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Rodents have often been used as surrogates for humars to study biological responses 
from exposure to airborne particles. To interpret experimental data of rodent studies and 
to extrapolate results to potential human exposures, inttrspecies comparisons of particle 
dosimetry in the lung are necessary. This article deals with dosimetry studies in humans 
and rats by mathematical models using diesel exhaust particles as an example exposure 
material. The diesel particle was modeled as a submicrqmeter-sized particle consisting of 
a carbonaceous core and associated organics. The dosin1etry results showed that total and 
alveolar deposition fractions in a breathing cycle in h~man5 and rats were similar, but 
there were large differences between the two species ~n deposition rate and in particle 
retention per gram of lung. A new formula was also dhived from existing experimental 
data for the alveolar clearance rate in rats at high lung ~urdens. This formula was extrap­
olated to humans based upon a hypothesis previously /proposed by Morrow (1988) that 
clearance impairment at Iligh lung burdens is related ;to the volumetric fraction of the 
retained particles in alveolar macrophages. Several pr~icted human lung burden results 
are presented. 

Biological responses from exposure to airborne p~rticles are related closely 
to the dose delivered to the target tissue. To interprrt experimental data from 
inhalation studies in rodents and to extrapolate resplts to human exposures, 
an understanding of particle dosimetry in the respir~tory tracts of rodents and 
humans is required. Because of the differences in airway structure, airway 
size, and minute ventilation, humans and rodent~ usually exhibit different 
deposition patterns. The deposition rate per gram <pf lung in rodents can be 
either higher or lower than in the human, depend~ng upon the size, shape, 
and mass density of inhaled particles. In addition,1 inhaled particles can be 
removed or cleared from the lung's epithelial surfaces once deposited. For 
insoluble particles, the macrophage-mediated removal rate in rodents is much 
faster than in humans. The combined deposition and clearance processes 
may result in considerable differences in partiqle retention in the lung 
between humans and rodents. These differences must be taken into account 
when the biological data are extrapolated from rodents to humans for risk 
assessment. 

I 
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Mathematical models have often been! Llsed to complement experimental 
results of deposition and clearance of inhalled particles in the lungs. They not 
only enhance our understandings of exppsure-dose-response relationship 
for rodents, but also provide a quantitativ~ basis for extrapolating the data to 
humans. This article presents the processfs that are involved in developing 
mathematical models, using diesel exhaust particles as an example. The rat 
is the only rodent species considered in the modeling because most diesel 
exposure experiments were performed in rats and there are sufficient data 
available for model development and validation. 

MODEL DEVELOPMENT 

Particle Model 

The processes for developing mathem~tical dosimetry models for humans 
and rats are shown in Figure 1. First, a particles model that describes the size 
and structure of the particle under consideration must be established. For 
diesel exhaust particles, Yu and Xu (19/36) proposed that these particles 
could be modeled as cluster aggregates iconsisting of many solid primary 
particles with a bulk density about 1.5 g/Cm3 and a packing density of 0.3. 
The size distribution of diesel exhaust particles and the amounts of specific 
organic compounds associated with the p~rticles depend upon many factors 
including engine design, fuel used, enginei operation conditions, and thermo-
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Rat I Human 

FIGURE 1. Flow diagram for developing mathematical d1simetry models of inhaled particles for humans 
and rats. , 
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dynamic processes that occur during exhaust. Measbrements showed that the 
size distribution is approximately lognormal, with MIMAD varying from 0.1 to 
5.4 Ilm and ug varying from 1.8 to over 4 (Chan et ~l., 1981, 1984; Cheng et 
aI., 1984). The adsorbed organics generally accourh for 10-30% of the par­
ticle mass. To study the clearance characteristics of diesel exhaust particles, 
Yu et al. (1991) assumed that a representative dies~1 particle has a MMAD = 
0.2 Ilm and u g = 2.3 and is composed of three m~terial components: (1) a 
carbonaceous core representing approximately 80% of the particle mass, 
(2) absorbed organics slowly cleared from the lung representing about 10% 
of the particle mass, and (3) absorbed organics qUickly cleared from the 
lung accounting for the remaining 10% of the pa~ticle mass. The presence 
of two discrete organic phases in the particle model was suggested by the 
observations that the removal of the particle-associated organics from the 
rat lung exhibited a biphasic clearance curve (Stln et aI., 1984; Bond et 
al.,1986). 

