days study, M(t) of FAP decreased parallel to that of dogs to
a final constant rate of 0.0001 d!, while M(t) of CosO4 remained almost constant above
0.001 d'' throughout 360 days, resulting in a more efficient particle transport during time.
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Figure 3. Particle transport M(t) of FAP and Co3Oa4 particles in man, baboon and dog

(upper panel). Particle transport M(t) of CosOs particles in guinea pigs, three strains of
rats (F-344 rat, HMT rat, Long-Evans rat), hamster and mice (lower panel).

Unfortunately in the FAP study no excretion data were given but only the function of M(t)
which was derived from an entire lung clearance model (McClellan et al., 1984). The dif-
ferences of M(t) observed in the two studies could reflect material dependence of parti-
cle transport but also differences between the two strains of guinea pigs.

Differences were observed between F-344 rats and the two other strains of rats inde-
pendent of the particle material (Figure 3, lower panel). While M(t) diminished quickly in
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HMT-rats and Long-Evans rats with a half-life of 40 days or less, the transport rate de-
creased more slowly in F-344 rats with 100 days half-life, i.e. particle transport in F-344
rats remained more effective than in the other two strains of rats. Unfortunately, M(t) was
not determined in Sprague-Dawley rats, but lung retention decreased similar as in HMT
rats and Long-Evans rats suggesting a similar, rapidly decreasing M(t) in these three
strains. Hamsters and mice showed an even slower decrease of M(t) than F-344 rats
(Figure 3, lower panel) with a half-life of 200 d and 140 d, respectively. Interestingly, no
differences in the slow decrease of M(t) were found in the two strains of mice.

Particle transport to the hilar lymph nodes (TBLN) (Snipes et al., 1983; McClellan et al.
1984; Kreyling et al. 1986, 1988, 1989a; Harmsen et al., 1985) and observations of parti-
cles retained in the interstitium and subpleural spaces emphasized penetration of the
particles through the epithelium. Significant fractions of particles had been found on the
epithelium up to 500 days after inhalation by broncho-alveolar lavages (Kreyling et al.
1988, 1989a). From these findings, it is unclear how many of the particles remained on
the epithelium. From those which penetrated through the membrane how many were car-
ried to the TBLN? Also did particles penetrate reversibly through the epithelial barrier
to appear again on the epithelium? In any event the decay of particle transport to the mu-
cociliary escalator indicated an emptying pool of particles available for this transport
mechanism which was macrophage mediated. Since the transport to TBLN was a minor
and very slow mechanism, this means that an increasing fraction of particles was re-
tained either on or beyond the epithelium in a state such that macrophages either could
not phagocytize the particles or they phagocytized the particles but reached the muco-
ciliary escalator increasingly more slowly.

Dependence on Particle Parameters

In each species except rats and guinea pigs, M(t) was independent of the two particle
materials and the various particle sizes used, as shown in Table 3 by the data of M(t) at
various time points. The three strains of rats showed clear differences in the decay of
particle transport M(t). However, no material dependence of particle transport was found
in F-344 rats and HMT rats in which both FAP or CosOs particles had been studied. In
guinea pigs, different decays of M(t) were observed for the two particle materials of FAP
and Coa04 which might reflect differences in the two strains as discussed above. Inter-
estingly, in man particle transport of another material, 4 um 5'Cr labelled Teflon parti-
cles, was similar to those obtained for the other materials. Also no difference within a giv-
en species was found for porous and solid CosOs4 particles with a density of 2.5 - 3.5
and 6 g/cm3, respectively, (as long as M(t) was not too minute compared to S(t)). The
particle size range varied in man from 1 to 4 um geometric diameter (1.5 - 6 um aerody-
namic diameter) and in experimental animals from 0.5 to 2 um (0.7 - 3.6 um aerodynamic
diameter). Administration of larger particles via inhalation would have been difficult
since the particles would not have reached the peripheral lung due to their previous
deposition in the upper airways.