Deposition Model 

Deposition in the airways is a process governed by physical principles 
alone. It involves mechanics of air and particle motion in a given airway 
geometry. There are five mechanisms that cause particle deposition within the 
respiratory tract. These are impaction, sedimentatiqn, diffusion, interception, 
and electrostatic precipitation. Because particle siZ1e is very small compared 
to the size of the smallest airways, interception liS normally insignificant, 
except for long, elongated particles. Electrostatic precipitation occurs only 
for freshly generated particles. Thus, for a compa<tt particle in charge equi­
librium, the first three mechanisms are most import~nt for deposition. The rel­
ative contributions of these mechanisms to depositibn in an airway, however, 
depend on particle size and flow rate, as well as the size and location of the 
airway in the respiratory tract. In the case of diesel exhaust particles, diffusion 
is probably the predominant deposition mechanism because of the particle 
size range. But large particles in the exhaust, althorgh they make up a small 
number fraction of all particles, may also contri~ute significantly to mass 
deposition by impaction and settling mechanisms. . 

In the development of deposition models for !humans and rats, the air­
way geometry and ventilation conditions must b~ known. Lung models for 
human adults have been proposed by Weibel (1963) and others (Olson et 
aI., 1970; Hansen & Ampaya, 1975; Yeh & Schunp, 1980). For rats, the only 
lung model available is by Schum and Yeh (1980,. Although the number of 
airway generations is similar in the human and rat lung models, the airway 
size and number of airways in each generation dliffer dramatically between 
the two species. Humans have much larger airway size and higher airway 
numbers than rats. The total airway volume of theihuman is about 500 times 
greater than that of the rat. There is also a large difference in the ventilation 
conditions between the two species. Table 1 givJs a comparison of several 
anatomical and physiological parameters between Ihumans and rats. 
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TABLE 1. Comparison of anatomical and physiologi¢al parameters between humans and rats 

I 

Parameter Hunran Rat Human/Rat 

Body weight (kg) 70 0.3 233 
Lung weight (g) 103 1.48 676 
Airway volume (cm3

) 3.,4 x 103 6.5 492 
Airway surface area (cm2

). 6.~7xl05 5.5 x 103 114 
Number of alveolar macrophages (AM)b 7 ~ 109 2.6 X 107 269 
AM volume (tJm3

)b 2.S x 103 103 2.5 
Total AM volume (mml)b 1.i5 x 10' 26 673 
Tidal volume (cml) 5 x 102 2.74 182 
Breathing frequency (min-I) 
Minute ventilation (cm3/min) 

14 
7 x 10l 

98 
2.68xl02 

0.14 
26 

'Calculated from Weibel's model (1963) for humaf1s and Yeh and Schum's model (1980) for rats. 

bAdopted from Dethloff and Lehnert (1987). I 


A deposition model of diesel exhJust particles in the respiratory tract for 
humans and rats was developed by vt and Xu (1986). Using the ventilation 
conditions listed in Table 1 and the particle model for diesel exhaust parti­
cles described earlier, Xu and Vu (1987) calculated deposition fractions in 
different regions of the respiratory trac~ of the rat based upon the lung model 
of Schum and Veh (1980). The modelling results for MMAD = 0.1-0.15 Jim, 
U = 1.8-1.9 were in good agreeme~t with the experimental data obtained 
by Chan et al. (1981) (see Table 2). Tris suggests that the particle and depo­
sition models used in the calculation !are appropriate models. For the repre­
sentative particle size considered in t~is study (MMAD =0.2 Jim, u g =2.3), 
calculated mass deposition fractions' in different regions of the respiratory 
tract for rats and humans from the deposition model of Vu and Xu (1986) are 
shown in Table 3. In the alveolar region, the deposition fraction of diesel 
exhaust particles in rats differs only by 0.4% from that in humans despite 
large differences in airway size. 