Snipes et al. (1981,1984) found similar particle transport of 3 um '#'Ce labelled poly-
styrene (PSL) particles in Fischer-344 rats and beagle dogs after administration via in-
tratracheal instillation when compared to the inhalation data discussed here. However,
in rats particle transport of 9 pm 8%Sr labelled PSL particles was much slower than that of
the small PSL particles. Moreover, there was virtually no particle transport of 7.5 um 85Sr
labelled PSL particles in dogs and no particle transport of 15 um %Sc labelled PSL parti-
cles in either species during the entire four month period of observation. These results
suggested that particle transport out of the peripheral lung of other species also might di-
minish for particles larger than 7-10 um diameter. Since particle transport was macroph-
age mediated it is plausible to assume that the mobility of macrophages decreased with
the increasing size of their load resulting in diminishing particle transport. The same ef-
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fect of accumulated particle mass in macrophages had probably contributed to the van-
ishing test particle transport out of the lungs of various rodent species during chronic ex-
posure of high concentrations of Diesel exhaust or other carbonaceous aerosols (Chan
et al., 1984; Lee et al., 1987; Wolff et al., 1987; Muhle et al.; 1988, Bellmann et al., 1989).

Intersubject Variability and Reproducibility in Species

Intersubject variability of particle transport within a given species or strain was remark-
ably low for all rodents and dogs which were bred and maintained under controlled con-
ditions of the various facilities. Moreover, the kinetics of particle transport in each of vari-
ous species (F-344 rats, Syrian golden hamsters and the two strains of mice) were sur-
prisingly reproducible in different investigations of different laboratories carried out more
than three years apart from each other (Snipes et al., 1983; Collier et al., 1989; Talbot et
al., 1989). Similarly, three studies on HMT rats at the National Radiological Protection
Board, Chilton, UK, in 1985, 1986 and 1988 (Collier et al., 1989, submitted; Kreyling et
al., 1989b) confirmed the invariance of the kinetics of particle transport within this strain.
In an age-related investigation on the same species beginning at ages of 3, 13, 21 and
46 weeks Collier et al. (submitted) found no significant changes in particle transport M(t).
As mentioned above the differences of M(1) found in guinea pigs for FAP and CosO4 par-
ticles might be associated with the different strains.

Due to the predominant contribution of translocation S(t) to the clearance of porous
Co30a4 particles in beagle dogs, M(t) could only be evaluated satisfactorily from studies
using solid CosOa particles. Therefore, M(t) was obtained from only four animals, but in-
tersubject variation was very low and matched excellently with the data for >’Co-FAP
for which the most rigid analysis was applied (Kreyling et al.,, 1988). These data are in
good agreement with those obtained from 120 beagle dogs (Snipes et al., 1983). In ba-
boons, wild-caught as young animals in West Africa, the intersubject variation of the ki-
netics of particle transport was slightly larger than in the other species discussed above.
Yet, the mean pattern of the four animals studied in 1985 (André et al., 1989) was similar
to those of the two animals studied in 1988 (Kreyling et al., 1989b). Largest intersubject
variability was observed in man in each of the three studies (Bailey et al., 1985b; Philip-
son et al., 1985; Foster et al., 1989).

ESTIMATED LUNG CONTENT DURING CHRONIC EXPOSURE

Particle transport M(1) of the test particles was determined while the human volunteers
and the experimental animals were continuously exposed to the ambient aerosol which
contained a certain fraction of nearly insoluble particles. Hence, M(t) was determined
during chronic exposure of the insoluble particle fraction of the ambient aerosol. Using
the functions of M(t) in Table 2 obtained from the interspecies comparisons, the accumu-
lated lung burden in each species was estimated during chronic exposure to an aerosol
of constant concentration. It was assumed that (1) in each species a unit dose Do of parti-
cle mass was deposited per day and (2) this material was exclusively cleared by parti-
cle transpon, i.e. translocation S(t) = 0 during the entire period in all species. According
to equation 1, the rate of change of retention becomes the result of the daily intake Do
and clearance M(t) of the lung retention L{t):

dL(t)
_ = {Do-M{t)} L{t) (5)
dt
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If M(t) = Mo is constant, lung retention L(t) is:

Do

Lit) = {1 - exp(-Mot)} (6)

Mo

where L(e) = Do/Mo is the limiting value to which lung retention approximated during
time. This value in units of the deposited dose Do and the time tes at which L(t) reached

95% of L(e) are given in Table 4 for each of the species. The equilibrium values for man,
baboon, dog and guinea pig were up to an order of magnitude larger than those of ro-
dents. Similarly, in the same species the time interval was much longer to reach 95% the
of the equilibrium value.