TABLE 2. Calculated regional ma~s deposition fractions of diesel 
exhaust particles in rats by Xu and Yu (1987) and comparison 
with experimental data by Chan e1 al. (1981) 

D~ta Prediction 
Compartment (%~ (%) 

I 
Head Nil. 6.0-6.8 
Tracheobronchial 4, 3.1-4.6 
Alveolar 11 ! 10.3-13.4 
Total 1 7 13.5-17.9 

Note. The measured particle si es in the experiment are MMAD = 
0.1-0.15 tJm and O'g = 1.8-1.9. I 

http:0.1-0.15
http:0.1-0.15
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TABLE 3. Calculated regional mass deposition fracrions 
of diesel exhaust particles for humans and rats I 

, 

Compartment Rat /Human 

Head 0.091 1°.046 
Tracheobronchial 0.024 ,0.047 
Alveolar 0.119 1°.099 
Total 0.234 .0.192 

Note. The particle size lIsed in the calculation i~ MMAO = 0.2 
/-1m and ug = 2.3. , 

For risk assessment, a comparison of minute dose between rats and 
humans at the same exposure concentration is usef~1. Considering a concen­
tration of 1 mg/mJ

, the minute dose per gram of luna in the alveolar region of 
the lung for rats and humans were calculated to b¢ 4.24 x 10-2 and 1.34 x 
10-3 pg/min, respectively. Thus, rats will receive a ~ose rate per gram of lung 
about 32 times higher than humans. I 

Clearance Model 

Deposited particles are removed from the lungl: by two principal mecha­
nisms: (1) mechanical clearance, provided by ml cociliary transport in the 
ciliated airways and macrophage phagocytosis an1 migration in the noncili­
ated airways, and (2) clearance by dissolution. For diesel exhaust particles, 
the carbon core is removed principally by mec~anical transport and the 
particle-associated organics are removed by dissolution. To study the trans­
port and removal of diesel exhaust particles from ~he lungs, Yu et al. (1991) 
used a compartment model consisting of four anatomical compartments: the 
nasopharyngeal or head (H), tracheobronchial (T~, alveolar (A), and lung­
associated lymph node (l) compartments, as show!n in Figure 2. In addition, 
they lIsed two outside compartments, the blood (~) and gastrointestinal tract 
(G). The alveolar compartment in the model is obviously the most important 
compartment for long-term retention studies. HOfever, for short-term con­
sideration, retention in other lung compartments may also be significant. The 
presence of these lung compartments and two ou~side compartments in the 
model therefore provides a complete description :of all clearance pathways 
involved. ! 

In Figure 2, rH(i), r/il, and rA(i) are, respectively, the mass deposition rates of 
material component i (i =1, carbon core; i =2, slpwly cleared organics; and 
i = 3, quickly cleared organics) in the head, traclileobronchial, and alveolar 
compartments, and Ax/l represents the transport r~te of material component i 
from compartment X to compartment Y. The vallie ofAXy(i) for rats can be 
either determi ned from the measured diesel partIcle mass burden m/) and 
m/) in an inhalation study or estimated from previbus data obtained for other 
types of particles. The kinetic equations that desfribe the mass of material 
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FIGURE 2. Compartmental model of particle retention.~1H, head; T, tracheobronchial; A, alveolar; L, 
lung-associated lymph nodes; S, blood; G, gastrointestin I tract; .\"1 terms are the transport rates for the 
compartments indicated the subscript; and ,I') terms are he mass deposition rates for the compartments 
indicated in the subscript. 

component it m/) in compartment X, as function of exposure time t werer,' 

derived by Yu et al. (1991). For compartlent A, the equation is 

dmA(iJ (') (') i ('J 1 ('J 'J-- - r J - (i\ I + lJ I + 1\ I) m (Idt - A AT I~Al AB A 

(1 ) 
- r (i) _ 1 (i)m (i) 

- A I\A A 


where 

i\ (i) - i\ (i) + i\ i (i) + i\ (2)(i)
A - AT A,L AB 

is the total clearance rate from compartm~nt A through all three pathways. 
Experimental data fori\/l for diesel e haust particles and other insoluble 

particles showed that i\A(I) decreased wit m/l or particle volume V/l, as 
shown in Figure 3. This is the so-called I overload effect. Although the real 
cause of this effect is presently not fully understood, Morrow (1988) postulated 
that it was due to a decrease in alveol~ir macrophage mobility caused by 
phagocytosis of an excessive number of articles, as well as by volumetric 
increase of macrophage size due to the p agocytized particles. On the basis 
of this hypothesis, several mechanistic models have recently been proposed 

I 
f 

to explain the experimental findings (Yu jet aI., 1989; Stober et aI., 1990). 
These models divide the alveolar region: of the lung into several compart­
ments to account for various pathways tf particle translocation and clear- , 

! 
f 
( 
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ance in this region. The rate in each pathway may Ivary with particle load­
ing, resulting in an overall change of the alveolar clearance rate with lung 
burden. However, because large numbers of transpprt rates are involved in 
these models, a ready extrapolation to humans is no~ currently possible. 

Another approach to model the impairment of A~'l) at high m/} in clear­
ance is to use an empirical equation of A/I as a ~mction of mA(1) or V/I, 
derived from the experimental data. Such an approach was adopted by Yu et 
al. (1991). The empirical equation for A/I derived 'by Yu et al. (1991) was 
based upon the data for diesel exhaust particles fro~ a single study by Strom 
et al. (1988). A more accurate expression can be obtained by using all the 
data in Figure 3. This gives 

A 'I) [ ( V (I))t)'9S]
A:(1) =exp -7.16 V: I 

M (3) 

where AAO(1) =0.0128 day-l is the alveolar clearanre rate at V/) - 0, and 
is the total volume of alveolar macrophages and is equal to 26 mm3 forVAM 

rats (Table 1). At a lung burden of 1.5 mg/lung, VA']> =1 mm3
• The value of 

A/I is reduced by 28% according to Eq. (3). 1 

The alveolar clearance rates of particle-associat~d organics AA(2) and AA(3) 

were determined by Yu et al. (1991) using the experImental data of Sun et al. 
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FIGURE 3. Variation of 'A/1/'AAOIl) as a function of V,..m/VAM for insoluble particles. Data (open circles) 
were from various studies and compiled by Yu et al. (1989). The solid :Iine is Eq. (3). 
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(1984) for benzo[a]pyrene (BaP) and B nd et al. (1986) for nitropyrene (NP). 
Because the organics are bound to pa icles, these rates are also a function 
of m/). For low m/) or weak bindin , the approximate values of ,,)2) and 
" (3) areA 

"A(2) ~ 0.0288 day-1 (4) 

"A(3) ~ 1S.7 day-1 (5) 
I 

I 


Equations (3)-(5) are to be used infEq. (1) for calculating mAUl at a given 
exposure rate. When the exposure ra e is sufficiently high, lung overload 
condition will occur due to the effect 0 Eq. (3). 

EXTRAPOLATION OF RAT CLEAR NCE MODEL TO HUMANS 

Experimental data on deposition and clearance of diesel exhaust particles 
in humans are not available. In order t estimate the lung burden of these par­
ticles for human exposures, the retenti n model for rats was extrapolated to 
humans. The kinetic equation that de ermines m/) during exposure was a 
version of Eq. (1) in which r/) was replaced by the deposition rate in 
humans. The values of "AU) in this eq ation were unknown, however, and 
they were determined by extrapolating the rat's results. Schanker et al. 
(1986) demonstrated that the lung cle rance rate of inhaled lipophilic com­
pounds was independent of species. We may therefore assume that "A(2) 