Table 4.

The approximate limit L(e) of lung retention during chronic aerosol exposure when Mt)
= Mo is constant according to equation 6. L(e) is given in units of the daily deposited
dose Do; tes is the time when lung retention L(t) has reached 95% of the value of L(e).

Species / strain L (o) tes (days)
man 290 860
baboon 590 1740
dog 440 1280
guinea pig 280 810
HMT rat 40 100
F-344 rat 36 90
Long-Evansrat 48 120
Hamster 71 190
Mouse 47 120

Assuming M(t) was a function of time as given in Table 2, equation 5 was numerically
solved and the accumulating lung retention L(t) in units of the daily deposited dose Do is
shown in Figure 4 for the various species. No equilibrium value L(t) was reached in any
of the species since M(t) was a decreasing function with time although the increase was
very minute in F-344 rats and mice. Since particle transport was less effective in man,
baboon and dog, the accumulative retained dose was much higher than in rodents. The
smaller the values of M(t) were, the higher was the accumulated, retained lung burden.
Additionally, the accumulated retained dose remained lower in those species or strains
in which M(t) decayed more slowly with time such as F-344 rats and mice compared to
HMT rats and Long-Evans rats.

Figure 4 shows that after 1000 days of exposure about 70% of the deposited dose has
been retained in the human lungs while only 30% has been removed by particle trans-
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Figure 4. Estimates of the accumulated lung retention L(t) during chronic aerosol expo-
sure to a daily deposited unity dose Dao.

port, whereas in F-344 rats and mice the accumulated retention would only account for
about 10% of the deposited dose during a life time exposure. Applying this result to the
chronic exposure of the ambient aerosocl, it represents an estimated upper limit since par-
ticles are not completely insoluble and hence the translocation of dissolved material
contributes to the total clearance of the particles from the lungs. The same is valid for oth-
er aerosols, for instance in specific occupational environments.

No limitations on the daily deposited dose were made in these calculations. It is well
known if the deposited dose increases, recruitment of alveolar macrophages onto the
epithelium also increases (Brain, 1985), eventually resulting in a more effective particle
transport. However, the chronic exposure studies under "overload" conditions clearly
indicate that beyond a certain administered dose, particle clearance even diminishes
(Chan et al., 1984; Lee et al., 1987; Wolff et al., 1987; Muhle et al., 1988; Bellmann et al.,
1989). Taking this and the less effective particle transport in man and large animal spe-
cies into account, "overload" phenomena might occur at even lower concentrations dur-
ing chronic aerosol exposure than was observed in rodents.

CONCLUSION

Particle transport from the alveolar epithelium to the beginning of the mucociliary es-
calator of the tracheo-bronchial tree was a slow, macrophage mediated clearance
mechanism which decreased rapidly in all species studied. Both the initial transport rate
M(0) and the kinetics of M(t) varied considerably between the species. As a result parti-
cle transport in man and large animal species was less effective by an order of magni-
tude than in rodents.

Particle transport was material independent in all species as long as the material was
not cytotoxic to alveolar macrophages. It was also independent of the particle size with-
in the range of 0.5 - 5 um geometric diameter. Particle transport diminished for particles

larger than 7 - 10 um in rodents; but it is unknown in any species for fine and ultrafine
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particles. Particle transport in rodents vanished during chronic aerosol exposure at high
concentrations. The latter is unknown for man but it is plausible to assume a similar be-
havior. The estimated lung retention during chronic exposure which accumulated faster
in man than in rodents suggested that "overloading” and decreasing particle transport
might occur at even lower concentrations during chronic aerosol exposure than ob-
served in rodents.
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