and "A(3) for humans are about the sa e as for rats. In contrast, the clear­
ance rate of the carbon core was species dependent. Differences in the 
alveolar clearance rates of insoluble articles at low lung burdens among 
species were observed in numerous st Idies (e.g., Bailey et aI., 1982, 1985; 
Snipes et aI., 1983, 1989). Respective etention half-times ranged from about 
50 to 100 days in rats, mice, and ham ters to several hundred days in dogs, 
guinea pigs, and humans. The reason r such a large interspecies difference 
is not yet understood. The number of r spiratory bronchioles, particle deposi­
tion pattern, clearance pathway lengt , and alveolar macrophage number 
and mobility may all contribute to the differences. Assuming that the carbon 
core is cleared from the human lung as other insoluble particles are, we 
obtained a value of "AO(l) =0.00169 da -1 for humans using the data of Bailey 
et al. (1982). This is about 7.6 times Ie, s than the value of "AO(1) observed for 
rats. 

There are, as yet, no data availabl on the change in alveolar clearance 
due to excessive lung burdens in hu ans. Although human exposures to 
environmental diesel exhaust are not Ii ely to result in lung overload, such a 
condition may occur in occupational settings. It is therefore necessary to 
derive relationships between clearanc rates and lung burdens in order to 
determine the exposure conditions un er which overload might occur. Yu et 
al. (1991) assumed that the mechani al clearance rate of carbon core for 
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humans varied with the specific particulate dose to /!the alveolar surface in 
the same proportion as in the rats, while the dissoluton rate of the particle­
associated organics was species independent. A different approach is pro­
posed here for the carbon core. We assume that ~q. (3) is valid for all 
species; that is, the clearance rate slows down wh~n the alveolar particle 
volume V/' reaches a significant fraction of VAM • Th~s is consistent with the 
hypothesis of Morrow (1988) for lung overload, but ilt requires experimental 
justification by future studies. For humans, Table 1 $ives VAM = 1.75 x 104 

3mm , which is 673 times higher than the rat value. ~hus, for same V/ i , the 
reduction of AA(1) in humans due to higher lung bqrdens is much smaller 
than that in rats. I 

MODELING RESULTS 
I 

Equation (1) was used to calculate alveolar lungl burdens of the carbon 
core and the particle-associated organics in humans and rats using the values 
of A/l given by Eqs. (3)-(5). The calculations were qased on nose breathing 
at a tidal volume and breathing rate shown in Table 1. The particle condi­
tions lIsed were again 0.2 pm MMAD with 0'8 = 2.t and mass fractions of 
the strongly and weakly bound organics were each 10%. 

Figures 4 and 5 show, respectively, the results pf the carbon core and 
particle-associated organics for a 2-yr continuous exposure (8 h/day and 5 
days/wk) at particle concentration of 1 mg/m3

• Tht diesel soot burden in 
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fiGURE 4. Calculated lung burdens of the carbon core of diesel exha~st particles in humans and rats for 
a 2~yr continuous exposure (8 h/day. 5 days/wkl at particle concentration of 1 mglmJ
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FIGURE 5. Calculated lung burdens of the particl~-associated organics of diesel exhaust particles in 
humans and rats for a 2-yr continuous exposure (a h/day, 5 days/wkl at particle concentration of 1 
mg/mJ • ' 

I 

humans per gram of lung was calculat d to be 0.078 mg after 2 yr of expo­
sure versus 0.78 mg found in rats. F r organics, the respective values of 
humans and rats are 0.78 x 10-3 mg a d 0.033 mg per gram of lung. Thus, 
when exposed to the same concentrati n of diesel exhaust, the specific lung 
burdens in humans are about 10 time smaller for the carbon core and 43 
times smaller for organics than that in r~ts. 

To predict the effect of lung overlo d in humans, the lung burden of the 
carbon core per unit concentration of di sel exhaust was calculated in humans 
using concentrations 0.1 mglm3 and 1. mglm3 for two different exposure pat­
terns, (A) 24 h/day and 7 days/wk, and (B) 8 h/day and 5 days/wk, simulating 
environmental and occupational exposure conditions. The results are shown in 
Figure 6 for a 1 O-yr exposure period. In this model, the lung burdens reached 
approximately steady-state values duri g exposure. Due to differences in the 
amount of particle intake, the steady-st ,e lung burdens per unit concentration 
were higher for exposure pattern (A). +Iso, increasing particle concentration 
from 0.1 to 1 mglm3 increased the lun burden per unit concentration. How­
ever, the increase was not noticeable for exposure pattern (B). The depen­
dence of lung burden on particle conc ntration is caused by the reduction of 
alveolar clearance rate at high lung b rdens given by Eq. (3). The results in 
Figure 6 are slightly lower than that p edicted earlier by Yu et al. (1991) in 
humans using a lung surface area extr polation relationship from the data of 
rats. 
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CONCLUSIONS 

The materials just presented offer a description of processes involved in 
modeling the deposition and clearance of inhaled Pfrticles in humans and 
rats. The most difficult and crucial task in the mo eling process was the 
determination of the intercompartmental transport !ates for each material 
component of the particle. Usually it is the knowledge of the transport rates 
that dictates the structure and sophistication of a modlj!l. 

Because the transport rates are readily measured i~ rodents, extrapolation 
of these rates to humans was necessary in developing the human retention 
model. In the example of diesel exhaust particles disdlssed in this article, the 
extrapolation was made by assuming that reduction Qf alveolar macrophage 
clearance at high lung burdens was a function of the volumetric fraction of 
the retained particles in alveolar macrophages an~ was independent of 
species. It was also assumed that there were no speci s differences in the dis­
solution rates of the particle-associated organics. Futu e studies are called for 
to justify these assumptions. 

Another important consideration that has not been addressed is variability. 
All the parameters used in the model study are sintle numbers that were 
determined from limited available data. For example, the carbon core clear­
ance rate "/l was obtained by best fitting the avail ble data for insoluble 
particles, and "A(2) and "AOJ were chosen from th~ data for two specific 

800 
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FIGURE 6. Calculated lung burdens of the carbon core of diesel exhaustl particles per unit exposure con­
centration in humans at concentrations of 0.1 and 1.0 mg/mJ 

• EXpOSL\re patterns are {Al 24 h/day, 7 
days/wk, and {Bl 8 h/day, 5 days/wk. I 



290 	 c. P. YU 

organic compounds. The extent to which they are representative of reality 
has a high degree of uncertainty. In addition, other factors such as age, pre­
existing disease, and smoking habit ca~ also affect deposition, clearance, 
and retention. Thus, the results of lung biurden for humans presented in this 
paper should be interpreted with care. 

Several conclusions can be drawn ftom the modeling results of diesel 
exhaust particles in humans and rats: 

1. 	 Because of the differences in airwaYf' tructure, airway size, and ventila­
tion conditions, the particle depositi n rate per gram of lung in rats is 
about 32 times higher than in humans 

2. 	 When humans and rats are exposed t6 diesel exhaust for the same period 
of time, the lung burdens of the carbqm core and the associated organics 
per gram of lung are much higher 'in rats than in humans, although 
humans have a slower alveolar clearlnce rate for the carbon core. 

3. 	 During a continuous exposure, the lung burdens of the carbon core and 
the associated organics will eventuall reach a steady state, even at high 
concentrations. The steady-state burd, n per unit concentration generally 
increases with the concentration, due to the overload effect. 

4. 	Modeling results suggest that excessive particle accumulation may begin 
to be apparent in humans, due to IUjin g overload, at particle concentra­
tions of approximately 1 mg/m3 and g eater with chronic exposures. 

The retention models of diesel exhau.st particles in rats and humans pre­
sented in this article can be readily modified and applied to other similar 
types of particles such as carbon black ~nd titanium dioxide. The informa­
tion needed to develop models for suchJparticles are particle structure and 
size, mass density, and transport and cle (ance rates. 
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